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  Preface 

 Vision is crucial to allow for reliable orientation in the three-dimensional space and an 
immediate response to changing situations of the surrounding environment. In higher life 
forms, the ability of the visual system is intriguing in terms of resolution and the utilization 
of a wide range of ambient light conditions as well as the speed with which information is 
generated and transmitted to the brain where it triggers a direct reaction. To accomplish 
such remarkable tasks, highly complex networks of neuronal and auxiliary cells have evolved 
which are required to convey the physical energy of a light quantum via a molecular cascade 
to an electrical signal in the nervous system. 

 Over the past decades, our knowledge about the cellular and molecular basis underly-
ing the visual process has remarkably increased. Hereby, a most fruitful approach included 
the study of the causes of visual impairment, in particular the analysis of degenerative dis-
eases of the retina. Elucidating photoreceptor degeneration in animal model species such as 
 Drosophila melanogaster , zebra fi sh,  Xenopus laevis , or the mouse greatly advanced the  fi eld 
of eye research and has also fueled progress in delineating retinal degeneration in humans. 

 In accordance with the general objectives of the  Methods in Molecular Biology  series, 
the aim of the current volume  Retinal Degeneration: Methods and Protocols  is to provide a 
comprehensive step-by-step guide of relevant and state-of-the-art methods for studying 
retinal homeostasis and disease. Consequently, this book covers a broad range of tech-
niques addressing cell culture systems and animal models of disease, their generation, their 
phenotypic and molecular characterization as well as their use in therapeutic approaches to 
the retina. 

 This volume is divided into seven parts. In an introductory chapter, Part I provides an 
overview of successfully applied approaches in human gene identi fi cation and characteriza-
tion of retinal disease. Part II describes the mouse as a suitable animal model for monitor-
ing and functionally analyzing retinal degeneration in vivo while Part III addresses speci fi c 
technical aspects of vision research in non-rodent animal models such as frog, zebra fi sh, 
and the fruit fl y  D. melanogaster . In Part IV techniques for the analysis of retinal tissue and 
speci fi c cell types in situ are described. Part V details some methods for tissue culturing and 
the use of cellular models to study homoeostatic processes in speci fi c retinal cell types. Part 
VI addresses transcription and gene regulation in the healthy and diseased retina. Finally, 
Part VII is devoted to crucial aspects of therapy to treat retinal degeneration. Speci fi cally, 
this part addresses the technique of subretinal injection, the adeno-associated viral vectors 
as vehicle to deliver gene constructs, and an innovative approach to barrier modulation to 
ef fi ciently deliver drugs to the retina. These topics are most relevant as part of proof-
of-concept approaches in animal models and also to advance treatment options in human 
patients. 

 The current volume  Retinal Degeneration: Methods and Protocols  should be helpful to 
all those researchers from academia, biotech, and industry interested in cutting-edge tech-
niques to study retinal cell biology in health and disease. We would like to thank all authors 
of this volume for their excellent contributions. It is their expertise and willingness to share 
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bits and pieces of valuable information which is usually not readily available in the scienti fi c 
literature but makes all the difference between a successful and a useless experiment. We are 
also deeply grateful to John Walker for inviting us to contribute this volume to the  Methods 
in Molecular Biology  series and for his expert editorial assistance during the preparation of 
this book.

Regensburg, Germany Bernhard H.F. Weber
 Thomas Langmann 
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    Chapter 1   

 Identi fi cation and Analysis of Inherited Retinal 
Disease Genes       

     Kornelia   Neveling   ,    Anneke   I.   den   Hollander   ,    Frans   P.M.   Cremers   , 
and    Rob   W.J.   Collin         

  Abstract 

 Inherited retinal diseases display a very high degree of clinical and genetic heterogeneity, which poses 
challenges in identifying the underlying defects in known genes and in identifying novel retinal disease 
genes. Here, we outline the state-of-the-art techniques to  fi nd the causative DNA variants, with special 
attention for next-generation sequencing which can combine molecular diagnostics and retinal disease 
gene identi fi cation.  

  Key words:   Sanger sequencing ,  Microarrays ,  Linkage analysis ,  Homozygosity mapping ,  Next-
generation sequencing    

 

  Inherited retinal diseases represent a heterogeneous group of 
disorders affecting the retina. These diseases can be classi fi ed based 
on whether they predominantly affect the rods (e.g., retinitis 
pigmentosa) and the cones (e.g., cone and cone–rod dystrophies 
(CRDs)), or cause a more generalized photoreceptor disease (e.g., 
Leber congenital amaurosis)  (  1,   2  ) . Most retinal dystrophies are 
associated with a gradual deterioration over time, but some are 
nonprogressive (e.g., congenital stationary night blindness, achro-
matopsia, some forms of Leber congenital amaurosis). The distinc-
tion between various retinal dystrophies can sometimes be dif fi cult, 
as the clinical features of some diseases can be overlapping, both at 
early and late stages (Fig.  1 ).  

 Retinal dystrophies can be inherited in an autosomal recessive, 
autosomal dominant, and X-linked fashion. Some diseases are 
caused by mutations in a relatively small number of genes, but 

  1.  Introduction

  1.1.  Spectrum of 
Retinal Diseases
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others are genetically heterogeneous. The most extreme example is 
retinitis pigmentosa (RP), which has been associated with muta-
tions in more than 50 different genes. The genetic heterogeneity 
has hampered the identi fi cation of retinal dystrophy genes, as most 
genes affect only a small number of cases. To date, mutations in 
more than 165 genes have been identi fi ed in patients with inherited 
non-syndromic and syndromic retinal diseases, and it is estimated 
that approximately one-third of the causative genes remains to be 
identi fi ed  (  3  ) . All known retinal disease genes and the correspond-
ing modes of inheritance can be found at   http://www.sph.uth.tmc.
edu/RetNet/    .  

  The methods and tools available for gene identi fi cation studies 
have evolved dramatically during the last two decades. The  fi rst 
retinal disease gene identi fi ed was the ornithine aminotransferase 
( OAT ) gene involved in gyrate atrophy. An enzymatic defect of 
OAT activity was measured in patient’s cells in 1977  (  4  ) , and 
11 years later the  OAT  gene was cloned and the  fi rst mutation 
identi fi ed  (  5  ) . In 1990, mutations in the rhodopsin gene were 
identi fi ed in patients with autosomal dominant retinitis pigmen-
tosa using a candidate gene approach  (  6  ) , after linkage analysis in a 
large Irish adRP family had pointed towards a genomic region 

  1.2.  The Changing 
Landscape of Retinal 
Disease Gene 
Identi fi cation

  Fig. 1.    Phenotypic overlap between autosomal recessive retinal diseases. Patients with 
achromatopsia (ACHM) display a virtually stationary cone defect in which cones are prin-
cipally defective. At end stages, cone dystrophy (CD) can hardly be distinguished from 
cone–rod dystrophy (CRD). Patients with Stargardt disease (STGD1) later in life show mid-
peripheral defects similar to CRD patients. Patients with retinitis pigmentosa (RP) initially 
display night blindness, followed by tunnel vision due to rod defects which very often 
progresses to complete blindness when the cones are also af fl icted. In patients with Leber 
congenital amaurosis (LCA), the defects can occur in both types of photoreceptors, or in 
Müller or RPE cells, and therefore both clinical and molecular genetic overlap with CD, 
CRD, or RP can be expected. Patients with congenital stationary night blindness (CSNB) 
show a rod-speci fi c defect.       
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encompassing this gene  (  7  ) . In 1990, the choroideremia ( CHM ) 
gene was identi fi ed using a positional cloning approach by map-
ping deletions in patients with syndromic and non-syndromic 
chroideremia  (  8  ) . 

 The candidate gene approach has been successfully used to 
identify a large number of retinal disease genes, and mainly focused 
on genes speci fi cally expressed in the retina and those encoding 
components of the phototransduction cascade and visual cycle. 
Positional cloning by linkage analysis has been used effectively to 
localize retinal disease genes, though this generally requires the 
availability of large families. In the early years linkage analysis using 
polymorphic microsatellite markers was a labor-intensive and 
tedious method, but was lifted to a fast and genome-wide approach 
with the development of microarray technology allowing rapid 
genotyping of thousands of single-nucleotide polymorphisms 
(SNPs) spread across the genome. SNP microarrays have also 
proven very valuable for identity-by-descent (IBD)-mapping of 
recessive disease genes not only in consanguineous families but 
also in small families and single patients of non-consanguineous 
marriages  (  9  ) . 

 We are witnessing a new era in disease gene identi fi cation with 
the introduction of next-generation sequencing (NGS), allowing 
the analysis of all genes in a de fi ned linkage interval, all exons in the 
genome (the “exome”), or even the entire genomic sequence. This 
also brings new challenges, such as data analysis and interpretation 
of genomic variants. Given the huge number of variants present in 
a patient’s genome, positional information on where the causative 
gene may be localized (e.g., by linkage analysis and/or homozygosity 
mapping) remains very helpful to pinpoint the genetic defect.  

  Receiving a molecular diagnosis becomes increasingly important 
with the development of (gene) therapy for retinal dystrophies  (  3  ) . 
Up to 4 years ago, it was not possible to slow down, stabilize, or 
treat the vision impairment in patients with retinal dystrophies. 
This changed for a small group of patients with  RPE65  mutations, 
as gene augmentation was successfully and safely applied through 
subretinal injections of recombinant adeno-associated viruses 
(rAAVs)  (  10–  12  ) . rAAVs transduce the retinal pigment epithelium 
(RPE) cells, upon which the viruses are shuttled to the nucleus, 
and the rAAV vector remains a stable extrachromosomal element. 
In the meantime, 18 patients have been treated in three centers in 
Philadelphia and London. Vision improvement was variable and in 
general modest and appears to be more effective in younger 
patients. In addition, oral 9- cis  retinoid supplementation therapy 
seems highly effective in patients with  RPE65  and  LRAT  muta-
tions. Several therapies that will be developed in the next years will 
be gene or even mutation speci fi c, emphasizing the importance for 
patients to receive a molecular diagnosis. 

  1.3.  Importance of 
Molecular Diagnostics
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 To provide a more accurate prognosis, and to determine which 
forms of retinal dystrophy would most likely bene fi t from (gene) 
therapy, patients should be thoroughly clinically examined using 
standardized protocols. Ocular coherence tomography (OCT) 
studies have shown that some forms of retinal dystrophies are likely 
less suitable for therapy, while in other forms photoreceptors 
remain viable for a prolonged period  (  13  ) . 

 Retinal dystrophies are sometimes the  fi rst sign of a syndromic 
disease, such as Senior–Loken syndrome that involves renal failure. 
Since the ocular phenotype precedes the manifestation of kidney 
abnormalities, there is often a delay in the diagnosis of nephro-
nophthisis. This causes a risk for sudden death from  fl uid and 
electrolyte imbalance. Nephronophthisis patients that receive kidney 
transplants have excellent outcomes that are shown to be better 
compared with the general pediatric transplant population. 
Determining an early molecular diagnosis may therefore allow 
physicians to monitor patients carrying mutations in syndromic 
genes more closely for kidney disease and other systemic features.   

 

  Sanger sequencing is based on the incorporation of deoxynucle-
otides and  fl uorochrome-labeled dideoxynucleotides using DNA 
polymerase, the latter of which abrogate the replication of a DNA 
fragment at random positions. In this way, a mixture of DNA frag-
ments is synthesized and size-separated through capillary electro-
phoresis. The most widely used apparatus (Applied Biosystems) 
can analyze up to 96 samples in parallel. Sanger sequencing is pre-
ceded by PCR ampli fi cation of a DNA fragment of interest, and is 
the most widely used sequencing technique for a limited number 
of exons or amplicons. Its advantages are its accuracy,  fl exibility, 
speed, and relatively low costs.  

  The analysis of a large number of known DNA variants can be 
performed using the Allele-Speci fi c Primer Extension (APEX) 
technique, which in essence is a mini-sequencing method. Allele-
speci fi c primers are designed up to, but not including, the sequence 
variants that are to be tested. DNA fragments ampli fi ed from 
patients’ genomic DNA samples are hybridized to these primers, 
and the allele-speci fi c primers are elongated with one of the four 
 fl uorochrome-labeled dideoxynucleotides depending on the vari-
ant present in the patient’s DNA. Currently, several hundreds of 
variants are being tested using APEX technology by Asper 
Ophthalmics (  http://www.asperbio.com/asper-ophthalmics    ) for 
each of the genetically heterogeneous retinal diseases. The most 
important disadvantage of APEX is that it only tests for the presence 

  2.  Techniques

  2.1.  Sanger 
Sequencing

  2.2.     Allele-Speci fi c 
Primer Extension
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of known variants, the occurrence of which may vary tremendously 
between patients of different ethnic origins.  

  Genome-wide SNP arrays have become a commonly used tool in 
medical genetics over the past decade, and allow a rapid and cost-
effective simultaneous genotyping analysis of SNPs evenly distrib-
uted over the genome. SNP array analysis is based on the speci fi city 
of hybridization of patient-derived DNA fragments with the 
oligonucleotides (25-mers) bound to the array. One-nucleotide 
mismatches distinguish fully matching from incomplete matching 
DNA fragments. SNP arrays are used for genome-wide linkage 
studies, including homozygosity mapping, and copy number vari-
ant (CNV) detection in Mendelian diseases, and for association 
studies in multifactorial diseases. 

 Depending on the characteristics of the family or patient that 
is being studied, one can either opt for a low-resolution or a high-
resolution array that varies in the amount of SNPs that are geno-
typed. “Low-resolution SNP arrays” generally contain up to 
10,000 SNPs and can be used to perform classical linkage analysis 
in autosomal dominant or recessive families, or for homozygosity 
mapping purposes in families with a high degree of consanguinity. 
The amount of SNPs present on higher resolution arrays varies 
from 50,000 to even 2.7 million sequence variants, allowing a very 
accurate analysis of relatively small IBD regions, genomic deletions 
or duplications, or genomic regions segregating with the disease 
in a family.  

  Linkage analysis, following genome-wide SNP genotyping, is 
performed to determine the chromosomal region that segregates 
with a trait. The  l ogarithm of the  od ds (LOD)-score is the log 10 -
ratio of the likelihood that the disease locus and a given genomic 
marker (e.g., SNP) are linked versus the likelihood that they are 
unlinked, and is generally used as an outcome measure in linkage 
calculations. In order to reach statistical signi fi cant locus assign-
ment by genome-wide genotyping, a minimum LOD score of 3.3 
has to be obtained, whereas an LOD-score of 1.86 is suggestive for 
linkage  (  14  ) . The more individuals (both affected and unaffected) 
are genotyped in the linkage analysis, the higher the  fi nal LOD-
score will be. Generally, linkage analysis is only performed if an 
LOD-score of >2 can be obtained with the available relatives, 
which can be calculated by a linkage simulation prior to the actual 
genotyping. 

 Issues that occasionally can interfere with linkage analysis are the 
occurrence of phenocopies (e.g., affected relatives with the same 
phenotype but a different (genetic) cause), or non-penetrance (e.g., 
the occurrence of individuals that carry the same causative muta-
tion but do not, or hardly, display the clinical phenotype). Especially 
in some dominant retinal diseases, like for instance familial exudative 

  2.3.  Single-Nucleotide 
Polymorphism 
Microarrays

  2.4.  Linkage Analysis
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vitreoretinopathy  (  15  )  and adRP caused by mutations in  PRPF31  
 (  16  ) , non-penetrance is frequently observed. The actual linkage 
calculations can be performed by freely available software pro-
grams, like LINKAGE, Allegro, Genehunter, or SimWalk2. 
Graphical user interfaces for linkage analysis software on Microsoft 
Windows-based operating systems like easyLINKAGE  (  17  )  or 
Alohamora  (  18  )  allow to use each of these programs, with manu-
ally adjustable settings for the mode of inheritance, ethnic origin of 
the family, disease prevalence, and penetrance, amongst others. 
A more detailed description on linkage analysis is provided in 
several textbooks  (  19,   20  ) .  

  For recessively inherited retinal dystrophies, the genotyping data 
resulting from the SNP array analyses can also be used for IBD-
mapping. IBD regions are genomic regions where two identical 
haplotypes (i.e., parts of a chromosome) are inherited from both 
parents. Since the ancestral haplotypes are the same, also the SNP 
alleles on these haplotypes will be identical and hence appear in a 
homozygous state upon SNP genotyping. Several software programs 
including HomozygosityMapper  (  21  ) , PLINK, or Beagle  (  22  )  are 
available to extract IBD regions that subsequently can be scruti-
nized for the gene causative for the phenotype. In families with a 
high degree of consanguinity, the causative mutation underlying 
recessive disease almost exclusively appears in a homozygous state. 
Hence, such families are extremely suitable for IBD-mapping. In 
families without a history of consanguinity, not all causative muta-
tions will appear in a homozygous state, and IBD-mapping will not 
always point towards the genomic region harboring the genetic 
defect. However, we and others have previously shown that in a 
substantial percentage of cases, IBD mapping appeared to be a 
powerful method to identify homozygous mutations, also in 
non-consanguineous patients  (  9,   23–  28  ) . And although this is not 
true for all autosomal recessive diseases, in general, homozygous 
mutations are more frequently detected in diseases that are rare in 
the population. 

 The amount and size of the homozygous regions that are 
detected mainly depend on the degree of relatedness between 
patients’ parents. For patients whose parents are  fi rst cousins, the 
total percentage of homozygosity in the genome can range up to 
10%, with numerous homozygous regions that individually can 
cover up to 90 Mb of genomic DNA  (  9,   29  ) . In non-consanguine-
ous patients, the amount and the size of the IBD regions are 
smaller, although regions of 30 Mb or more are occasionally 
detected in this group of patients. However, the majority of IBD 
regions are smaller, and range from 1 to 10 Mb, but still poten-
tially harbor the causative genetic defect, exempli fi ed by the detec-
tion of a  PDE6A  mutation in an IBD region of only 1.5 Mb of 
genomic DNA  (  9  ) .  

  2.5.  Identity-by-
Descent-Mapping
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  High-resolution SNP genotyping data can also be used to detect 
genomic copy number aberrations that might be causative for the 
disease. Copy number variations, or CNVs, are de fi ned as deletions 
or duplications that range from 1 kb up to several Mb of genomic 
DNA, and hence can contain only a part of a single gene or mul-
tiple genes on one    chromosome  (  30  ) . Variations in copy number 
are detected by comparing the intensity of the signal that is derived 
from each probe (e.g., the SNP or a non-polymorphic probe for 
copy number detection) represented on the SNP array. The more 
consecutive probes that show an aberrant intensity, the more likely 
it is that the region represents a true CNV, and the easier it is to 
de fi ne the size and boundaries. Depending on the type of array 
that is used, CNV analysis can be performed with software pro-
grams such as CNAG  (  31  ) , Affymetrix Genotype Console, or 
Partek Genomic Suite software. 

 The role of CNVs in human disease has mainly been studied in 
the context of complex genomic disorders, where gene dosage 
aberrations in one or more adjacent genes are causative for the 
phenotype  (  30  ) . For retinal disease, there are only a few reports on 
causal CNVs  (  32,   33  ) . However, the increased density of the SNP 
arrays that are nowadays used will allow a more reliable detection 
of CNVs that span only (a part of) a single gene, and most likely 
identify more CNVs underlying retinal disease in the near future.  

  NGS (also called “massive parallel sequencing” (MPS) or “second-
generation sequencing”) describes a new era of sequencing that 
will become increasingly important for retinal diseases not only for 
the identi fi cation of new disease genes but also for molecular diag-
nostics. The term NGS thereby comprises many different new 
sequencing technologies  (  34,   35  )  all having a much higher 
throughput than the previously used gold standard technology 
“Sanger sequencing.” Nowadays, more than 20 different NGS 
platforms from different companies are available, including the 
widely used Roche 454 systems (GS FLX Titanium and GS Junior), 
Life Technologies systems (e.g., SOLiD 4, 5500XL), and the 
Illumina platforms (e.g., HiSeq, MiSeq, Genome Analyzer IIx). 
Although all these platforms have a much higher throughput than 
conventional Sanger sequencing, they still differ signi fi cantly in the 
used sequencing technologies and/or chemistries, leading to dif-
ferent capacities, false-positive rates, and read lengths (e.g., 454 
GS FLX Titanium: up to 500 bp reads; SOLiD 5500XL: up to 
75 bp (+35 bp) reads; HiSeq2000: up to 2 × 100 bp reads). As 
conventional Sanger sequencing is preceded by PCR ampli fi cation 
of the DNA fragments of interest, NGS also requires an enrich-
ment of the region(s) of interest. Several options are available, like 
for example amplicon-based enrichment strategies or gene captur-
ing on array or in liquid using baits  (  36  ) . One can enrich for com-
plete genomic regions (including promoter regions, introns, etc.), 

  2.6.  Copy Number 
Variant-Detection

  2.7.  Next-Generation 
Sequencing



10 K. Neveling et al.

for only the coding regions of certain genes, or even for all exons 
of all human genes (the so-called exome) or the entire genome. 
Whole genome sequencing is still very expensive, but whole exome 
sequencing is becoming increasingly the method of choice for 
research and diagnostics  (  37  ) . Recently upcoming new machines 
(third-generation sequencers) now also enable single molecule 
(real-time) sequencing (e.g., Paci fi c Bioscience, Helicos), making 
the enrichment strategies unnecessary for future approaches. 
Others make use of H +  detection instead of  fl uorescent dyes (post-
light sequencing, Ion Torrent), enabling low-cost manufacturing 
by using commercial microchip design standards and not needing 
cameras, lasers, and  fl uorescent dyes  (  35  ) .  

  For inherited retinal diseases, like for many other inherited disorders, 
NGS is already a very powerful tool for the identi fi cation of new dis-
ease genes and also for clinical molecular diagnostics. For disease 
gene identi fi cation, a good approach is to combine the positional 
information gained from linkage or homozygosity mapping with a 
targeted resequencing or exome sequencing approach, as exempli fi ed 
by the identi fi cation of the autosomal dominant exudative vitreo-
retinopathy gene  TSPAN12   (  38  ) , and the autosomal recessive retini-
tis pigmentosa gene  C8ORF37  Mutations in C8orf37, encoding a 
ciliary protein, are associated with autosomal-recessive retinal dystro-
phies with early macular involvement  (  39  ) . Positional information of 
the culprit mutation(s) however is generally lacking in small non-
consanguineous families with inherited retinal diseases, and therefore 
whole exome sequencing would be the method of choice. In a diag-
nostic setting, however, one might argue that whole exome sequenc-
ing could be problematic due to the huge number of variants 
identi fi ed and the additional risk of incidental  fi ndings. In contrast, 
whole exome sequencing is a generic approach that can be performed 
for any kind of disorder, meaning that every diagnostic lab would 
need to do only one approach instead of many different assays for the 
different diseases. The problem of incidental  fi ndings can be reduced 
by analyzing only the known disease genes instead of the whole 
exome. Only in cases where there is no mutation found in a known 
gene there would be a need to scrutinize the exome to analyze the 
remaining genes as well. Another advantage of whole exome sequenc-
ing in contrast to a targeted resequencing approach is that the assay 
does not need to be changed with each discovery of a new gene, as 
the whole exome is already sequenced, and only the data analysis 
needs to be adapted. In contrast to other diagnostic approaches, 
whole exome sequencing by NGS therefore will likely soon result in 
performing relatively cheap and ef fi cient molecular diagnostics.  

  A big challenge in NGS-based sequencing is to select the one 
detrimental mutation(s) among the huge number of detected 
sequence variants. The number of variants varies from several hundred 

  2.8.  Targeted 
Resequencing Versus 
Whole Exome 
Sequencing

  2.9.  Technical 
Challenges
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in targeted resequencing up to more than 20,000 variants for a 
whole exome. Data analysis and variant  fi ltering therefore belong 
to the most crucial steps after the sequencing has been performed. 
For data analysis, several different software packages are available, 
either belonging to the respective NGS platforms, open source, or 
offered by different independent suppliers  (  40  ) . Most of these 
software tools concentrate on the detection of single nucleotide 
variants and smaller indels, while the detection of larger CNVs still 
remains dif fi cult. Platforms working with the long-read technology 
have the clear advantage of the possibility of using the so-called 
split reads, which are reads that are split into parts and are then 
mapped to the reference genome independently. By this, even 
heterozygous deletions can be detected ef fi ciently Next-generation 
genetic testing for retinitis pigmentosa  (  41  ) . For the short read 
technology such an approach is not possible, and therefore several 
programs try to overcome this problem by using coverage infor-
mation for the detection of CNVs. Also paired-end sequencing 
(sequencing from both ends of a DNA template) and mate-pair 
sequencing (sequencing from the ends of DNA templates that have 
been circularized to physically ligate originally distinct sequences) 
can give useful information for the investigation of CNVs  (  35  ) . 

 Variant  fi ltering is another crucial step that should be considered 
carefully. Variants detected by the NGS software include in  fi rst 
instance differences between the sequenced sample and a given 
reference sample (for example NCBI build 37, hg19). To deter-
mine the disease-causing variant(s) among those, it is crucial to 
reduce the number of variants as much as possible, without too 
much risk of losing the disease-causing variant during these priori-
tization steps. Most laboratories in  fi rst instance select for exonic, 
non-synonymous variants and canonical splice site variants that 
have not been reported as SNPs. For rare monogenic diseases in 
which all causative mutations are likely to be found in a single 
gene, this is usually a very good approach as it reduces the number 
of potential candidates  (  42,   43  ) . For more frequent autosomal and 
X-linked recessive disorders, like the inherited retinal diseases, this 
approach is not recommendable. Due to the high prevalence of 
recessive disease-causing variants in the healthy population, a rela-
tively high number of known pathogenic mutations have ended up 
in databases like dbSNP. Based on the prevalence of mutations in 
the 34 known arRP genes, we estimate that ~1 in 6 normal indi-
viduals is a heterozygous carrier of an arRP variant F.P.M. Cremers, 
unpublished data). Filtering against all variants in dbSNP therefore 
has a high risk of  fi ltering out one or more of these disease-causing 
variants. An alternative for  fi ltering against known SNPs would be 
to consider the frequency of a given variant: a variant that is seen in 
more than 5% of the general population will probably not be a 
disease-causing variant, and thus can be  fi ltered out. If known, the 
inheritance pattern of a given gene or of the investigated sample 
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might also be used as a prioritization tool: if a variant is for example 
found in a gene that has been implicated in autosomal recessive 
disease, without a second variant being present in that gene, this 
variant is not very likely to be disease-causing in the investigated 
sample. In contrast, if the inheritance pattern of a given sample is 
known, for example in a pedigree with a dominant inherited phe-
notype, the search for the disease-causing variant might be restricted 
to heterozygous changes only. The more information is available 
about a phenotype and its segregation in a given family, the more 
this will facilitate  fi nding the disease-causing variant in a fast and 
ef fi cient way. In our hands,  fi ltering for exonic, non-synonymous 
variants and splice site variants that are seen with a frequency of less 
than 5% in a control cohort, in combination with given inheritance 
information, was able to reduce the amount of possible candidate 
disease variants more than 99% Next-generation genetic testing for 
retinitis pigmentosa  (  41  ) .  

  After having reduced the number of variants dramatically, one usu-
ally still has to discriminate the pathologic from several non-
pathologic variant(s), in particular with regard to missense variants. 
Therefore, interpretation of variants is another very important 
aspect in NGS. Several different tools for variant interpretation, 
including prediction programs like PolyPhen (  http://www.bork.
embl-heidelberg.de/PolyPhen    ), SIFT (  http://www.blocks.fhcrc.
org/sift/SIFT.html    ), or MutPred (  http://mutpred.mutdb.org/    ) 
for missense variants, and SpliceSiteFinder (  http://www.genet.sick-
kids.on.ca/~ali/splicesite fi nder.html    ), MaxEntSplice (  http://
genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html    ), 
and NNSplice (  http://www.fruit fl y.org/seq_tools/splice.html    ) for 
splice site variants, are publically available. Since there are often 
discrepancies in the output of different programs, a more integrated 
and systematic approach to get an idea of the effect of a mutation 
is to use at least three different prediction programs, use a majority 
vote on their results, and combine the outcome with frequency 
data and evolutionary conservation of the respective nucleotide or 
amino acid that is mutated, as further illustrated in Fig.  2 .  

 The interpretation of candidate disease-associated variants is 
greatly facilitated by segregation analysis and therefore it is of 
utmost importance to ascertain as many  fi rst-degree relatives of a 
patient as possible, especially in genetically heterogeneous disor-
ders such as RP. Targeted resequencing studies (of 111 inherited 
retinal disease genes) on 100 RP samples have led to the recom-
mendation that in the future the availability of DNAs from the 
parents of an affected person will become a prerequisite for a proper 
validation and interpretation of variants in NGS Next-generation 
genetic testing for retinitis pigmentosa  (  41  ) .  

  2.10.  Data 
Interpretation, 
Determination 
of Pathogenicity
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  Fig. 2.    Bioinformatic assessment of the pathogenicity of missense variants. (a) A systematic pipeline for the determination of 
pathogenicity should include in silico analyses of variants by different prediction programs, in combination with conserva-
tion and frequency data. Due to the possibility of different output, the usage of at least three different prediction programs 
is recommended. Using a majority vote, the scores for the different tools can be combined resulting in a single classi fi cation 
of “probably pathogenic,” “unknown,” or “probably benign.” Evolutionary conservation can be based on phyloP values 
(44 vertebrate species), with a score  £ 1 as considered “benign,” >2.5 as considered to be “pathogenic,” and everything 
in between as “unknown”  (  76  ) . Concerning population frequencies, variants found at a population frequency of >3% can 
be classi fi ed as “benign,” variants with a frequency between 1 and 3% can be classi fi ed as “unknown,” and the remaining 
variants can be classi fi ed as “pathogenic.” (b) The  fi nal classi fi cation for recessive genes can then be established by 
accounting for combinations of variants (K.N., R.W.J.C., A.I.d.H., F.P.M.C, unpublished data).       
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  Inherited retinal diseases not only display a high degree of locus 
heterogeneity but are also clinically and genetically overlapping. As 
exempli fi ed by patients with different mutations in the  RDS/
peripherin  gene  (  44  ) , or different combinations of mutations in 
 ABCA4   (  45,   46  ) , variants in the same gene can be associated with 
several distinct retinal phenotypes. In diseases such as RP, ophthal-
mologic features rarely predict which of the currently known 52 
RP genes carries the causative mutation(s). This makes conven-
tional Sanger sequencing too cost- and time-intensive. The possi-
bility of sequencing the whole exome is now offering completely 
new perspectives. First results have now shown why in some cases 
it was so dif fi cult to  fi nd the disease-causing mutations. The clinical 
diagnosis in many cases is not accurate as it is very dif fi cult to assign 
a speci fi c clinical diagnosis in young or old patients. When syndro-
mic retinal disease genes are implicated, young patients may not 
yet display extraocular features that arise later in life. At older age, 
a clinical diagnosis is very dif fi cult as the rod–cone dystrophies 
(RP) and CRDs will converge to the same end stage in which both 
rods and cones are severely affected (Fig.  1 ). In other cases, the 
predicted inheritance pattern was not correct. A signi fi cant fraction 
of isolated cases turned out to carry mutations in X-linked and 
autosomal dominant genes. In the latter group, several mutations 
were de novo, explaining why the disease-causing mutations were 
not found before, since a recessive inheritance model was expected 
Next-generation genetic testing for retinitis pigmentosa  (  41  ) . This 
latter  fi nding will have important implications for the patients, as a 
de novo mutation in a dominant gene has nearly no recurrence 
risk, but a transmission risk of 50%. For a recessive inheritance in 
contrast, the recurrence risk is 25% but the transmission risk is 
nearly zero. 

 In conclusion, exome NGS will improve the diagnostic yield 
for retinal diseases, as sequencing all genes at once enables a 
hypothesis-free approach, independent of a given clinical pheno-
type and a presumed inheritance pattern.   

 

  The best method of choice to determine an individual’s genetic 
defect largely depends on two aspects, e.g., the clinical diagnosis 
and the presumed mode of inheritance within a family. As previ-
ously stated, the different genetic subtypes of retinal dystrophy 
often show clinical overlap (Fig.  1 ), and hence do not always 
directly point towards a clear candidate gene to be analyzed  fi rst. 
In other retinal diseases, however, like Bietti crystalline corneoreti-
nal dystrophy or CHM, speci fi c clinical hallmarks suggest a single 
causative gene to be mutated. As such, based on a detailed 
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description of the phenotype, one could decide to perform Sanger 
sequencing on one or only a few genes, or to opt for genome-wide 
approaches such as SNP genotyping and/or NGS. The second 
aspect is the structure of the family, and the presumed mode of 
inheritance. If a disease manifests in multiple affected relatives, one 
can easily determine the most likely mode of inheritance, e.g., 
autosomal dominant, autosomal recessive, X-linked, or, occasionally, 
mitochondrial. However, if little family information is available, or 
only one or two family members are affected, determining the 
mode of inheritance might be more dif fi cult (Fig.  3 ). Below, we give 

  Fig. 3.    (a-h) Examples of pedigrees segregating retinal dystrophies in different modes of inheri-
tance. Illustration of inheritance models based on the occurrence and gender of affected 
individuals and their position in the pedigree. In  bold  above the pedigrees, the most likely 
modes of inheritance are given, followed by the less likely modes of inheritance.  AD  
autosomal dominant,  AR  autosomal recessive,  MI  mitochondrial inheritance,  PD  
pseudodominant (=autosomal recessive) inheritance,  XL  X-linked recessive, *de novo 
mutation,  # non-penetrant individual.       
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an overview on the different genetic subtypes of retinal dystrophies, 
clustered by the different modes of inheritance, and provide tools 
to determine the molecular cause in an ef fi cient way.   

  X-linked inheritance is most likely in pedigrees with multiple 
affected males in more than one generation, and displaying mater-
nal transmission of the genetic defect (Fig.  3e ). For some genetic 
subtypes of X-linked retinal dystrophy, female carriers of the genetic 
defect may also display (mild) clinical symptoms. The X-chromosome 
contains several retinal disease genes, such as the  CHM  gene  (  8  ) , 
the Norrie disease pseudoglioma ( NDP ) gene  (  47  ) , and the retino-
schisis ( RS1 ) gene  (  48  ) . Patients with X-linked CSNB carry muta-
tions in  NYX  or  CACNA1F   (  49,   50  ) . Patients with X-linked CRD 
carry mutations in  RPGR   (  51  )  or  CACNA1F   (  52  ) . The majority 
of patients with X-linked RP carry mutations in the  RPGR  gene 
 (  53,   54  ) , in particular in exon 15, also termed ORF15  (  55  ) . Due 
to its repetitive nature, PCR and sequence analysis of ORF15 
require a speci fi c protocol. Its sequences are not enriched using 
standard exome enrichment protocols. A smaller percentage of 
X-linked RP mutations are located in  RP2   (  56  ) , and there are also 
still four unsolved loci on the X-chromosome (  http://www.sph.
uth.tmc.edu/RetNet/sum-dis.htm#A-genes    ).  

  Families segregating autosomal dominant retinal dystrophy are 
easily recognizable by the presence of affected individuals in each 
branch of the pedigree and a clear parent-to-child transmission of 
the disease (Fig.  3a, f ), although non-penetrance might occasion-
ally perturb a clear establishment of the mode of inheritance 
(Fig.  3e ). Thus far 22 autosomal dominant RP genes have been 
identi fi ed (  http://www.sph.uth.tmc.edu/RetNet/sum-dis.htm#A-
genes    ) that collectively explain more than 65% of the cases  (  57  ) . As 
the rhodopsin gene carries mutations in 28.7% of patients with 
adRP  (  57  ) , it is cost-effective to analyze this gene  fi rst by conven-
tional Sanger sequencing. The low prevalence of mutations in the 
remaining known adRP genes warrants exome NGS to identify the 
pathologic variants. Furthermore, autosomal dominant cone and 
CRDs display considerable genetic heterogeneity in which there 
are no genes that carry a signi fi cant fraction of the mutations.  

  For autosomal recessive retinal diseases, locus heterogeneity is even 
higher, with more than 100 different causative genes known to 
date (  http://www.sph.uth.tmc.edu/Retnet/    ). For some subtypes 
of autosomal recessive retinal diseases, the majority of patients are 
explained by mutations in a single or only a few genes, for instance 
in Stargardt disease ( ABCA4 )  (  45  ) , or achromatopsia ( CNGA3, 
CNGB3, GNAT2 , and  PDE6C )  (  58–  61  ) . Sanger sequencing of 
the causative genes or an APEX analysis (detecting known  ABCA4  
mutations in Stargardt disease)  (  62  )  will likely resolve the genetic 
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defect in the majority of patients. For other subtypes, however, like 
arRP (34 genes, excluding syndromic RP genes), the genetic 
heterogeneity is enormous, often hampering a fast molecular diag-
nosis. Sanger sequencing of all arRP genes is not cost-effective and 
APEX analysis has a reduced diagnostic yield since variants are 
found in 11–30% of patients F.P.M. Cremers & A.I. den Hollander, 
unpublished data)  (  63  ) . In addition, Sanger sequencing is still 
required to con fi rm the APEX results and, in approximately half of 
the cases in which variants are found, to screen the relevant patient 
for a new mutation on the second allele. 

 Families segregating autosomal recessive disease are usually 
characterized by the presence of multiple affected siblings in one 
generation of the pedigree (Fig.  3g, j ). In almost all consanguineous 
families, the affected individuals carry the mutation in a homozy-
gous state (Fig.  3j ). In these individuals’ genomes, not only the 
causative mutation but also chromosomal segments  fl anking the 
mutation are present in a homozygous state. Such homozygous or 
IBD regions can be detected by performing genome-wide SNP 
analysis, which facilitates the identi fi cation of the underlying 
genetic defects. In non-consanguineous families, affected individu-
als can carry their genetic defect either in a compound heterozygous 
state or in a homozygous state. The latter can be explained by the 
occurrence of founder mutations (e.g., a single change frequently 
present in a certain ethnic group) like for instance a nonsense 
mutation in Finnish Usher syndrome type III patients  (  64  ) , an 
intronic mutation in  CEP290  in LCA patients of European descent 
 (  65  ) , or a recently identi fi ed frameshift mutation in  FAM161A , 
present in Ashkenazi Jewish RP patients  (  66  ) . Alternatively, par-
ents of affected individuals unknowingly share a common ancestor 
many generations up in the pedigree. Although many meiotic 
recombinations throughout the generations have shortened the 
ancestral allele, the homozygous regions surrounding the causative 
mutation still outstand genomic segments that are identical by 
state, e.g., blocks of apparent homozygosity caused by consecutive 
homozygous SNP calls for which the major allele is frequently 
present in the population. Hence, applying high-resolution 
homozygosity mapping may also aid in the identi fi cation of genetic 
defects underlying recessive disease in non-consanguineous patients 
not only to detect mutations in known retinal dystrophy genes  (  9  )  
but also to  fi nd novel genes causative for autosomal recessive reti-
nal diseases  (  24,   25,   67,   68  ) . 

 With the rapidly evolving technology of NGS, the possibilities 
to determine genetic defects underlying recessive diseases are 
growing at an unprecedented rate. Especially for diseases like arRP, 
for which many genes are known to date, and a substantial number 
still awaits discovery, a simultaneous analysis of multiple genes is 
both time- and cost-effective. Ideally, potential pathogenic variants 
remaining after NGS data  fi ltering can be further evaluated by 
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performing segregation analysis in available relatives and/or by 
cross-comparing them with positional information resulting from 
genome-wide SNP analysis, as was illustrated by the recent 
identi fi cation of  DHDDS  as a novel arRP gene after combining 
exome sequencing in three siblings with high-resolution homozy-
gosity mapping  (  69  ) .  

  Mitochondrial DNA is transmitted from mother to child. Pedigrees 
segregating mitochondrial inheritance are characterized by trans-
mission of the genetic defect from mother to child, but often, at a 
 fi rst glance, they appear as autosomal dominant pedigrees (Fig.  3d ). 
Although mitochondrial inheritance is not frequently observed in 
retinal dystrophies, mutations in a few mitochondrial genes can 
cause Leber hereditary optic neuropathy (LHON), Kearns–Sayre 
syndrome (that includes retinal pigmentary degeneration), or 
combinations of retinal dystrophy and sensineural deafness (  http://
www.sph.uth.tmc.edu/Retnet/    ).  

  In general, identifying the genetic defect in a patient is alleviated 
by having an a priori knowledge on the mode of inheritance, based 
on pedigree information. In many western countries, however, 
families are increasingly getting smaller, and often display only one 
affected individual. For instance in isolated male cases, a mutation 
in an autosomal recessive as well as in an X-linked recessive gene 
may underlie the disease (Fig.  3h ). Again, taking RP as an example, 
many isolated males could carry a mutation in the X-linked  RPGR  
gene, which is one of the most frequently mutated RP genes. 
However, percentage-wise, isolated cases are more likely to carry a 
mutation in a recessive gene rather than in an X-linked gene. In 
addition, although the mechanism has been known for decades, we 
recently identi fi ed an unexpectedly high number of seven de novo 
mutations in a targeted NGS study analyzing all known retinal dys-
trophy genes in a large cohort that included 78 isolated RP patients 
Next-generation genetic testing for retinitis pigmentosa  (  41  ) , indi-
cating that autosomal dominant genes also need to be considered 
in the molecular diagnosis of isolated cases. Together, this example 
shows the extreme complexity in assessing a molecular diagnosis in 
isolated cases.   

 

 Gene identi fi cation studies have changed dramatically over the past 
decades. The major challenge of current technologies involves the 
interpretation of genomic variants to identify the causative 
mutation. Though several programs are available that can predict 
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pathogenicity of missense variants, e.g., based on phylogenetic 
conservation, this can still leave one with a considerable number of 
variants with pathogenic potential. One can get a clue of which of 
the variants in the remaining genes is the causative one by for 
example determining its expression in retina. Also the number of 
CRX-binding sites in genes can aid in the selection of the causative 
gene, a method that has been recently used to successfully priori-
tize candidate genes from a genomic interval  (  70  )  or from exome 
data  (  71  ) . Depending on the type of protein, it may be possible to 
design functional assays to determine the pathogenic nature of 
genetic variants, e.g., the measurement of enzymatic activity in 
mutant versions of the MAK protein  (  71  )  or RDH12  (  72  ) . To 
determine the effect of reduced activity of a certain gene on pho-
toreceptor function and retinal morphology, one can perform 
morpholino knockdown experiments in zebra fi sh embryos. Fish 
injected with morpholinos targeting the  DHDDS  gene did not 
respond to light on–off switches and the photoreceptor outer seg-
ments were very short or completely missing  (  69  ) . Alternatively, 
induced pluripotent stem (iPS) cells derived from skin of affected 
individuals were successfully used to prove aberrant splicing of a 
novel arRP gene,  MAK . Upon differentiation of these iPS cells to 
retinal precursor cells, the insertion of an Alu element in  MAK  
prevented the switch to a retina-speci fi c isoform, showing the value 
of using patient’s skin cells to study the regulation of genes that are 
only expressed in inaccessible tissues like retina  (  73  ) . All these 
examples show that functional assays can be very effective to deter-
mine the pathogenic effect of mutations in a gene, although it is 
often not feasible to perform such studies on a large scale. 

 Microarrays and NGS allow the analysis of all retinal dystrophy 
genes in individual patients Next-generation genetic testing for 
retinitis pigmentosa  (  41   ,    57,   74,   75  ) . Such analyses show that a con-
siderable number of retinal dystrophy patients carry potential 
pathogenic variants in more than one gene Next-generation genetic 
testing for retinitis pigmentosa  (  41  ) . This may make it dif fi cult to 
establish the causative gene in certain patients, which may hamper 
gene therapeutic approaches in these individuals. Variants in 
other retinal dystrophy genes may also in fl uence the severity of the 
disease by acting as modi fi ers, thereby making it more dif fi cult to 
establish an accurate prognosis. 

 NGS technology will rapidly move from exome sequencing 
towards whole genome sequencing. This will increase the number 
of variants identi fi ed in a certain individual, and interpretation of 
variants may even become more complex involving regulatory 
components rather than coding variants alone. Although the new 
genetic era has enabled us to determine the letters of personal 
genomes, we are now facing challenges to interpret the sequence 
and understand the genetic language.      



20 K. Neveling et al.

  Acknowledgments 

 This work was supported by the European Community’s Seventh 
Framework Program FP7/2007-2013, grant nr. 223143- 
TECHGENE, and by the Netherlands Organization for Health 
Research and Development, ZonMW grant 912-09-047.  

   References 

    1.    Saiki RK, Scharf S, Faloona F, Mullis KB, Horn 
GT, Erlich HA et al (1985) Enzymatic 
ampli fi cation of beta-globin genomic sequences 
and restriction site analysis for diagnosis of 
sickle cell anemia. Science 230:1350–1354  

    2.    Berger W, Kloeckener-Gruissem B, Neidhardt J 
(2010) The molecular basis of human retinal 
and vitreoretinal diseases. Prog Retin Eye Res 
29:335–375  

    3.    den Hollander AI, Black A, Bennett J, Cremers 
FPM (2010) Lighting a candle in the dark: 
advances in genetics and gene therapy of recessive 
retinal dystrophies. J Clin Invest 120:3042–3053  

    4.    Valle D, Kaiser-Kupfer MI, Del Valle LA (1977) 
Gyrate atrophy of the choroid and retina: 
de fi ciency of ornithine aminotransferase in 
transformed lymphocytes. Proc Natl Acad Sci 
U S A 74:5159–5161  

    5.    Mitchell GA, Brody LC, Looney J, Steel G, 
Suchanek M, Dowling C et al (1988) An initia-
tor codon mutation in ornithine-delta-amin-
otransferase causing gyrate atrophy of the 
choroid and retina. J Clin Invest 81:630–633  

    6.    Dryja TP, McGee TL, Reichel E, Hahn LB, 
Cowley GS, Yandell DW et al (1990) A point 
mutation of the rhodopsin gene in one form of 
retinitis pigmentosa. Nature 343:364–366  

    7.    McWilliam P, Farrar GJ, Kenna P, Bradley DG, 
Humphries MM, Sharp EM et al (1989) Autosomal 
dominant retinitis pigmentosa (ADRP): localiza-
tion of an ADRP gene to the long arm of chromo-
some 3. Genomics 5:619–622  

    8.    Cremers FPM, van de Pol TJR, van Kerkhoff 
EPM, Wieringa B, Ropers HH (1990) Cloning 
of a gene that is rearranged in patients with 
choroideraemia. Nature 347:674–677  

    9.    Collin RWJ, van den Born LI, Klevering BJ, de 
Castro Miro M, Littink KW, Arimadyo K et al 
(2011) High-resolution homozygosity map-
ping is a powerful tool to detect novel muta-
tions causative of autosomal recessive RP in the 
Dutch population. Invest Ophthalmol Vis Sci 
52:2227–2239  

    10.    Bainbridge JWB, Smith AJ, Barker SS, Robbie 
S, Henderson R, Balaggan K et al (2008) Effect 

of gene therapy on visual function in Leber’s 
congenital amaurosis. N Engl J Med 358:
2231–2239  

    11.    Hauswirth WW, Aleman TS, Kaushal S, 
Cideciyan AV, Schwartz SB, Wang L et al 
(2008) Treatment of leber congenital amauro-
sis due to RPE65 mutations by ocular subreti-
nal injection of adeno-associated virus gene 
vector: short-term results of a phase I trial. 
Hum Gene Ther 19:979–990  

    12.    Maguire AM, Simonelli F, Pierce EA, Pugh EN 
Jr, Mingozzi F, Bennicelli J et al (2008) Safety 
and ef fi cacy of gene transfer for Leber’s con-
genital amaurosis. N Engl J Med 358:
2240–2248  

    13.    Pasadhika S, Fishman GA, Stone EM, Lindeman 
M, Zelkha R, Lopez I et al (2010) Differential 
macular morphology in patients with RPE65-, 
CEP290-, GUCY2D-, and AIPL1-related 
Leber congenital amaurosis. Invest Ophthalmol 
Vis Sci 51:2608–2614  

    14.    Lander E, Kruglyak L (1995) Genetic dissec-
tion of complex traits: guidelines for interpret-
ing and reporting linkage results. Nat Genet 
11:241–247  

    15.    Boonstra NF, van Nouhuys CE, Schuil J, de 
Wijs I, van der Donk KP, Nikopoulos K et al 
(2009) Clinical and molecular evaluation of 
probands and family members with familial 
exudative vitreoretinopathy (FEVR). Invest 
Ophthalmol Vis Sci 50:4379–4385  

    16.    Al-Maghtheh M, Vithana E, Tarttelin E, Jay 
M, Evans K, Moore T et al (1996) Evidence for 
a major retinitis pigmentosa locus on 19q13.4 
(RP11) and association with a unique bimodal 
expressivity phenotype. Am J Hum Genet 
59:864–871  

    17.    Hoffmann K, Lindner TH (2005) easyLINK-
AGE-Plus–automated linkage analyses using 
large-scale SNP data. Bioinformatics 21:
3565–3567  

    18.    Ruschendorf F, Nurnberg P (2005) 
ALOHOMORA: a tool for linkage analysis 
using 10 K SNP array data. Bioinformatics 21:
2123–2125  



211 Identification and Analysis of Inherited Retinal Disease Genes 

    19.    Terwillinger DJ, Ott J (1994) Handbook for 
human genetic linkage. Johns Hopkins 
University Press, Baltimore  

    20.      Nyholt DR (2008) In: Neale BM, Ferreira 
MAR, Medland SE, Posthuma D (eds) Principles 
of linkage analysis. Statistical genetics: gene 
mapping through linkage and association. Taylor 
& Francis Group, New York, pp 113–134  

    21.    Seelow D, Schuelke M, Hildebrandt F, 
Nurnberg P (2009) HomozygosityMapper–an 
interactive approach to homozygosity map-
ping. Nucleic Acids Res 37:W593–W599  

    22.    Browning BL, Browning SR (2011) A fast, 
powerful method for detecting identity by 
descent. Am J Hum Genet 88:173–182  

    23.    Littink KW, Koenekoop RK, van den Born LI, 
Collin RWJ, Moruz L, Veltman JA et al (2010) 
Homozygosity mapping in patients with cone–
rod dystrophy: novel mutations and clinical 
characterizations. Invest Ophthalmol Vis Sci 
51:5943–5951  

    24.    Collin RWJ, Littink KW, Klevering BJ, van den 
Born LI, Koenekoop RK, Zonneveld-Vrieling 
MN et al (2008) Identi fi cation of a 2 Mb 
human ortholog of  Drosophila eyes shut/space-
maker  that is mutated in patients with retinitis 
pigmentosa. Am J Hum Genet 83:594–603  

    25.    Collin RWJ, Sa fi eh C, Littink KW, Shalev SA, 
Garzozi HJ, Rizel L et al (2010) Mutations in 
 C2ORF71  cause autosomal-recessive retinitis 
pigmentosa. Am J Hum Genet 86:783–788  

    26.    Hildebrandt F, Heeringa SF, Ruschendorf F, 
Attanasio M, Nurnberg G, Becker C et al 
(2009) A systematic approach to mapping 
recessive disease genes in individuals from out-
bred populations. PLoS Genet 5:e1000353  

    27.    den Hollander AI, Koenekoop RK, Mohamed 
MD, Arts HH, Boldt K, Towns KV et al (2007) 
Mutations in  LCA5 , encoding the ciliary pro-
tein lebercilin, cause Leber congenital amauro-
sis. Nat Genet 39:889–895  

    28.    Harville HM, Held S, Diaz-Font A, Davis EE, 
Diplas BH, Lewis RA et al (2010) Identi fi cation 
of 11 novel mutations in eight BBS genes by 
high-resolution homozygosity mapping. J Med 
Genet 47:262–267  

    29.    Woods CG, Cox J, Springell K, Hampshire DJ, 
Mohamed MD, McKibbin M et al (2006) 
Quanti fi cation of homozygosity in consanguin-
eous individuals with autosomal recessive dis-
ease. Am J Hum Genet 78:889–896  

    30.    Stankiewicz P, Lupski JR (2010) Structural 
variation in the human genome and its role in 
disease. Annu Rev Med 61:437–455  

    31.    Nannya Y, Sanada M, Nakazaki K, Hosoya N, 
Wang L, Hangaishi A et al (2005) A robust 
algorithm for copy number detection using 
high-density oligonucleotide single nucleotide 

polymorphism genotyping arrays. Cancer Res 
65:6071–6079  

    32.    Abd El-Aziz MM, Barragan I, O’Driscoll C, 
Borrego S, Abu-Sa fi eh L, Pieras JI et al (2008) 
Large-scale molecular analysis of a 34 Mb inter-
val on chromosome 6q: major re fi nement of the 
RP25 interval. Ann Hum Genet 72:463–477  

    33.    Humbert G, Delettre C, Senechal A, Bazalgette 
C, Barakat A, Bazalgette C et al (2006) 
Homozygous deletion related to Alu repeats in 
RLBP1 causes retinitis punctata albescens. 
Invest Ophthalmol Vis Sci 47:4719–4724  

    34.    Metzker ML (2010) Sequencing technologies: 
the next generation. Nat Rev Genet 11:31–46  

    35.    Glenn TC (2011) Field guide to next-genera-
tion DNA sequencers. Mol Ecol Resour 
11(5):759–769  

    36.    Mamanova L, Coffey AJ, Scott CE, Kozarewa 
I, Turner EH, Kumar A et al (2010) Target-
enrichment strategies for next-generation 
sequencing. Nat Methods 7:111–118  

    37.    Gilissen C, Hoischen A, Brunner HG, Veltman 
JA (2011) Unlocking mendelian disease using 
exome sequencing. Genome Biol 12(9):228  

    38.    Nikopoulos K, Gilissen C, Hoischen A, van 
Nouhuys CE, Boonstra FN, Blokland EAW 
et al (2010) Next-generation sequencing of a 
40 Mb linkage interval reveals  TSPAN12  muta-
tions in patients with familial exudative vitreo-
retinopathy. Am J Hum Genet 86:240–247  

    39.    Estrada-Cuzcano A, Neveling K, Kohl S, Banin 
E, Rotenstreich Y, Sharon D, Falik-Zaccai TC, 
Hipp S, Roepman R, Wissinger B, Letteboer 
SJ, Mans DA, Blokland EA, Kwint MP, Gijsen 
SJ, van Huet RA, Collin RWJ, Scheffer H, 
Veltman JA, Zrenner E; European Retinal 
Disease Consortium, den Hollander AI, 
Klevering BJ, Cremers FPM. Am J Hum Genet. 
2012 Jan 13;90(1):102–109.  

    40.    Bao S, Jiang R, Kwan W, Wang B, Ma X, Song 
YQ (2011) Evaluation of next-generation 
sequencing software in mapping and assembly. 
J Hum Genet 56:406–414  

    41.    Neveling K, Collin RWJ, Gilissen C, van Huet 
RA, Visser L, Kwint MP, Gijsen SJ, Zonneveld 
MN, Wieskamp N, de Ligt J, Siemiatkowska 
AM, Hoefsloot LH, Buckley MF, Kellner U, 
Branham KE, den Hollander AI, Hoischen A, 
Hoyng C, Klevering BJ, van den Born LI, 
Veltman JA, Cremers FPM, Scheffer H. Hum 
Mutat. 2012 Jun;33(6):963–972.  

    42.    Gilissen C, Arts HH, Hoischen A, Spruijt L, 
Mans DA, Arts P et al (2010) Exome sequenc-
ing identi fi es WDR35 variants involved in 
Sensenbrenner syndrome. Am J Hum Genet 
87:418–423  

    43.    Hoischen A, van Bon BW, Gilissen C, Arts P, 
van Lier B, Steehouwer M et al (2010) De 



22 K. Neveling et al.

novo mutations of SETBP1 cause Schinzel-
Giedion syndrome. Nat Genet 42:483–485  

    44.    Keen TJ, Inglehearn CF (1996) Mutations and 
polymorphisms in the human peripherin- RDS  
gene and their involvement in inherited retinal 
degeneration. Hum Mutat 8:297–303  

    45.    Allikmets R, Singh N, Sun H, Shroyer NF, 
Hutchinson A, Chidambaram A et al (1997) A 
photoreceptor cell-speci fi c ATP-binding trans-
porter gene ( ABCR ) is mutated in recessive 
Stargardt macular dystrophy. Nat Genet 
15:236–246  

    46.    Cremers FPM, van de Pol TJR, van Driel M, 
den Hollander AI, van Haren FJJ, Knoers 
NVAM et al (1998) Autosomal recessive retini-
tis pigmentosa and cone–rod dystrophy caused 
by splice site mutations in the Stargardt’s dis-
ease gene  ABCR . Hum Mol Genet 7:
355–362  

    47.    Berger W, van de Pol TJR, Warburg M, Gal A, 
Bleeker-Wagemakers EM, de Silva H et al 
(1992) Mutations in the candidate gene for 
Norrie disease. Hum Mol Genet 1:461–465  

    48.    Grayson C, Reid SN, Ellis JA, Rutherford A, 
Sowden JC, Yates JR et al (2000) Retinoschisin, 
the X-linked retinoschisis protein, is a secreted 
photoreceptor protein, and is expressed and 
released by Weri-Rb1 cells. Hum Mol Genet 
9:1873–1879  

    49.    Bech-Hansen NT, Naylor MJ, Maybaum TA, 
Pearce WG, Koop B, Fishman GA et al (1998) 
Loss-of-function mutations in a calcium-chan-
nel  α 1-subunit gene in Xp11.23 cause incom-
plete X-linked congenital stationary night 
blindness. Nat Genet 19:264–267  

    50.    Bech-Hansen NT, Naylor MJ, Maybaum TA, 
Sparkes RL, Koop B, Birch DG et al (2000) 
Mutations in  NYX , encoding the leucine-rich 
proteoglycan nyctalopin, cause X-linked com-
plete congenital stationary night blindness. Nat 
Genet 26:319–323  

    51.    Yang Z, Peachey NS, Moshfeghi DM, 
Thirumalaichary S, Chorich L, Shugart YY et al 
(2002) Mutations in the RPGR gene cause 
X-linked cone dystrophy. Hum Mol Genet 
11:605–611  

    52 .    Jalkanen R, Mantyjarvi M, Tobias R, Isosomppi 
J, Sankila EM, Alitalo T et al (2006) X linked 
cone–rod dystrophy, CORDX3, is caused by a 
mutation in the CACNA1F gene. J Med Genet 
43:699–704  

    53.    Roepman R, van Duynhoven G, Rosenberg T, 
Pinckers AJLG, Bleeker-Wagemakers EM, 
Bergen AAB et al (1996) Positional cloning of 
the gene for X-linked retinitis pigmentosa: 
homology with the guanine-nucleotide-exchange 
factor RCC1. Hum Mol Genet 5:1035–1041  

    54.    Meindl A, Dry K, Herrmann K, Manson F, 
Ciccodicola A, Edgar A et al (1996) A gene 
( RPGR ) with homology to the  RCC1  guanine 
nucleotide exchange factor is mutated in 
X-linked retinitis pigmentosa (RP3). Nat Genet 
13:35–42  

    55.    Vervoort R, Lennon A, Bird AC, Tulloch B, 
Axton R, Miano MG et al (2000) Mutational 
hot spot within a new  RPGR  exon in X-linked 
retinitis pigmentosa. Nat Genet 25:462–466  

    56.    Schwahn U, Lenzner S, Dong J, Feil S, 
Hinzmann B, van Duijnhoven G et al (1998) 
Positional cloning of the gene for X-linked 
retinitis pigmentosa 2. Nat Genet 19:327–332  

    57.    Bowne SJ, Sullivan LS, Koboldt DC, Ding L, 
Fulton R, Abbott RM et al (2011) Identi fi cation 
of disease-causing mutations in autosomal 
dominant retinitis pigmentosa (adRP) using 
next-generation DNA sequencing. Invest 
Ophthalmol Vis Sci 52:494–503  

    58.    Kohl S, Marx T, Giddings I, Jägle H, Jacobson 
SG, Apfelstedt-Sylla E et al (1998) Total 
colourblindness is caused by mutations in the 
gene encoding the  α -subunit of the cone pho-
toreceptor cGMP-gated cation channel. Nat 
Genet 19:257–259  

    59.    Kohl S, Baumann B, Broghammer M, Jägle H, 
Sieving P, Kellner U et al (2000) Mutations in 
the  CNGB3  gene encoding the  β -subunit of 
the cone photoreceptor cGMP-gated channel 
are responsible for achromatopsia ( ACHM3 ) 
linked to chromosome 8q21. Hum Mol Genet 
9:2107–2116  

    60.    Kohl S, Baumann B, Rosenberg T, Kellner U, 
Lorenz B, Vadala M et al (2002) Mutations in 
the cone photoreceptor G-protein alpha-sub-
unit gene GNAT2 in patients with achromatop-
sia. Am J Hum Genet 71:422–425  

    61.    Thiadens AAHJ, den Hollander AI, Roosing S, 
Nabuurs SB, Zekveld-Vroon RC, Collin RWJ 
et al (2009) Homozygosity mapping reveals 
 PDE6C  mutations in patients with early-onset 
cone photoreceptor disorders. Am J Hum 
Genet 85:240–247  

    62.    Jaakson K, Zernant J, Kulm M, Hutchinson A, 
Tonisson N, Hawlina M et al (2003) Genotyping 
microarray (gene chip) for the  ABCR  ( ABCA4 ) 
gene. Hum Mutat 22:395–403  

    63.    Avila-Fernandez A, Cantalapiedra D, Aller E, 
Vallespin E, Aguirre-Lamban J, Blanco-Kelly F 
et al (2010) Mutation analysis of 272 Spanish 
families affected by autosomal recessive retinitis 
pigmentosa using a genotyping microarray. 
Mol Vis 16:2550–2558  

    64.    Joensuu T, Hamalainen R, Yuan B, Johnson C, 
Tegelberg S, Gasparini P et al (2001) Mutations 
in a novel gene with transmembrane domains 



231 Identification and Analysis of Inherited Retinal Disease Genes 

underlie Usher syndrome type 3. Am J Hum 
Genet 69:673–684  

    65.    den Hollander AI, Koenekoop RK, Yzer S, 
Lopez I, Arends ML, Voesenek KEJ et al 
(2006) Mutations in the  CEP290  ( NPHP6 ) 
gene are a frequent cause of Leber congenital 
amaurosis. Am J Hum Genet 79:556–561  

    66.    Zelinger L, Banin E, Obolensky A, Mizrahi-
Meissonnier L, Beryozkin A, Bandah-Rozenfeld 
D et al (2011) A missense mutation in DHDDS, 
encoding dehydrodolichyl diphosphate syn-
thase, is associated with autosomal-recessive 
retinitis pigmentosa in Ashkenazi Jews. Am J 
Hum Genet 88:207–215  

    67.    den Hollander AI, Lopez I, Yzer S, Zonneveld 
MN, Janssen IM, Strom TM et al (2007) 
Identi fi cation of novel mutations in patients 
with Leber congenital amaurosis and juvenile 
RP by genome-wide homozygosity mapping 
with SNP microarrays. Invest Ophthalmol Vis 
Sci 48:5690–5698  

    68.    Bandah-Rozenfeld D, Collin RWJ, Banin E, 
van den Born LI, Coene KLM, Siemiatkowska 
AM et al (2010) Mutations in  IMPG2 , encod-
ing interphotoreceptor matrix proteoglycan 2, 
cause autosomal-recessive retinitis pigmentosa. 
Am J Hum Genet 87:199–208  

    69.    Zuchner S, Dallman J, Wen R, Beecham G, Naj 
A, Farooq A et al (2011) Whole-exome 
sequencing links a variant in DHDDS to retini-
tis pigmentosa. Am J Hum Genet 88:201–206  

    70.    Langmann T, Di Gioia SA, Rau I, Stohr H, 
Maksimovic NS, Corbo JC et al (2010) 
Nonsense mutations in FAM161A cause RP28-
associated recessive retinitis pigmentosa. Am J 
Hum Genet 87:376–381  

    71.    Ozgul RK, Siemiatkowska AM, Yucel D, 
Myers CA, Collin RWJ, Zonneveld MN et al 
(2011) Exome sequencing and cis-regulatory 
mapping identify mutations in MAK, a gene 
encoding a regulator of ciliary length, as a 
cause of retinitis pigmentosa. Am J Hum 
Genet 89:253–264  

    72.    Thompson DA, Janecke AR, Lange J, Feathers 
KL, Hubner CA, McHenry CL et al (2005) 
Retinal degeneration associated with RDH12 
mutations results from decreased 11-cis retinal 
synthesis due to disruption of the visual cycle. 
Hum Mol Genet 14:3865–3875  

    73.    Tucker BA, Scheetz TE, Mullins RF, Deluca 
AP, Hoffmann JM, Johnston RM et al (2011) 
Exome sequencing and analysis of induced 
pluripotent stem cells identify the cilia-related 
gene male germ cell-associated kinase (MAK) 
as a cause of retinitis pigmentosa. Proc Natl 
Acad Sci U S A 108(34):E569–E576  

    74.    Booij JC, Bakker A, Kulumbetova J, Moutaoukil 
Y, Smeets B, Verheij J et al (2011) Simultaneous 
mutation detection in 90 retinal disease genes 
in multiple patients using a custom-designed 
300-kb retinal resequencing chip. 
Ophthalmology 118:160–167  

    75.      Coppieters F, De Baere E, Leroy B (2011) 
Development of a next-generation sequencing 
platform for retinal dystrophies, with LCA and 
RP as proof of concept. Bull Soc Belge 
Ophtalmol 317:59–60  

    76.    Vissers LELM, de Ligt J, Gilissen C, Janssen I, 
Steehouwer M, de Vries P et al (2010) A 
 de novo  paradigm for mental retardation. Nat 
Genet 42:1109–1112    



    Part II 

  Mouse Models         



27

Bernhard H.F. Weber and Thomas Langmann (eds.), Retinal Degeneration: Methods and Protocols, Methods in Molecular Biology, 
vol. 935, DOI 10.1007/978-1-62703-080-9_2, © Springer Science+Business Media, LLC 2013

    Chapter 2   

 Mouse Models for Studies of Retinal 
Degeneration and Diseases       

     Bo   Chang        

  Abstract 

 Mouse models, with their well-developed genetics and similarity to human physiology and anatomy, serve 
as powerful tools with which to investigate the etiology of human retinal degeneration. Mutant mice also 
provide reproducible, experimental systems for elucidating pathways of normal development and function. 
Here, I describe the tools used in the discoveries of many retinal degeneration models, including indirect 
ophthalmoscopy (to look at the fundus appearance), fundus photography and  fl uorescein angiography (to 
document the fundus appearance), electroretinography (to check retinal function), as well as the heritabil-
ity test (for genetic characterization).  

  Key words:   Mouse models ,  Retinal degeneration ,  Indirect ophthalmoscopy ,  Fundus ,  Electroretinography    

 

 The number of known serious or disabling eye diseases in humans 
is large and affects millions of individuals worldwide. Yet research 
on these diseases frequently is limited by the obvious restrictions on 
studying pathophysiologic processes in the human eye. Mouse 
models of inherited ocular disease provide powerful tools for genetic 
analysis and characterization and intervention assessment. Studies 
of mouse models of human retinal degeneration are important to 
understanding the pathophysiology, as well as the etiology, of these 
diseases. Using these mouse models much progress has been made 
in elucidating gene defects underlying retinal disease, understanding 
mechanisms leading to disease, and designing molecules for trans-
lational research and gene-based therapy to interfere with the pro-
gression of disease. 

 Discovery of human retinal degenerations is not particularly 
dif fi cult when patients visit their ophthalmologist for eye examinations, 

  1.  Introduction
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but research on human retinal degenerations is impeded by the lack 
of availability of human eye tissues and the impossibility of doing 
genetic manipulation for research. Human eye tissue (including 
biopsies) for most human ocular diseases is seldom available because 
it is dif fi cult to obtain tissue samples from the eye without the risk of 
damage to the patient’s vision. Compared with diagnosis in humans, 
animal models of human retinal degeneration are not easy to  fi nd, 
but animal models make research advances feasible not only through 
developmental and invasive studies but also through rapid genetic 
analysis. By screening mice using indirect ophthalmoscopy and elec-
troretinography at The Jackson Laboratory (TJL), many mouse 
models of retinal degeneration and diseases have been discovered 
 (  1,   2  ) . A major advantage in using the mouse as a model system is 
the depth of well-developed techniques available for manipulating 
the genome. The ability to target and alter a speci fi c gene(s) is an 
important and necessary tool to produce mouse models with 
mutations in genes of choice. Inducing mutations in genes of 
choice (known as knockout or transgenic) is termed “reverse genet-
ics,” as it is the opposite of “forward genetics” approaches whereby 
spontaneous/induced mutations are discovered as a result of the 
overt phenotypes and the underlying mutation is subsequently 
identi fi ed. Through the “forward” and “reverse” genetic approaches, 
mouse models in 100 genes that underlie human retinal diseases 
have been studied  (  3  ) . In some cases there are multiple models avail-
able for the same mutated gene. For example, of the mouse models 
for human Leber Congenital Amaurosis 2 (LCA2) caused by muta-
tion in the retinal pigment epithelium 65 ( Rpe65 ) gene, there is a 
knockout model  Rpe65   tm1Tmr    (  4  ) , a transgenic (knockin) model 
 Rpe65   tm1Lrcb    (  5  ) , an induced model  Rpe65   tvrm148    (  2  ) , as well as a spon-
taneous model  Rpe65   rd12    (  6,   7  ) . The mouse eye is remarkably similar 
in structure to the human eye, and both species have many similar 
ocular disorders. Not only are developmental and invasive studies 
possible in mice, but also the mouse’s accelerated life span and gen-
eration time (one mouse year = about 30 human years) make it pos-
sible to follow the natural progression of eye diseases in a relatively 
brief length of time. Because mouse mutations can be maintained 
on controlled genetic backgrounds, mutant and control mice can 
differ only by the mutated gene being studied. Thus, it is possible to 
analyze the effects of a mutant gene in same-sex, same-age litter-
mates that differ only by whether they carry a speci fi c mutation. 

 Models of retinal degeneration in mice have been known for 
many years. The  fi rst retinal degeneration, discovered by Dr. Clyde 
E. Keeler more than 80 years ago, is  Pde6b   rd1   (formerly  rd1 ,  rd , 
identical with Keeler rodless retina,  r )  (  8–  10  ) . Fifty years later, the 
second retinal degeneration was discovered and it was named reti-
nal degeneration-slow ( Rds )  (  11  ) . The third retinal degeneration 
was discovered in 1993 and it was named  rd3  in sequence allowing 
 rd  to be equivalent to  rd1  and  Rds  to be equivalent to  Rd2   (  12  ) . 
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During the last 20 years, many mouse models of retinal degeneration 
have been found because common methods used in human clinical 
eye examinations have been adapted for use with mouse eyes to 
screen for mouse retinal degeneration  (  1,   2,   12–  14  ) . These meth-
ods, including indirect ophthalmoscopy, fundus photography, 
 fl uorescein angiography, electroretinography, as well as histology, 
are broadly used in identifying and characterizing mouse models of 
retinal degeneration and diseases.  

 

 TJL, having the world’s largest collection of mouse mutant stocks 
and genetically diverse inbred strains (  http://jaxmice.jax.org/
index.html    ), is an ideal place to discover and characterize geneti-
cally determined retinal disorders. 

  The mice were bred and maintained in standardized conditions in 
the Research Animal Facility at TJL. They were maintained on 
NIH31 6% fat chow and acidi fi ed water, with a 14-h light/10-h 
dark cycle in conventional facilities that were monitored regularly 
to maintain a pathogen-free environment. All experiments were 
approved by the Institutional Animal Care and Use Committee 
and conducted in accordance with the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research.  

      1.    1% Atropine Sulfate Ophthalmic Solution (sterile), Alcon 
Laboratories, INC. Fort Worth, TX 76134, USA.  

    2.    1% Cyclopentolate Hydrochloride Ophthalmic Solution USP 
(sterile), Bausch & Lomb Incorporated Tampa, FL 33637, USA.  

    3.    Cyclomydril ®  (0.2% cyclopentolate hydrochloride, 1% phe-
nylephrine hydrochloride ophthalmic solution, sterile), Alcon 
Laboratories, INC. Fort Worth, TX 76134, USA.  

    4.    2.5% Gonioscopic Prism Solution (Hypromellose Ophthalmic 
Demulcent Solution, sterile), Wilson Ophthalmic, Mustang, 
OK 73064, USA.  

    5.    25% Fluorescein Sodium Injection (250 mg/ml, for intrave-
nous injection only), Altaire Pharmaceuticals, Inc., Aquebogue, 
NY 11931, USA.  

    6.    Ketathesia (ketamine HCL injection USP, 100 mg/ml), 
Dublin, OH 43017, USA.  

    7.    AnaSed ®  Injection (Xylazine sterile solution, 20 mg/ml), 
Shenandoah, IA, 51601, USA.  

    8.    0.9% Sodium Chloride, Injection, USP (for use as sterile 
diluents), Hospira, INC., Lake Forest, IL 60045, USA.      

  2.  Materials

  2.1.  Mice

  2.2.  Drugs 
and Chemicals

http://jaxmice.jax.org/index.html
http://jaxmice.jax.org/index.html
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      1.    Heine Omega 500 ®  Binocular Indirect Ophthalmoscope 
(Fig.  1 ), Heine USA Ltd., 10 Innovation Way, Dover, NH 
03820.   

    2.    Classic 78D, Classic 90D, SuperField NC Volk Optical Lenses, 
Volk Optical, Inc., 7893 Enterprise Drive, Mentor, OH 44060, 
USA.  

    3.    Kowa Genesis small animal fundus camera (Fig.  1 ) (Tokyo, 
Japan)  (  15  ) .  

    4.    Canon digital camera (Canon EOS Rebel Xsi) (Fig.  1 ) (Canon 
USA., Inc., headquartered in Lake Success, New York, USA).  

    5.    Electroretinogram (ERG) system (Fig.  2 )  (  16  ) .        

 

 Retinal vessel attenuation and retinal pigment epithelial distur-
bance are easily detected signs that are often associated with retinal 
degenerations and diseases. However if the retina looks normal 
(normal fundus), it is still possible that retinal functional abnor-
malities exist. A quick screening ERG test is needed to detect any 
retinal functional defects, such as retinal cone photoreceptor func-
tion loss (achromatopsia)  (  17,   18  )  and no  b -wave ( nob ) mutations 
 (  19,   20  ) . Heritability is subsequently established by genetic char-
acterization  (  1,   2  ) . 

  2.3.  Ophthalmic 
Instruments and 
Equipment

  3.  Methods

  Fig. 1.    Ophthalmic instruments used for mouse fundus examination.       
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  For indirect ophthalmoscopy the examiner wears a light attached to 
a headband and uses a small handheld lens to see inside the fundus 
of the mouse eye. The fundus of a mouse eye is the interior surface 
of the eye and includes the retina and optic disc. The color of the 
mouse fundus varies between pigmented (black) and albino (red). 
Dilated fundus examination is a diagnostic procedure that employs 
the use of mydriatic eye drops (such as 1% atropine) to dilate or 
enlarge the pupil in order to obtain a better view of the fundus of 
the eye. Once the pupil is dilated, examiners often use specialized 
equipment such as an indirect ophthalmoscope or fundus camera 
to view the inner surfaces of the eye. Abnormal signs that can be 
detected from observation of mouse fundus include hemorrhages, 
exudates, cotton wool spots, blood vessel abnormalities (tortuosity, 
pulsation, and new vessels), and pigmentation. Mouse fundus 
examination is a more effective method for the evaluation of inter-
nal ocular health and is routinely used to screen whether a mouse 
presents with abnormalities of the fundus such as retinal degenera-
tion, optic disc coloboma, or vascular problems (see Note 1). 

      1.    Pupil dilation: Remove the screw top from the vial containing 
the mydriatic (1% atropine). Restrain and hold the mouse 
 fi rmly in one hand, pick up the vial containing the mydriatic, 
and squeeze directly above an eye of the mouse allowing a 
drop to cover the surface of the eye. Repeat the procedure for 
the second eye. Return the mouse to its cage and allow at least 
5 min for the effect of the mydriatic to take place.  

    2.    Fundus examination 1: Place the Heine Omega 500 ®  Binocular 
Indirect Ophthalmoscope onto your head and adjust the bin-
oculars accordingly. Adjust the light being emitted from the 
ophthalmoscope. Hold and restrain the mouse  fi rmly in one 

  3.1.  Mouse Fundus 
Examination

  3.1.1.  Routine Fundus 
Examination

  Fig. 2.    The major components of the electroretinogram system used in our laboratory.       
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hand and shine the light into the mouse eye to see if the pupil 
has fully dilated (Fig.  3 ).   

    3.    Fundus examination 2: Pick up the Volk 90D or 78D lens and 
place it between the mouse eye and the beam of light. Pass (or 
focus) the beam of light through the Volk lens and you should 
see the mouse eye through the lens. Adjust the lens in and out 
until the back of the retina can be visualized. Orientate the 
 fi eld of view by visualizing the optic disc and then moving the 
lens around the eye (or twist the mouse head) to alter the view 
so that the whole fundus can be examined.  

    4.    Repeat the above for the second eye examination.  
    5.    Record the fundus appearance, such as retinal spots, retinal 

pigment patch, or retinal vessel changes. If any fundus abnor-
malities are observed, fundus photography is taken. If no fun-
dus abnormalities are observed, this mouse will go through the 
simple screening ERG test.      

  Mouse fundus photography and  fl uorescein angiography are used 
to document the new phenotypes discovered by fundus examina-
tion. In the past, we used the Kowa Genesis small animal fundus 
camera  fi tted to a dissection microscope base  (  15  )  to take fundus 
pictures with special  fi lms, but have improved the ef fi ciency and 

  3.1.2.  Fundus Photography 
and Fluorescein 
Angiography

  Fig. 3.    An eye prior to dilation in pigmented mice ( a ) and albino mice ( b ) and the pupil of 
the same eye in its dilated state ( c ,  d ).       
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reduced the cost of this system by adapting a digital camera (Canon 
EOS Rebel Xsi) to focus through the eyepiece view (Fig.  1 ). This 
Canon digital camera can be directly connected to a personal com-
puter (through the USB port) and the fundus view is displayed on 
the computer monitor. Fundus pictures are then captured and 
saved on the computer by using the Canon EOS utility software.

    1.    Pupil dilation, same as in step 1 in Subheading  3.1.1  above.  
    2.    Plug the Canon camera USB cable to the computer’s USB 

port and turn on the computer (the Canon EOS utility soft-
ware should be installed  fi rst).  

    3.    Switch the Canon camera power on and wait for the Canon 
EOS utility software to start. Once the Canon EOS utility soft-
ware is running, select the “Camera Setting/Remote Shooting,” 
and then select “Remote Live View Shooting” from the soft-
ware menu.  

    4.    Turn on the power (light) from the powerpack and the 
“Remote Live View Shooting” window lights up on the com-
puter monitor.  

    5.    Hold and restrain the mouse  fi rmly in one hand and place the 
mouse eye under the light beneath the Volk lens to see on the 
computer monitor if the pupil has fully dilated (Fig.  3 ). Retract 
the mouse eyelids with two  fi ngers from your other hand, ori-
entate the  fi eld of view by visualizing the optic disc, and then 
move the mouse eye around until you get the best fundus view 
(the most focused).  

    6.    Capture the fundus images by a foot pedal (to operate the 
shutter) when the best fundus view occurs on the computer 
monitor. Figure  4  shows the normal mouse fundus in pig-
mented mice (C57BL/6J) as well as albino mice (BALB/cJ) 
and abnormal fundus in pigmented mice (C3H/HeJ) as well 
as albino mice (FVB/NJ) (see Note 2).   

    7.    For retinal angiography the same general fundus photography 
procedure is used except one must push a button on the pow-
erpack to select the  fl uorescein  fi lter for angiography.  

    8.    Intraperitoneally inject the mouse with 25% sodium  fl uorescein 
at a dose of 0.01 ml per 5–6 g body weight. The retinal vessels 
began  fi lling about 30 s after  fl uorescein administration. Single 
photographs are then taken at appropriate intervals. Although 
timing varies due to variable rates of intraperitoneal absorp-
tion, capillary washout usually occurs 5 min after dye adminis-
tration. Figure  5  shows the mouse fundus as well as  fl uorescein 
angiogram.        

  The basic method of recording the electrical response, known as 
the global or full- fi eld ERG, is to stimulate the eye with a bright 
light source such as a  fl ash produced by LEDs or a strobe lamp. 

  3.2.  Simple Screening 
Electroretinograpy
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  Fig. 4.    Normal mouse fundus in pigmented mice ( a ) and albino mice ( b ) as well as retinal 
degeneration fundus in pigmented mice ( c ) and albino mice ( d ).       

The  fl ash of light elicits a biphasic waveform recordable at the cornea. 
The two components that are most often measured are the  a - and 
 b -waves. The  a -wave is the  fi rst large negative component, fol-
lowed by the  b -wave which is corneal positive and usually larger in 
amplitude. Two principal measures of the ERG waveform are 
taken: (1) the amplitude ( a ) from the baseline to the negative 
trough of the  a -wave, and the amplitude of the  b -wave measured 
from the trough of the  a -wave to the following peak of the  b -wave, 
and (2) the time ( t ) from  fl ash onset to the trough of the  a -wave 
and the time ( t ) from  fl ash onset to the peak of the  b -wave. These 
times, re fl ecting peak latency, are referred to as “implicit times” in 
the jargon of electroretinography. Scotopic ERGs (also called dark-
adapted) are used to evaluate responses starting from rod photore-
ceptors exposed to  fl ush light in darkness, and photopic ERGs 
(also called light-adapted) are used to evaluate responses starting 
from cone photoreceptors exposed to  fl ush light under constant 
light exposure. Because regular ERG testing is time consuming 
(about 30–60 min per mouse without the time used for dark adap-
tion), we have developed a simple screening ERG test. Our simple 
screening ERG testing does not need dark or light adaption and 
one simple ERG test takes less than 10 min (see Note 3). Most of 
the simple screening ERGs are normal and only a few of them are 
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abnormal, but once a mouse shows an abnormal ERG, it is tested 
again through our regular ERG test  (  21,   22  ) .

    1.    Pupil dilation: Restrain and hold the mouse  fi rmly in one hand, 
pick up the vial containing 1% Cyclopentolate (1% 
Cyclopentolate Hydrochloride Ophthalmic Solution), and 
squeeze directly above the right eye of the mouse allowing a 
drop to cover the surface of the eye (we test only one eye and 
usually the right eye). A group of 5–10 mice can be dilated in 
one time.  

    2.    Anesthetize the mouse with an intraperitoneal injection. Weigh 
the mouse and record the weight. Restrain and hold the mouse 
 fi rmly in one hand, pick up the second vial containing 
Cyclomydril (0.2% cyclopentolate hydrochloride, 1% phe-
nylephrine hydrochloride ophthalmic solution, sterile), and 
squeeze directly above the right eye a drop to cover the surface 
of the eye; then inject the mouse with the anesthetic mixture 
solution (5 ml mixture containing 0.8 ml Katamine, 0.8 ml 
Xylazine, and 3.4 ml 0.9% Sodium Chloride) at a dosage of 
0.1 ml per 20 g of body weight.  

  Fig. 5.    Normal mouse fundus prior to the  fl uorescein injection ( a ) and the same eye after 
the  fl uorescein injection ( c ). Mouse fundus with neovascular depigmented spots ( b ) prior 
to the  fl uorescein injection and the same eye after the  fl uorescein injection ( d ).       
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    3.    Prepare the test: Place the suf fi ciently sedated mouse on the 
heated pad. Insert a needle probe just under the skin at the base 
of the tail, place the gold loop electrode between the gum and 
cheek, position the mouse near the far end of the heating pad, 
and place the active gold loop electrode on the cornea slightly 
below the middle of the eye. Pick up the third vial containing 
2.5% Gonioscopic Prism Solution and squeeze directly above 
the cornea and electrode a drop to assure a good contact.  

    4.    The simple ERG test: Set the photic Stimulator to 1-s  fl ash, 
the  fl ash intensity to 16 (the highest), and then set the “Sweeps” 
to 10 (average 10  fl ashes) from the ERG software menu. Click 
the “Aver” from the software menu, and then turn on the 
photic Stimulator to start the test.  

    5.    Save the test data and analyze the results: Press the “Save” button 
to save the ERG data to the computer and print a copy for instant 
view. If a mouse has  a ,  b -wave amplitude at or above 100  μ V and 
the implicit times at about 50 ms, this mouse has a normal simple 
ERG response (Fig.  6a ). If a mouse has  b -wave amplitude at or 
below 50  μ V and implicit times longer than 50 ms, this mouse 
has an abnormal simple ERG response (Fig.  6b ).   

    6.    Regular ERG test: Once we discover a mouse with an abnor-
mal simple ERG response, we test the same mouse with our 
regular ERG protocol to determine if the mouse has the abnor-
mal rod response (dark-adapted ERG), abnormal cone ERG 
response (light-adapted ERG), or abnormal rod and cone 
ERG. Then we mate this mouse to a normal mouse to produce 
the next generation for the heritability test.      

  Heritability is established by outcrossing a retinal mutant mouse to 
a normal retinal wild-type mouse to generate F1 progeny, with 

  3.3.  Heritability Test

  Fig. 6.    Representative ERG responses to a bright  fl ash obtained from a mouse with normal 
retinal function ( a ) and a mouse with abnormal retinal function ( b ).       
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subsequent intercrossing of the resultant F1 mice to generate F2 
progeny. Both F1 and F2 mice are examined by fundus examina-
tion and/or simple screening ERG depending on which pheno-
type occurs  fi rst. If F1 mice are affected, the pedigree is designated 
as a dominant mutation. If F1 mice are not affected but ~25% of 
F2 mice are affected, the pedigree is designated as a recessive muta-
tion. Once heritability of the observed retinal phenotype is estab-
lished, retinal mutants are bred and maintained for further 
characterization leading to gene identi fi cation  (  23,   24  ) .   

 

     1.    Mouse fundus examination is a very powerful, noninvasive, and 
high-throughput method for evaluating mouse retinal appear-
ances. It is also very effective in screening for mouse models of 
human retinal degeneration and diseases, as there are many 
examples of mouse models of retinal degeneration that were 
discovered by fundus examination (see refs.  1,   2,   13  )  such as 
mouse retinal degeneration 3 ( Rd3   rd3  ) (see refs.  12,   25  )  and 
mouse retinal degeneration 4 ( Gnb1   Rd4  ) (see refs.  26,   27  ) .  

    2.    It is important for investigators evaluating eyes to be aware of 
 Pde6b   rd1   and its associated morphological  fi ndings, as it is a 
frequent strain background disease. Since the  Pde6b   rd1   muta-
tion is common in mice, it is important to avoid mouse strains 
or stocks carrying the  Pde6b   rd1   allele, or to exclude the  Pde6b   rd1   
allele contamination in studying new retinal disorders. Mice 
with the  Pde6b   rd1   mutation can be easily typed by fundus exam-
ination (see Fig.  4 ).  

    3.    The simple screening ERG is another powerful, noninvasive, 
and high-throughput method to evaluate mouse retinal func-
tion. If a mouse has a normal fundus through fundus examina-
tion, it is very important to run this mouse through the simple 
screening ERG test because mouse retinal function loss mutants 
can have a normal retinal appearance (see refs.  17–  20  ) .          
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    Chapter 3   

 Retinal Fundus Imaging in Mouse Models 
of Retinal Diseases       

     Anne   F.   Alex   ,    Peter   Heiduschka   , and    Nicole   Eter           

  Abstract 

 The development of in vivo retinal fundus imaging in mice has opened a new research horizon, not only 
in ophthalmic research. The ability to monitor the dynamics of vascular and cellular changes in pathologi-
cal conditions, such as neovascularization or degeneration, longitudinally without the need to sacri fi ce the 
mouse, permits longer observation periods in the same animal. With the application of the high-resolution 
confocal scanning laser ophthalmoscopy in experimental mouse models, access to a large spectrum of 
imaging modalities in vivo is provided.  

  Key words:   Retinal imaging ,  Choroidal neovascularization ,  Retinal neovascularization ,  Confocal 
scanning laser ophthalmoscopy ,  Optical coherence tomography ,  Fluorescein angiography ,  Indocyanine 
green angiography    

 

 In vivo monitoring of physiological and pathological processes 
has gained increasing interest in experimental settings of diseases. 
In ophthalmology, we take advantage of the instance that the eye is 
perfectly suitable for optical imaging due to its transparency, both 
in the anterior and posterior segment. Therefore, in vivo monitoring 
of the eye allows longitudinal observations of changes in the same 
animal, improves the investigation of pathogenesis and/or effects 
of therapeutic approaches in disease models, and permits combina-
tion of in vivo and ex vivo imaging for maximum information. Last 
but not least, the number of animals needed for investigation can 
be reduced, and less time for the screening of a large number of 
animals is demanded with modern imaging techniques. 

 Examination through the dilated pupil easily enables funduscopic 
imaging in the living animal. Behavior of cells can be monitored in 

  1.     Introduction
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pathologic conditions, as well as vascular changes, which is of 
particular importance in neovascular diseases of the eye. 

 In this chapter, we provide an overview of in vivo retinal fun-
dus imaging techniques in mice. Thereby, we explain the proce-
dures in detail and give examples by focusing on different mouse 
models of neovascular and degenerating diseases as well as on 
immune cell changes in the eye. 

 In all neovascular eye diseases, competing factors of in fl ammation, 
angiogenesis, and proteolysis modulate the stage of disease. 

  Choroidal neovascularization  (CNV) is a nonspeci fi c and dynamic 
response in different eye diseases. Age-related macular degeneration 
(AMD) is the leading cause for severe vision impairment in humans 
at the age over 50 in the industrialized world  (  1  ) , and choroidal 
neovascularization is the hallmark of the wet form of AMD. 
Reduction in the metabolic activity of the retinal pigment epithelium 
(RPE) leads to accumulation of subretinal deposits and destruction 
of Bruch’s membrane and the RPE. Macrophages and other immune 
cells are also known to play an important role in the initiation and/
or progression, at least in the formation of CNV. Resident and immi-
grating immune cells are responsible for disease advancement. 
A pathologic dynamic process is initiated, and proin fl ammatory and 
proangiogenic factors, such as TNF- α , MMPs, MCP-1, IL-8, PEDF, 
bFGF, and VEGF, are secreted and monocyte and endothelial cell 
recruitment is modulated  (  2  ) . A  fi brin matrix is generated as a funda-
ment in the area of neovascularization. Neovascularization in the 
choroid is stimulated, and new vessels are able to penetrate into the 
neurosensoric retina when disease is advanced. 

 The leading cause for  retinal neovascularization  is hypoxia. 
Examples for retinal neovascularization are diabetic retinopathy and 
retinopathy of prematurity (ROP). Diabetic retinopathy is the lead-
ing cause of acquired blindness in young adults and therefore an 
increasing socioeconomic challenge. Neuronal dysfunction and vas-
cular damage occur  (  3  ) . When disease proceeds, neovascularization 
with immature retinal blood vessels develops. These blood vessels 
can cause complications, such as bleeding, or even retinal detach-
ment. ROP in contrast is a neovascular disease that occurs during 
the stage of vasculogenesis. A careful differentiation has to be made 
between vasculogenesis (development of vessels from mesodermal 
progenitor cells) and angiogenesis (sprouting of newly formed 
blood vessels out of the existing vessels), as the pathological path-
ways and consequently the morphological changes may vary  (  4  ) . 

  Retinal cell degeneration  occurs in many inherited and acquired 
diseases. In frequent cases, photoreceptors degenerate due to 
genetic defects, and many of such diseases belong to the group 
named  Retinopathia pigmentosa . These patients suffer from a pro-
gressive reduction of the  fi eld of vision already as young adults, 
preventing them from pursuing a normal employment. 

Mouse models are used to either watch morphological retinal 
changes or changes in retinal layers due to disease dynamics. 
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 The opportunity to image retinal changes in a time-dependent 
manner allows the assignment of molecular  fi ndings to morpho-
logical changes. Clinically, this in reverse can allow early diagnosis 
of diseases, simply by retinal fundus imaging. 

 An important imaging device in ophthalmology is based on 
the principle of the confocal scanning laser ophthalmoscopy 
(cSLO). This commonly used method for retinal fundus imaging 
is integrated in new imaging devices, for example in the 
SPECTRALIS ®  HRA. The imaging modalities include infrared, 
red-free, and  fl uorescence images. Fluorescence angiography with 
either  fl uorescein or indocyanine green can be performed. 

 A more recent technique is the high-resolution optical coher-
ence tomography (OCT) and its introduction into imaging in 
experimental ophthalmology. In vivo images similar to histological 
sections can be generated in a very high resolution. 

 With modern imaging techniques, it is possible to gain infor-
mation of disease dynamics and time-dependent changes in retinal 
morphology in vivo. Furthermore, evidence about cellular charac-
teristics in different stages of disease progression can be obtained. 

 The established ex vivo imaging tools are also of high impor-
tance, with histological sections as the most often used technique. 
Tissue sections can be stained simply with hematoxylin and eosin 
to visualize cell nuclei and parts of the cytoplasm. For the detec-
tion of distinct proteins, antibodies labeled with  fl uorescent dyes 
are used (immunohistochemistry), which can be used on sections 
as well as on retinal and choroidal whole-mounts. These proce-
dures provide two-dimensional images. Confocal microscopy 
allows a three-dimensional imaging by recording pictures in differ-
ent z-planes, in particular in whole-mounts.  

 

      1.    Ketamine 10% (WDT, Garbsen, Germany).  
    2.    Xylazine 2% (CEVA Tiergesundheit GmbH, Düsseldorf, 

Germany).  
    3.    Iso fl urane (Forene ®  100%, Abbott GmbH & Co, AG, 

Wiesbaden, Germany).      

      1.    Tropicamide (Mydriaticum ®  Stulln; Pharma Stulln GmbH, 
Stulln, Germany).  

    2.    Phenylephrine hydrochloride (Neosynephrin ®  5%, Ursapharm 
Arzneimittel GmbH, Saarbrücken, Germany).  

    3.    Cyclopentolate hydrochloride (Zyklolat ®  EDO, Dr. Mann 
Pharma und Bausch & Lomb GmbH, Berlin,    Germany).      

  2.  Materials

  2.1.  Anesthesia

  2.2.  Pupil Dilation
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      1.    Contact lens (to avoid dehydration of the cornea; MPG&E 
Handel und Service GmbH, Bordesholm, Germany).  

    2.    Hydroxypropyl methylcellulose (Methocel 2%; OmniVision, 
Puchheim, Germany).  

    3.    Contact lens with +35 spherical diopters (radius 5.0 mm, diam-
eter 7.00 mm; MPG&E Handel und Service GmbH, 
Bordesholm, Germany).  

    4.    Fluorescein-sodium 10% (Alcon Pharma GmbH, Freiburg im 
Breisgau, Germany).  

    5.    Indocyanine green 25 mg (ICG-Pulsion ® , Pulsion Medical 
Systems AG, München, Germany).  

    6.    Arti fi cial tears (e.g., Hylo Vision; OmniVision ®  GmbH, 
Puchheim, Germany).  

    7.    Proxymetacaine hydrochloride 0.5% (Proparakain-POS ® , 
Ursapharm Arzneimittel GmbH, Saarbrücken, Germany).      

  The principal function of the SPECTRALIS ®  HRA + OCT 
(Heidelberg Engineering, Dossenheim, Germany) is based on the 
confocal scanning laser ophthalmoscopy. Brie fl y, the retina is illu-
minated by a focussed laser beam, and the re fl ected light is cap-
tured by a photodetector after passing through a pinhole. The 
pinhole blocks the light that is not re fl ected or emitted by the area 
of interest and in this way blocks scattered light. The intensity of 
the re fl ected light or of the emitted  fl uorescent light at each point 
is measured by a light-sensitive detector. The light captured by the 
detector is converted into a digital signal, and a focussed image 
with high resolution is generated. The position of the confocal 
aperture determines from which layer in the back of the eye, i.e., 
the retina, the re fl ected light is collected, enabling the performance 
of confocal imaging (Fig.  1 )  (  5  ) .  

 The SPECTRALIS ®  HRA + OCT device is the combination of 
both, fundus imaging with a confocal scanning laser ophthalmo-
scope and a cross-section imaging by the spectral-domain optical 
coherence tomography (SD-OCT). It uses a dual-beam simultane-
ous imaging system to permit a multimodal imaging, the so-called 
tracking laser tomography. One laser beam serves as a reference, 
which continuously monitors the position of the eye. The second 
beam is directed to the position of interest in the fundus. The 
SPECTRALIS ®  HRA + OCT device works with  fi ve light sources 
(Table  1 ).  

 This SD-OCT can take up to 40,000 A-scans per second, with 
an optical axial resolution of about 7  μ m, a transverse resolution of 
about 14  μ m, and a scan depth of up to 1.9 mm. The interference 
signal between the sample beam and the reference beam can be ana-
lyzed simultaneously, enabling the fast scanning speed and the high 
resolution in SD-OCT (Fig.  2 ).   

  2.3.  Imaging

  2.4.  SPECTRALIS  ®  
HRA + OCT
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  Visucam ®  200 (Carl Zeiss AG, Oberkochen, Germany) is a non-
mydriatic fundus camera with a 45° and 30°  fi eld angle. Color, red-
free, blue, red, and anterior segment capture modes are included. 
The device is described by the manufacturer to require a minimal 
pupil diameter of 3.3 mm, which is principally suitable for the appli-
cation with mice. A dilated mouse pupil approximately corresponds 
to this diameter  (  6  ) . For compensation of the optical characteristics 
of the mouse, we used a 20D lens (manufactured, e.g., by Volk). 

 We built a special tripod system, connected with a planar 
extent, on which the mouse can be positioned. This extent is also 
 fl exibly movable in all directions, so that the mouse position can be 
varied, which is important because the fundus camera itself is a 
rigor system (Fig.  3 ).    

  2.5.  Fundus Color 
Imaging with 
Visucam  ®  200

  Fig. 1.    Scheme of the principle of a confocal scanning laser ophthalmoscope.       

   Table 1 
  Light sources of the SPECTRALIS ®  HRA + OCT device 
(Heidelberg Engineering, Dossenheim, Germany)   

 Light source  Effect 

 486 ± 2 nm blue solid-state laser 
(barrier  fi lter of 500 nm) 

 Fluorescein excitation, blue 
re fl ectance, auto fl uorescence 

 486 ± 2 nm without barrier  fi lter  Red-free images 

 518 ± 3 nm  Green re fl ectance 

 786 ± 2 nm diode laser and 
barrier  fi lter of 830 nm 

 Indocyanine green excitation 

 815 ± 5 nm diode laser  Infrared re fl ectance images 

 870 nm (840 to 920 nm) super 
luminescence diode(SLD) laser 

 Spectral domain OCT 
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  Fig. 2.    The SPECTRALIS ®  HRA + OCT device by Heidelberg Engineering. On the right, the device 
is shown with the attached additional lens to facilitate imaging of small rodent’s eyes.       

  Fig. 3.    Zeiss Visucam ®  200 with an altered tripod for mouse positioning.       
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  To be able to take retinal fundus images of living mice, they have 
to be anesthetized. Commonly used anesthetics for experimental 
animals are a mixture of intraperitoneally injected ketamine 
(120 mg/kg) and xylazine (10 mg/kg). For intraperitoneal injec-
tion, the mouse is held tightly discreet overhead so that the inner 
organs are moving downwards and are not reached by the injection 
needle. Once the mouse is anesthetized, care has to be taken to 
maintain the body temperature constant. Besides reduced physio-
logical functions, a reduction of the body temperature leads to the 
development of a cataract due to the change of lens proteins, which, 
although being reversible, is not useful for optical imaging  (  7  ) .  

  Pupil dilation is necessary for an optimal insight into the eye. 
Tropicamide eye drops are commonly used in the clinic. To achieve 
longer lasting pupil dilation, a combination of neosynephrine 5% 
and Zyklolat 1% eye drops can be applied. Already after a few min-
utes, the pupils become dilated (Fig.  4 ).   

  Anesthetized mice are brought in front of the imaging device. 
During imaging, it is recommended to maintain the body tempera-
ture of the mice constant, because they cool down quickly while 
being anesthetized, leading to the reversible cataract mentioned 
before. A possible option is the use of an electronic heating. Special 
animal heating and monitoring systems are available. We keep the 
animals on a heated cherry stone  fi lled pad, which proved to be 
suf fi cient for the time of examination. This simple auxiliary tool 
can be easily changed in its shape, and mice can be placed in a 
stable position (Fig.  5 ). Regular corneal hydration with commonly 
used arti fi cial tears is strongly recommended.   

  The mouse is brought in front of the laser as described in 
Subheading  3.3 . The cornea is anesthesized with on drop of e.g. 
Proparakain-POS 0,5% or another local anesthetics. A glass slide 

  3.  Methods

  3.1.  Anesthesia

  3.2.  Pupil Dilation

  3.3.  Positioning 
of the Animal in Front 
of the Laser/Imaging 
Device

  3.4.  Laser Treatment 
of the Fundus for CNV 
Induction

  Fig. 4.    Mouse pupil in miosis ( left  ) and mydriasis ( right  ).       
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coated with Methocel ®  2% is held carefully against the anesthetized 
mouse cornea for an optimal sight on the fundus. To evoke CNV, 
destruction of Bruch’s membrane and of the retinal pigment epi-
thelium is achieved by the following laser settings: 

 In the small mouse eye, small laser spots should be applied, 
such as 50  μ m. In larger rodents, a bigger spot size may be used 
depending on the size of the required CNV area, using a duration 
time of 100 ms and an energy of 200 mW (see  Note 1 ). 

 Successful disruption of Bruch’s membrane can be funduscop-
ically evaluated by the formation of a bubble in the laser spot 
immediately after treatment. Frequently used laser devices are 
argon laser (argon blue: 488 nm; argon green: 514 nm), frequency-
doubled neodym YAG laser (532 nm), and diode laser (810–
830 nm wavelength). 

 After full recovery from anesthesia, the mouse can be returned 
into the cage.  

  Auto fl uorescence in the human eye is mainly produced by lipofus-
cin. Lipofuscin is a poorly de fi ned mixture of nondegradable cross-
linked lipids and denatured proteins  (  8–  10  ) . As in most post-mitotic 
cells, lipofuscin is accumulated during lifetime in the retinal pig-
ment epithelium and exhibits  fl uorescence over a broad range of 
excitation (300–600 nm) and emission (480–800 nm) wavelengths 
 (  11,   12  )  due to different  fl uorophores of distinct excitation and 
emission spectra, with  N -retinylidene- N -retinylethanolamine 
(A2E) as the major  fl uorescent component  (  13  ) . A2E in the RPE 
cells has an emission maximum at 565–570 nm  (  14  ) . In various 
disease models, degeneration of photoreceptors is often accompa-
nied by an accumulation of auto fl uorescent, retinoid-containing 
debris material in the subretinal space  (  15  ) . The retinoids are 
derived from photoreceptor outer segment breakdown products 
that contain visual pigment chromophore 11- cis -retinal  (  16  ) . 

  3.5.  Auto fl uorescence 
Images

  Fig. 5.    Examples for rat and mouse positioning in front of the SPECTRALIS ®  device. Due to 
the  fl exibility of the used cherry stone  fi lled pad, rodents of different sizes can be placed 
stable in various positions.       

 



493 Retinal Fundus Imaging in Mouse Models of Retinal Diseases 

 Whereas these auto fl uorescent materials can be excited at any 
wavelength ranging from UV to yellow light, a wavelength of 
488 nm is used in the SPECTRALIS ®  device. 

 Less auto fl uorescence is visible in the human foveal area, 
because the blue excitation light is attenuated by the macular pig-
ment, i.e., lutein and zeaxanthin. Blood vessels appear non fl uorescent 
in the auto fl uorescence mode due to hemoglobin, which absorbs 
the laser light. 

 In untreated C57Bl/6 mice, no auto fl uorescence can be 
detected. If degenerative changes are elicited, auto fl uorescent spots 
can be found, e.g., in the areas of the laser spots in the model of 
laser-induced CNV 3 weeks after laser treatment.  

  Scanning the back of the eye with a near-infrared laser beam to 
produce a fundus image is the basic imaging principle of the 
SPECTRALIS ®  cSLO device. Infrared (IR) light penetrates the 
cornea, lens, and vitreous easier than visible light (in particular in 
the presence of slight opacities), and a lower intensity is needed. 
Infrared images in mouse models are important, as they give orien-
tation about the localization of the monitored retinal changes and 
also account for documentation, comparable to color fundus 
images (Fig.  6 ).   

  The red-free image is produced by blocking light of long (red) 
wavelengths. It is useful for several distinct diagnostic purposes. 
Filtering of red light can reveal structures in the fundus that are 
normally hidden by the red light originating from the retina with 
its blood vessels. As a clinical example, retinal nevi can be distin-
guished from choroidal nevi. Nerve  fi bers and subtle changes in 
their number can also be visualized in red-free images. This is 
important in animal models of glaucoma and other optic nerve 
atrophies. In this context, determination of the cup/disk ratio is 
easier. Optic nerve drusen, hemorrhages, and aneurysms are visible 
more clearly in red-free images.  

  The basic principle of angiography is to visualize blood vessels by 
an intravenous injection of a  fl uorescent dye (Fig.  7 ). For this pur-
pose,  fl uorescein and indocyanine green are the most commonly 
used dyes in clinical ophthalmology as well as in the majority of 
animal experiments. In mice, 5 ml/kg of the commercial 2% 
 fl uorescein sodium dye solution is intraperitoneally injected (for 
intraperitoneal injection see Subheading  3.1 ). To evaluate the sta-
tus of retinal vasculature and to judge possible pathologies, early 
angiograms (1–5 min after injection) and late-phase angiograms 
(5–10 min after injection) are recorded. Distinction is made 
between hyper fl uorescent and hypo fl uorescent changes (see  Note 2 ). 
Hyper fl uorescent changes can be staining (e.g., scarring,  fi brosis), 
pooling (e.g., edema), and leakage (e.g., neovascularization). 

  3.6.  Infrared Image

  3.7.  Red-Free Image

  3.8.  Angiography
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  Fig. 7.    Typical appearance of a mouse fundus in  fl uorescein angiography. Note the radial 
spreading of the large retinal blood vessels, originating at the optic nerve head, which is 
typical for small rodents that do not have a macula.       

  Fig. 6.    Infrared image of a laser-treated mouse fundus one hour after laser (above); corre-
sponding early and late  fl uorescein angiographies (middle) and OCT volume scan (below ).       
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Hypo fl uorescence can occur due to blocking phenomenons 
(e.g., intravitreal bleeding or pigmentation) or perfusion defects 
(e.g., tumor).  

 In CX3CR1  GFP/+   mice, green  fl uorescent protein (GFP)-positive 
immune cells  fl uoresce green in the auto fl uorescence    mode. 
Obviously, it is not possible to perform a  fl uorescein angiography 
parallel to the immune cell imaging. In this case, the ICG angio-
graphy is a reasonable alternative (see  Note 3 ). Even though ICG 
has a strong plasma protein binding and therefore has less visible 
leakage phenomena, the laser-induced CNV model is strong 
enough for induction of CNV. Simultaneous imaging of the same 
fundus area in three different modes, infrared, auto fl uorescence, 
and indocyanine green angiography, is possible (Fig.  8 ).   

  OCT was developed on the principle of Michelson interferometry. 
Basically, low-coherence infrared light is split. One part is traveling 
to retinal structures, and the second part to a reference mirror. 
When the re fl ected light of the reference mirror interacts with the 
light coming back from the retina, an interference pattern is 
produced that can be detected and processed into a signal  (  17  ) . 
It produces detailed cross-sectional images of the fundus and is 

  3.9.  Optical Coherence 
Tomography

  Fig. 8.    Fundus imaging of a laser-treated CX3CR1GFP/+ mouse. Simultaneous imaging in 
three modes: Infrared and auto fl uorescence mode ( above ); early- and late-phase indocya-
nine green angiographies ( below  ).       
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therefore frequently used for macular imaging in humans. With the 
SPECTRALIS ®  OCT device, retinal fundus images of rodents can 
also be taken through a dilated pupil. Thus, the layered structure 
of the retina can be visualized in OCT images, and the layers visible 
in the OCT image can be assigned to the anatomical layers that can 
be found also in histological sections (Figs.  9  and  10 ). For the 
generation of high-resolution OCT images of the mouse fundus, 
optical aberrations of the mouse eye have to be compensated by an 
additional lens (see  Note 4 ). The neuroretinal layers, the RPE, and 
the choriocapillaris are presented in detail (Fig.  10 ). Pathologies 
can be attributed to a speci fi c retinal layer by an OCT image. 
Furthermore, changes in retinal layers point to speci fi c patholo-
gies. Different modes can be adjusted in the OCT. It is possible to 
generate single sections, star-shaped sections, and, most impor-
tant, volumetric sections with variable interspaces. Also, follow-up 

  Fig. 9.    Examples of OCT images of mouse ( top ) and rat ( bottom ) retinas. Most of the retinal layers can be recognized.       

  Fig. 10.    Comparison between a histological section through a mouse retina ( left  ) and an OCT image ( right  ). The single 
layers of the histological section are named and assigned to the layers visible in the OCT image. Additionally, cone photo-
receptors are stained with a PNA dye in the histology ( left  ).       
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examinations are possible. The system recognizes the corresponding 
fundus structures and the same area can be reexamined with a 
pixel-to-pixel acuity (also see  Note 2 ).   

 It has to be noted explicitly that OCT cannot replace histo-
logical sections. Images obtained by OCT are “histology-like” and 
can be recorded quickly. However, it has to be kept in mind that 
the gray-scaled images are simply a map of different absorption and 
re fl ection characteristics of the retinal layers. No single cells or their 
phenotypes are displayed, as it is possible in histology.  

  Due to the special optical characteristics of the mouse eye, clinically 
used fundus color cameras do not necessarily ful fi l the needs for the 
application in rodents (see  Note 5 ). Anyway, utilities are available 
to take accurate images. Contact fundus lenses for the mouse or rat 
are available to reduce light re fl ections (Ocular Instruments, 
Washington, USA). Alternatively, special animal fundus cameras 
are available, e.g., the Kowa Genesis small animal fundus camera 
(Tokyo, Japan), which gives satisfactory results of images  (  18  ) . 

 A new development is the topical endoscopic fundus imaging 
(TEFI). An endoscope with an outer diameter of 3 mm is con-
nected on top of a photographic camera objective. The endoscope 
is placed directly on the cornea. High-resolution images can be 
obtained in a  fi eld of view of 80°  (  6  ) . 

 We tested the application of the Zeiss Visucam ®  200 non-
mydriatic fundus camera. At the beginning, the mouse has to be 
anesthetized and pupils have to be dilated (see Subheadings  2.1  
and  2.2 ). The anesthetized mouse is positioned on the tripod 
extension and brought in front of the objective. A 20D Volk lens is 
held manually directly in front of the objective. The automatic 
focus of the device should be switched off, as it is calibrated for a 
human eye. Fundus images should be taken in the 30° angle. The 
focus can be manually adjusted in the infrared image of the camera. 
In a C57BL/6 wild-type mouse, the centrally located optic nerve 
head becomes visible. Veins and arteries are spreading in radial 
direction from the optic nerve head into the periphery. The fundus 
has a yellowish-orange ground color. Nerve  fi bers are also evenly 
spreading from the optic nerve head parallel to the vessels. They 
are visible as thin lines and are brighter than the normal fundus 
color (Fig.  11 ; see  Note 5 ).   

  Mouse models exist for a large variety of retinal diseases. We will 
concentrate on retinal fundus imaging in mouse models of neovas-
cular and degenerating fundus diseases, and in immunologically 
mutated mice. 

 Neovascularization can occur in the retina and in the choroid. 
Choroidal and retinal neovascularization mimicking neovascular 
diseases can be induced in the mouse by laser, surgically, by a special 
diet, or by hypoxia  (  2  ) . Intraperitoneally injected streptozotocin 

  3.10.  Fundus Color 
Images

  3.11.  Mouse Models 
of Retinal Diseases
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induces a diabetic metabolism by selectively killing insulin-producing 
beta cells in the islets of Langerhans. 

 Mouse models of retinal degeneration can concern exclusively 
one cell type, e.g., photoreceptor or ganglion cells. Photoreceptor 
degeneration in mouse models is usually caused by spontaneous or 
induced mutations  (  19  )  (Table  2 ).   

   A laser beam destroys Bruch’s membrane and initiates a local immuno-
logical reaction, which results in a CNV (see Subheading  3.4 )  (  20  ) . 

 In the infrared image, a crater and a bubble in the area of the 
laser spots are visible just after the injury. In  fl uorescence angiogra-
phy, hyper fl uorescent spots appear in the area of laser injury, indi-
cating leakage (Fig.  12 ). Shortly after the laser injury, diffuse 
hyper fl uorescence occurs, which gets sharper in demarcation over 
the time. It is even possible to image neovascular vessels in the 
hyper fl uorescent area by focusing through the retinal layer with 
the cSLO device. Auto fl uorescent particles can only be detected 
3 weeks after laser injury.  

 The laser-induced destruction of Bruch’s membrane and the 
RPE can be immediately visualized by OCT. After laser treatment, 
a hyperre fl ective zone in the neuroretinal layers is visible, re fl ecting 
the fundus bubbles (Fig.  13 ). After 1 week, the RPE becomes 
hypertrophic in the peripheral rim of the laser spot and over time, 
the area of laser spot becomes degenerative. CNV induction in this 
model is described between 60 and 100%  (  21  ) .  

 These images can be compared to histological section.  

  The most commonly investigated disease in a mouse model for 
retinal neovascularization is the ROP  (  22  ) . After exposure to 75% 
oxygen for 5 days in a sealed chamber (BioSpherix, New York, 
USA) connected to an oxygen controller, mice are brought back to 

  3.12.  Mouse Models of 
Retinal and Choroidal 
Neovascularization

  3.12.1.  Laser-Induced 
Choroidal 
Neovascularization

  3.12.2.  Hypoxia-Induced 
Retinal Neovascularization

  Fig. 11.    Color fundus image of a C57Bl/6 mouse, treated with laser 3 weeks before. 
Vessels are originating from the centrally localized optic nerve head. Laser spots are dis-
played as lighter spots on the fundus.       
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  Fig. 12.    Appearance of laser spots in the back of the mouse eye in the infrared mode ( top 
line ) and during  fl uorescence angiography ( bottom line ). The two columns represent two 
different focus planes. The areas of the laser spots are clearly visible.       

  Fig. 13.    Infrared ( left  ) and OCT ( right  ) image of a C56Bl/6 mouse 1 h after laser treatment. 
Within the laser spot, a hyperre fl ective area is visible in the OCT.       

room air for another 5 days. Central ischemic regions develop, and 
retinal neovascularization is initiated in the periphery. Vessels 
become curved and dilated (Fig.  14 ). The changes are opposite to 
the fundus changes in a human infant. There, ischemic regions 
develop in the insuf fi cient oxygenated retinal periphery and neo-
vascularization primarily appears in the transition zone between 
vascularized und non-vascularized retina.   
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  Fig. 14.    Fundus images of a mouse with retinopathy of prematurity (ROP): Histological sections show neovascular endothelial 
cells and large vessel diameter in the neuroretina ( left ), in vivo  fl uorescein angiographies display central ischemia, curled 
vessels, and neovascularization in the periphery ( middle ), and ex vivo angiographies in retinal wholemounts of a C57Bl/6 
mouse, perfused intracardially with high molecular FITC-dextrane in advance, show similar changes ( right  ).       

  CNV in mice can also be induced surgically by injection of 
proangiogenic or proin fl ammatory peptides, viral vectors, or cells. 
Spilsbury and coworkers induced a CNV by subretinal injection of 
a recombinant adenovirus vector expressing VEGF164 driven by a 
CMV promoter in rats  (  23  ) . Schmack et al. induced CNV by sub-
retinal injection of RPE and polystyrene microbeads  (  24  ) . 
Unfortunately, the injection itself caused small CNV lesions due to 
the disruption of Bruch’s membrane with injection. 

 CNV can also be induced by the subretinal injection of matrigel, 
a mixture of basement membrane proteins, which solidi fi es after 
implantation into tissue and stimulates local angiogenesis  (  25  ) .  

  Diabetic retinopathy can be induced by daily intraperitoneal (IP) injec-
tion of 50 mg/kg streptozotocin for 5 days or as a single dose with 
150 mg/kg, dissolved in citrate buffer (pH 5.5)  (  26  ) . Blood glucose 
levels in the diabetic animals have to be determined on a regular basis 
in order to ensure their treatment. For inclusion into the study, blood 
glucose concentrations should exceed 11.1 mmol/l  (  27  ) . 

 Fundus changes in the mouse mainly concern characteristics of 
the early stage of diabetic retinopathy which are retinal capillary 
degeneration, loss of capillary pericytes and neuroglia, impairment 
in vessel autoregulation, and deterioration of nonvascular retinal 
function  (  28  ) .  

  Genetically modi fi ed mice can be generated, e.g., by replacing the 
gene of interest in one of the two alleles by cDNA sequences 
encoding for a  fl uorochrome. Cells or cell properties and their 
dynamics can then be imaged by excitation of the  fl uorochrome. 

 A mouse model for endothelial cell imaging is the  Flk1:myr-
mCherry  transgenic mouse. This mouse expresses endothelial cell-
speci fi c red  fl uorescent mCherry protein on the cell membranes 
(excitation wavelength: 532 or 543 nm (optimum: 587 nm); 

  3.12.3.  Surgical Induction 
of Choroidal 
Neovascularization

  3.12.4.  Streptozotocin-
Induced Diabetic 
Retinopathy

  3.12.5.  Transgene Mouse 
Models for 
Neovascularization and for 
Retinal Cell Imaging
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emission wavelength: 610 nm (optimum: 615 nm))  (  29,   30  ) . This 
enables direct monitoring of dynamic vascular changes (Fig.  15 ).  

 CX3CR1, named Fractalkine receptor, is a seven-transmem-
brane receptor, expressed by dendritic cells, macrophages, micro-
glia, and monocytes  (  31  ) . By substitution of the  fi rst 390 base pairs 
of one allele of the CX3CR1 gene by cDNA which encodes for 
enhanced green  fl uorescent protein (EGFP; excitation wavelength: 
488 nm; emission wavelength: 514 nm), we were able to monitor 
the behavior of these immune cells, which are still completely func-
tional, by excitation of the GFP with the cSLO. When both alleles 
are replaced by EGFP, the immune function is knocked out. Cells 
lose their chemotactic properties due to the loss of this receptor. 
Subsequently, no CX3CR1-positive immune cells are immigrating 
into an area of in fl ammation. Because of its excitation wavelength, 
GFP can be monitored in the auto fl uorescence mode of modern 
imaging devices, such as the SPECTRALIS ®  HRA. Cells appear 
point-shaped with  fi liform branches and build a network in a regu-
lar distribution all over the fundus. When an area of in fl ammation 
is induced, e.g., by laser treatment, these immune cells migrate into 
the area of laser spots (Fig.  16 ). This is already visible 20 min after 
laser treatment  (  20  ) . The cell density declines around the laser spots 
and increases within them, indicating a migration of resident cells. 
Over time, also nonresident cells may immigrate into this area.  

 CCR2 is also known to participate in the progression of 
AMD. This receptor binds monocyte chemoattractant protein 1 
(MCP-1) or Ccl-2 (produced by RPE and choroidal endothelial 
cells in response to an in fl ammatory stimulus), and regulates the 
immigration of macrophages into an in fl ammation focus. If this 
receptor or its chemokine is lacking, complement and IgG are 

  Fig. 15.    Retinal wholemounts of a Flk1:myr-mCherry transgenic mouse. Developing retinal 
vessels at day 3 ( A ) and day 7 ( B ). All endothelial cells express the red  fl uorescent mCherry 
protein (images were kindly supplied by Ross A. Poché, Baylor College of Medicine, 
Department of Molecular Physiology and Biophysics, Houston, TX, USA).       
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accumulating, leading to increased VEGF production by the RPE. 
This may initiate CNV  (  32,   33  ) . Excessive metabolism products 
similar to drusen are visible in the fundus in the auto fl uorescence 
mode in cSLO (Fig.  17 ).  

 A combined knockout of the receptor CX3CR1 and the ligand 
Ccl-2 leads to spontaneously occurring AMD-typical fundus 
changes like drusen, RPE alteration, and photoreceptor degenera-
tion already around the age of 6 weeks  (  34  ) . 15% develop CNV. 

 CCR3, also a chemokine receptor, is known to promote 
eosinophil and mast cell traf fi cking. This receptor was recently 
found to be expressed exclusively on endothelial cells in CNV due 
to AMD  (  35  ) . Visualization of this receptor by antibody-conjugated 
quantum dots enabled the detection of CNV before angiographic 
changes occurred. 

  Fig. 16.    Auto fl uorescence fundus imaging in a CX3CR1GFP/+ mouse. Non-treated ( left  ) and 
laser-treated ( right  ) fundus. CX3CR1GFP/+ cells are migrating into the area of laser 
treatment.       

  Fig. 17.    Auto fl uorescence of a mouse fundus in a CCR2−/− mouse. Equally distributed 
auto fl uorescent dots become visible (here with 9 months of age).       
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 In a mouse model for hypercholesterolemia, AMD-like retinal 
changes were discovered. ApoE4 overexpression in mice which 
were additionally fed with a high-fat cholesterol-rich diet devel-
oped drusen-like deposits and after over 1 year about one- fi fth also 
developed CNV  (  36  ) . 

 Rhodopsin-promotor VEGF overexpression transgenic mice 
developed intraretinal neovascularization that extended into the 
subretinal space  (  37  ) . 

 In a knockout mouse model for very-low-density lipoprotein 
receptor (Vldlr; B6;129- Vldlr   tm1Her  ), retinal angiogenesis, subreti-
nal neovascularization, and formation of choroidal vascular anasto-
mosis are initiated by 15 days after birth. Homozygous mice have 
a 100% expression  (  38  ) .   

  There are many retinal diseases caused by inherited or acquired 
degeneration of retinal cells. Many mouse models for retinal degen-
eration exist.  Retinopathia pigmentosa  is characterized by an inher-
ited degeneration of mainly rod outer segments, which  fi nally leads 
to a decrease of the visual  fi eld to a small central concentric residual, 
caused by mutations in different genes on variable chromosomes. 

 Rod dysplasia ( rd ) mouse models contain a group of many dif-
ferent mutations, which all lead to photoreceptor degeneration, 
differing in both mutation location and degenerative phenotype 
 (  39  ) . In the rod dysplasia mouse 1 ( rd1 ), the defective gene is 
located on chromosome  fi ve (allele  Pde6b ) and affects photorecep-
tors, particularly rods, as pathologically occurring in humans suf-
fering from  Retinopathia pigmentosa . Retinal degeneration is 
caused by a loss-of-function mutation in the gene encoding for the 
 β  subunit of the rod cGMP phosphodiesterase 6. Pathologic 
changes in rods occur already 8 days after birth. At 4 weeks after 
birth, photoreceptor degeneration is clearly visible in cross-
sectional images of the OCT and accordingly, retinal thickness is 
reduced. Funduscopically, vessel attenuation and formation of pig-
ment patches can be distinguished (Fig.  18 ). The ERG response 
disappears after 20–28 days  (  19,   40  ) .  

  3.13.  Mouse Models of 
Retinal Degeneration

  Fig. 18.    Fundus image of retinal degeneration mouse models. Rd1 ( left  ) with degenerative changes at 3 months of age, rd3 
(middle) with milder fundus changes at 7 months of age, and cp fl 1 ( right  ) with a normal fundus at 3 months of age (images 
were kindly supplied by Bo Chang, The Jackson Laboratory, Bar Harbor, ME, USA).       
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  Rd3  mutation leads to an early-onset retinal degeneration. 
Normally, both alleles have to be mutated for a full development of 
retinal degenerative changes. In  rd3/rd3  homozygous mice, degen-
eration becomes visible already at the age of 2 weeks. Photoreceptors 
begin to degenerate. After 8 weeks, all photoreceptors are gone. 
The  rd3  mutation could be assigned to Chromosome 1 in mice, in 
a region that is homologous to the region of the human 
Chromosome 1q. Usher syndrome type IIA has been linked to this 
chromosome mutation. Figure  20  shows an  rd3  mutation with a 
milder fundus degeneration at 7 months of age  (  19  ) . 

 Slower rod degeneration is found in the  rds  mouse (retinal 
degeneration slow), where the gene defect is located on chromo-
some 17 (allele  Prph2   Rd2  ). In this model, both photoreceptor outer 
segments are affected. Degeneration proceeds over a time frame of 
9–12 months with a corresponding slow fundus alteration  (  19,   41  ) . 

 Cone photoreceptor function loss 1 ( cp fl 1 ) mutation on chro-
mosome 19 does not affect the retinal fundus phenotype (Fig.  18 ). 
A pathologic ERG appears from 3 weeks of age. With aging, the 
number of viable cone photoreceptors diminishes. Rods are unaf-
fected.  Achromatopsia , a congenital color vision disorder with 
reduced visual acuity, is determined by cone photoreceptor degen-
eration  (  19  ) . 

  RPE65 -de fi ciency in mice ( RPE65   −/−   )  leads to a blockage in 
the visual cycle with accumulation of all-trans-retinyl esters and 
absence of 11- cis -retinal and rhodopsin. Rod photoreceptor degen-
eration develops.  RPE65  mutations account for 10% of Leber con-
genital amourosis  (  42  ) . Accumulated retinyl esters form large lipid 
droplets with a strong auto fl uorescence and are visible in the 
auto fl uorescence mode in the cSLO  (  43  ) . 

 The progression of photoreceptor degeneration can in general 
be monitored by OCT in vivo. 

 A further development is the combination of the presented 
mouse models. Combination of genetically modi fi ed mouse 
models with manually induced pathologies, for example laser appli-
cation for induction of CNV in CX3CR1 knock-in mice, enables 
the investigation of the role of these immune cells in a CNV model. 
Immune cell behavior in the pathologic model of CNV can be 
studied  (  20  ) . Same can be done in an ROP mouse model.   

 

     1.    Variation of the CNV size in the models of laser-induced 
neovascularization 
 The optical properties of a mouse eye and of all other rodents 
are different from those of a human eye. Due to the relatively 
short axial bulb length (anterior–posterior mouse bulb length 

  4.     Notes
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about 3.02 mm; anterior–posterior human bulb length about 
24.00 mm)  (  44  ) , mice need a highly refractive lens, and they 
have a spherical lens that  fi lls almost the whole eyecup. The 
vitreous constitutes only a thin layer with a volume of approxi-
mately 10  μ l. Consequently, mice (and other small rodents) are 
very hyperopic. The imaging device has to be adjusted to this 
optical peculiarity. Therefore, a contact lens (+35 spherical 
diopters) can be put on the mouse cornea. Alternatively, when 
using the SPECTRALIS ®  high-resolution angiography and 
SD-OCT (HRA + OCT), an additional add-on lens (+25 
spherical diopters) on top of the objective can be purchased. 
Dif fi culties may appear with an equal acuity of the whole image, 
as the steep concavity of the small posterior pole leads to 
unequal light re fl ectance from the retina back into the OCT 
device. Consequently, the outer lane of one OCT slice might 
be not as clear as the center of the image. Therefore, it is some-
times bene fi cial, particularly with the OCT, to choose a smaller 
window image and though avoid distinct light scattering
 It is not possible to simultaneously display infrared images 
and OCT sections in the mouse with the SPECTRALIS ®  
HRA + OCT in its basic con fi guration. The challenge is to 
match the length of the reference arm to the length of the 
sample arm within the mouse eye. In the OCT debug window, 
which can be opened by pressing the keys  Ctrl Alt Shift O  at 
the same time, you can adjust the reference arm for a focussed 
OCT image parallel to a focussed infrared image (Fig.  19 ). 

 During the whole imaging procedure, the cornea should 
regularly be moistened with arti fi cial tears.  

    2.    Evaluation of neovascularization size 
 The variation of parameters of the laser beam leads to a varia-
tion of induced CNV area size  (  21  ) . The variation of the focus 
plane of the laser beam on the retina leads to different spot 
sizes and can therefore be responsible for different morpho-
logical and functional changes. Due to the anatomic structure 
of the eye, the laser beam does not reach the fundus in an exact 
vertical angle, but might impinge slightly tilted on the retinal 
fundus. Thereby, the energy is not equally distributed in the 
area of the laser and the laser spot becomes distorted  .   

    3.    ICG angiography in mice 
 The differences in the extent of CNV between different ani-
mals and/or different therapeutic approaches can be evalu-
ated either in vivo with the  fl uorescence angiography or ex 
vivo in choroidal and/or retinal  fl atmounts. Marneros et al. 
developed a grading system of four gradations for  fl uorescein 
angiography  (  45  ) :
    Grade 0 : Lesions without hyper fl uorescence.  
   Grade 1 : Lesions exhibit hyper fl uorescence without leakage.  
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   Grade 2A : Lesions exhibit hyper fl uorescence in the early or 
midtransit images and late leakage.  

   Grade 2B : Lesions show bright hyper fl uorescence in the transit 
images and late leakage beyond treated areas (grade 2B 
lesions are de fi ned as clinically signi fi cant).    

 The relative distribution of  fl uorescein angiographic grades for 
CNV lesions was determined within each experimental group 
of mice. In the case of con fl uent CNV lesions, the same 
 fl uorescein angiographic grade should be assigned for all lesions 
within the con fl uent hyper fl uorescent area  (  45,   46  ) .  

    4.    Imaging of rodents 
 Fundus color imaging in small rodents, especially in mice, is 
a challenge to the present imaging tools. The dif fi culty in 
the proper conduction of color fundus images with cameras 
constructed for the human eye is the large area of illumination. 
This illumination area has to be reduced on a size equal or 
smaller to the dilated mouse pupil (around 3–4 mm). Otherwise, 

  Fig. 19.    OCT debug window opened by simultaneously pressing the key combination “Ctrl Alt Shift O”.       
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the re fl ected light cannot emerge from the eye. A non-mydri-
atic fundus camera has the advantage that it uses a focussed 
light beam. It is possible to extend into the eye also through 
small pupils. Anyway, light re fl ections by other tissues, espe-
cially by the cornea, occur. These are hard to avoid. It is impor-
tant to choose the optimal angle to take the pictures so that the 
re fl ection circle shifts into the periphery of the image. Also, the 
Volk 20D lens, which is held in front of the objective, should 
be varied slightly in its position to reduce light re fl ections 
(Fig.  20 ). Afterwards, improvements can be made with image 
software (e.g., Photoshop ® ).   

    5.    Fundus color imaging 
 With the ICG dye, at all less leakage occurs compared to 
 fl uorescein angiography because of its very high af fi nity to 
plasma protein binding (98%)  (  43  ) . Choroidal vessels are pic-
tured more detailed but the resolution of retinal vessel mor-
phology declines. In our experience, the amount of injected 
dye volume is similar to  fl uorescein. Both dyes are metabolized 
and excreted by the kidney.          
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    Chapter 4   

 Functional Phenotyping of Mouse Models with ERG       

     Naoyuki   Tanimoto      ,    Vithiyanjali   Sothilingam   , and    Mathias   W.   Seeliger     

  Abstract 

 In many situations it is important to be able to assess the degree of retinal function, e.g., for the character-
ization of mouse models with unknown retinal involvement, when studying degenerative processes, for the 
analysis of visual signal processing, and during the follow-up of therapeutic interventions. Full- fi eld 
electroretinography (ERG), yielding a sum response of event-related transient electrical activity of the 
entire retina to light stimulation, is widely applied in human as well as experimental functional diagnostics. 
ERG examinations normally include initial dark-adapted (scotopic) measurements that enable rod-driven 
activity to be studied, followed by light-adapted (photopic) recordings to obtain information about cone 
system contributions. The results allow the correlation of acute or long-term disease-related changes or 
their alleviation by therapy with morphological data, in order to obtain a comprehensive understanding of 
the underlying processes and mechanisms.  

  Key words:   Electroretinography ,  Rod ,  Cone ,  Single  fl ash ,  Flicker ,  Mouse    

 

 Due to recent advances in molecular biology, a variety of animal 
models have been established for use in basic research, and today, 
major advances in the understanding of human retinal disorders 
are based on such animal models carrying identical genetic defects. 
Subsequent to the generation of an animal model, a thorough 
characterization is the  fi rst indispensable step to con fi rm that it has 
a phenotype comparable to the corresponding human disease  (  1,   2  ) . 
Once established, therapeutic interventions may be designed and 
their effects evaluated  (  3–  5  )  after or in parallel with the investiga-
tion of pathophysiological mechanisms of the disease. The use of 
corresponding test methods allows a direct comparison of the phe-
notypes of animal models and human diseases. Electroretinography 
(ERG) is an established and standardized functional diagnostic 
method in humans  (  6  )  which provides objective information about 

  1.  Introduction
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retinal activity following a  fl ash of light, and which can also be 
applied to mice noninvasively under anesthesia. ERG data in mice 
are generally well comparable to those in humans, providing a 
strong link between basic research and clinical  fi ndings in many 
retinal disorders. In our laboratory, many genetically engineered 
mouse models have been examined with ERG using white full- fi eld 
(Ganzfeld) stimulation. According to our experience, several 
important aspects should be considered when recording mouse 
full- fi eld ERG in order to assess retinal functional phenotype prop-
erly. Such aspects, as well as details of the experimental procedure 
in our laboratory, are described in this chapter.  

 

      1.    Ganzfeld ERG system, composed of a light source for stimula-
tion, a Ganzfeld bowl, a signal ampli fi cation system, a PC-based 
control and recording unit, and a monitor screen (see Notes 1 
and 2).  

    2.    Two active electrodes (e.g., Ring electrode made of gold wire) 
(see Note 3).  

    3.    Two short needle electrodes: For a reference and a ground 
electrode.  

    4.    Heating pad: For control of body temperature of the anesthe-
tized mouse during ERG measurements.  

    5.    Small box on which the anesthetized mouse lies and the subse-
quent preparations, such as positioning of electrodes, are made: 
A heating pad is  fi xed on top of the box. It is ideal if a transparent 
plastic plate protrudes from the front edge of the box on which 
the mouse head is placed, in order to allow equal amounts of 
stimulus light to reach the eyes from all directions.  

    6.    Two arms, each of which is composed of multiple segments 
and joints: They are attached to the small box described above, 
and each arm features an active electrode at the free end. Active 
electrodes can be controlled in all three dimensions of space 
precisely through the joints of each arm.  

    7.    A long plastic plate, on which the small box slides: This plate 
has to be  fi xed horizontally, because it guides the small box 
into the center of the Ganzfeld bowl.      

      1.    Mydriatic (e.g., tropicamide eye drops) (see Note 4).  
    2.    Methylcellulose: For corneal surface protection.  
    3.    Anesthetics (e.g., ketamine and xylazine).  
    4.    Normal saline (0.9% NaCl).  

  2.  Materials

  2.1.  Equipment

  2.2.  Other Materials
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    5.    Large syringe (e.g., 10 ml syringe): For mixture of anesthetics 
and saline.  

    6.    Small syringe and narrow needle (e.g., 1 ml syringe and 27 gauge 
needle): For subcutaneous injection of mixed anesthetic solution.  

    7.    Balance scale, which can measure to the  fi rst decimal place in 
gram.  

    8.    Mouse cage and cage lid.  
    9.    Large container with lid, in which mouse cages are put, and a 

dark-colored thick cloth/curtain that can cover the container: 
For maintenance of dark adaptation of mice independent of 
surrounding light conditions.      

      1.    Since several potentially in fl uential parameters may change 
over time, control animals should be included in every set of 
measurements. The best controls are littermates from heterozy-
gote breeding pairs so that the genetic background and the 
raising conditions are the same. Only the gene of interest is 
different (see Note 5).  

    2.    Examination time point (mouse age) is chosen depending on 
the question to be answered. For the analysis of a primary change 
due to a genetic defect/modi fi cation, 4-week-old mice are ideal, 
because retinal development is usually complete up to that age 
but no secondary change, i.e., degeneration, has yet taken place 
in most cases, even when rod outer segments are completely 
abolished by rod opsin knockout  (  7  )  (see Note 6). The examina-
tion of older mice is predominantly valuable for the detection 
and analysis of an ongoing retinal degeneration  (  8–  11  ) .       

 

      1.    Check information of the mouse list and compare it with actual 
mouse marks/numbers, e.g., ear clip, ear mark,  fi nger mark, 
and  fi nger tattoo. It is much more dif fi cult to identify a par-
ticular mouse before anesthesia in the dark under a dim red 
light. Therefore, if necessary, mark the tail with a black marker 
additionally so that you can identify each mouse without any 
dif fi culty in the dark.  

    2.    Make the room completely dark for an overnight dark adapta-
tion (longer than 6 h), which usually allows the examination of 
the maximal performance of the rod system. “Completely 
dark” means that after ca. 20 min in the room you still consider 
it dark yourself. Make sure that you can enter/leave the room 
without light entering it, to avoid interfering with the dark 
adaptation process.      

  2.3.  Mice

  3.  Methods

  3.1.  One Day Before 
Examination
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      1.    Put all mouse cages into a large container under a dim red 
light, put a lid on the container, and cover the whole container 
with a dark-colored thick cloth/curtain. Dark adaptation of all 
mice is thus maintained independent of surrounding light 
conditions.  

    2.    Turn on the room light. Switch on the equipment and the heat-
ing pad. Prepare anesthetic solution. In our laboratory, ketamine 
and xylazine are diluted with normal saline in a 10 ml syringe 
which are given subcutaneously at 66.7 mg/kg body weight and 
11.7 mg/kg body weight, respectively (see Note 7).  

    3.    Turn off the room light. All procedures until the end of prepa-
ration have to be done under a dim red light, in order to pre-
serve dark adaptation.  

    4.    Open the container, and select a mouse to examine (see Note 8).  
    5.    Measure the body weight of the mouse, and calculate the 

amount of anesthetic solution to be given to the mouse.  
    6.    Inject the anesthetic solution into the mouse subcutaneously.  
    7.    Put the mouse into a cage, and cover it with a cage lid (see Note 9). 

Wait until the mouse is unconscious.  
    8.    Apply mydriatic eye drops to both eyes, and wait until the 

pupils are dilated. The duration depends on the type of mydri-
atic. We use tropicamide eye drops (Mydriaticum Stulln, 
Pharma Stulln, Stulln, Germany), and wait for 3 min until the 
next step.  

    9.    Place the anesthetized mouse on the small box. The mouse 
body should be placed on the heating pad to stabilize the body 
temperature, whereas the mouse head should be positioned on 
a transparent plate so that the eyes are stimulated uniformly 
from all directions (see Note 10).  

    10.    Apply two needle electrodes (Fig.  1b , center) subcutaneously 
at the middle of the forehead region and the back near the tail 
as a reference and a ground electrode, respectively. Check each 
impedance.   

    11.    Moisten active electrodes (Fig.  1b , right) with methylcellulose, 
and position them on the surface of both corneae (see Notes 
11 and 12).  

    12.    Slide the small box carefully into the Ganzfeld bowl (Fig.  1a ) 
so that the mouse eyes are placed well into the center of it.  

    13.    Wait for 1 min in the dark. During this period, all impedances 
as well as  fl uctuation of the signal baseline should be checked 
to con fi rm that the preparations have been made properly.  

    14.    Start ERG recordings.      

  3.2.  Preparation for 
ERG Recordings
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  Fig. 1.    ( a ) Ganzfeld ERG recording unit (here: Jaeger/Toennies Multiliner Vision). The 
Ganzfeld (full- fi eld) bowl on the right comes with a chin rest that may be replaced with a 
table for mouse positioning.  In the center , the preampli fi er is visible (2 channels: one for 
the  left  and one for the  right eye ). The main unit used for the control of sequences and 
settings, recording and storing of data, and evaluation of results is shown on the  left  . ( b ) 
Typical electrode types used in animal recordings.  From the left  : Jet electrode (plastic 
contact lens with inside ring of gold coating) usually used in larger animals, atraumatic 
needle electrode used for reference and ground, and gold ring electrode for mice. ( c ) Basic 
murine ERG recording.  Left  : Sketch of ERG waveform and reference lines for evaluation. 
 Center  : Scotopic ( dark adapted  ) recording series in a normal C57BL/6 mouse.  Right  : 
Photopic ( light adapted  ) recording series in the same mouse.  The dark  and  light gray 
areas  indicate contributions of the rod and cone system, respectively. (Important note: 
This may be altered in disease models.) The square around −2.0 log cd × s/m² indicates 
that up to this intensity only the rod system contributes to the waveform.       
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  In this section, we describe four recording protocols, which we 
routinely use in the  fi rst examinations of retinal activity, i.e., with 
mice of unknown retinal phenotype. Single  fl ash protocols (Fig.  1c ) 
are considered a minimum requirement. It takes about 1 h to mea-
sure one mouse with all four protocols.

    1.    Dark-adapted (scotopic) single  fl ash intensity series (Fig.  1c , 
left): Stimulus intensities for this series are −4.0, −3.0, −2.0, 
−1.5, −1.0, −0.5, −0.0, 0.5, 1.0, and 1.5 log cd × s/m 2 . Ten 
responses are averaged with interstimulus intervals of 5 or 17 s 
(for 0–1.5 log cd × s/m 2 ), in order to minimize  fl uctuations of 
the baseline and increase the signal-to-noise ratio. Band-pass 
 fi lter cutoff frequencies are 0.3 and 300 Hz, as described as the 
least range for the human standard ERGs  (  6  ) .  

    2.    Scotopic  fl icker frequency series at the International Society 
for Clinical Electrophysiology of Vision (ISCEV) standard 
 fl ash (SF) intensity (0.5 log cd × s/m 2 )  (  6  ) : Stimulus frequen-
cies for this series are 0.5, 1, 2, 3, 5, 7, 10, 12, 15, 18, 20, and 
30 Hz. Flicker responses are averaged either 20 times (for 
0.5–3 Hz) or 30 times (for 5 Hz and above).  

    3.    Light adaptation: A 10-min exposure of a static background 
light of 30 cd/m 2 .  

    4.    Light-adapted (photopic; on a 30 cd/m 2  background light) 
single  fl ash intensity series (Fig.  1c , right): The lowest intensity 
in this protocol is −2.0 log cd × s/m 2 . Other parameters are the 
same as those in the scotopic single  fl ash intensity series.  

    5.    Photopic  fl icker frequency series at the ISCEV SF intensity: 
Parameters except for the background light are the same as 
those in the scotopic SF  fl icker frequency series (see Note 13).      

  An ERG response (see Fig.  1c  for a sketch) typically begins with 
a photoreceptor-initiated negative de fl ection, termed the a-wave. 
The following positive de fl ection, the b-wave, re fl ects the activity 
of depolarizing (ON-) bipolar cells (for further details about 
origins of ERG components, see  (  12  ) ). Rod and cone system 
contributions to the single  fl ash and the SF  fl icker ERG responses 
have also been described for mice with regular rod sensitivity to 
light  (  13  ) . The contributions are altered in mice with strongly 
desensitized rods. In such a case, a proper functional diagnosis 
with ERG may be achieved by cross-breeding with functionally 
speci fi c models  (  14,   15  ) .

    1.    Measure amplitude and latency of single  fl ash ERG responses: 
b-wave analysis is generally a good starting point to check 
overall retinal functionality, because ON-bipolar cell responses 
are dependent on photoreceptor activities (see Note 14).  

    2.    Measure amplitude of  fl icker ERG responses (see Note 15).  

  3.3.  ERG Recording 
Protocols

  3.4.  ERG Response 
Analysis
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    3.    Plot the amplitude and the latency data on a graph: Data 
should not be presented with mean and standard deviation, if 
it cannot be assumed that they are normally distributed. In our 
experience, the 5, 25, 50 (median), 75, and 95% quantiles, 
presented by box-and-whisker plot, provide a good overview 
of the data distribution.  

    4.    Choose a representative response series from each group, and 
make an overlay of the responses: In this overlay analysis, response 
con fi gurations can be compared, i.e., it is a qualitative analysis. 
This analysis is indispensable, because the time course of the 
voltage change cannot be fully analyzed and described only by 
the statistical analysis of the response peaks  (  1,   13,   16,   17  ) .       

 

     1.    ERG systems produced commercially for clinical application 
can be used for mouse ERG. They should however comply 
with the current industrial standard issued by the ISCEV.  

    2.    Additional light sources and control systems may be combined 
with the basic ERG system for an in-depth analysis. We added 
a strobe  fl ash lamp (Mecablitz 60CT4  fl ash gun, Metz, 
Germany) for bright  fl ash experiments and paired- fl ash ERG, 
as well as an ON–OFF light pulse unit.  

    3.    ERG recording from both eyes is valuable especially for evalu-
ation of therapeutic effects, because the contralateral eye may 
be used as an internal control if not treated  (  3–  5  ) .  

    4.    Phenylephrine and/or atropine eye drops can also be used.  
    5.    We use a minimum of four mutants and four controls in the 

 fi rst experiment. This allows us to examine all mice in one day 
and to see a tendency of alteration of retinal functionality in 
mutants.  

    6.    There are a few exceptions, e.g., the  rd1  mouse, in which reti-
nal degeneration starts at around postnatal day 11 and the 
outer retina is usually completely destroyed at the age of 4–5 
weeks  (  18,   19  ) . The same deleterious mutation is also present 
in the C3H strain.  

    7.    Mixtures of ketamine and xylazine are not stable; therefore, 
once mixed, they should be used within a day.  

    8.    Since several parameters are changing even within a day, con-
trol and mutant mice should be analyzed alternately, not in a 
blind fashion. Usually, a control mouse is used for the  fi rst 
measurement of the day in order to detect any unexpected 
problems regarding animal conditions, equipment conditions, 
or effectiveness of mydriatic and anesthetic.  

  4.  Notes
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    9.    As mice sometimes jump heavily during the excitement stage 
of anesthesia in the vertical direction higher than the cage, it 
should be covered with a cage lid. Similarly, mice topple many 
times before they go to sleep and during the wake-up period; 
therefore, do not cover the bottom of the cage with any bed-
ding to avoid corneal injury. In our laboratory, we cover the 
bottom of the cage with a disposable soft paper towel.  

    10.    Try to control everything symmetrically from this step, which 
is important for equal stimulation of both retinae.  

    11.    The spatial relationship between active electrode and cornea is 
quite important, because it in fl uences the noise level as well as 
the  fl uctuation of the signal baseline. Check the impedance 
during the positioning of the active electrodes. Large imped-
ances usually mean an inadequate contact between active elec-
trode and cornea, whereas too small impedances suggest that 
the electrode might press the corneal surface too strongly, 
which may cause insuf fi cient ocular circulation.  

    12.    The position of the active electrode does not have to be  fi nal 
immediately. It is even better to repeat the procedure from the 
right and the left side alternately, which results in an optimized 
symmetrical balance between the right and the left side.  

    13.    We sometimes perform photopic bright  fl ash experiments 
directly after this photopic  fl icker frequency series to answer a 
speci fi c question  (  8,   15,   17  ) .  

    14.    The maximal positive excursion immediately following the 
a-wave may not resemble the peak of b-wave. In our labora-
tory, an imaginary curve (see Fig.  1c , left) is  fi tted to approxi-
mately run through the midpoints between adjacent minimum 
and maximum of oscillations to account for the contribution 
of oscillations to the b-wave  (  13  ) .  

    15.    In the scotopic SF  fl icker frequency series, a- and b-wave ana-
logues and oscillations of the b-wave analogue merge at very 
low frequencies with increasing  fl icker frequency. Therefore, 
unlike in the single  fl ash ERG response analysis, the size of 
 fl icker responses is measured from the trough to the peak of 
each response so that all responses of the frequency series are 
analyzed using the same de fi nition.          
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    Chapter 5   

 Phenotyping of Mouse Models with OCT       

     M.   Dominik   Fischer      ,    Ahmad   Zhour   , and    Christoph   J.   Kernstock     

  Abstract 

 Optical coherence tomography (OCT) is an invaluable technique to perform noninvasive retinal imaging 
in small animal models such as mice. It provides virtual cross sections that correlate well with histomor-
phometric data with the advantage that multiple iterative measurements can be acquired in time line analy-
ses to detect dynamic changes and reduce the amount of animals needed per study.  

  Key words:   Optical coherence tomography ,  Confocal scanning laser ophthalmoscopy ,  Retina ,  Animal 
models ,  Morphology    

 

 Optical coherence tomography (OCT) has evolved over the past 
two decades to become an important diagnostic tool in clinical and 
experimental ophthalmology  (  1,   2  ) . Advances in OCT technology 
provided the required resolution needed for small animal imaging 
and proved to be ideally suited for, e.g., studying changes of retinal 
integrity in mouse models of retinal disorders  (  3  ) . 

 Morphometric assessment was traditionally performed ex vivo 
using light and electron microscopy providing (ultra-)high structural 
resolution. However,  fi xation and handling protocols are potential 
sources for variance in terms of tissue integrity and dimensions. In 
vivo analyses provide signi fi cant bene fi ts as delicate, but function-
ally important changes such as edema formation or focal detach-
ments can readily be detected while potentially being misinterpreted 
or masked by handling procedures in histologic analysis  (  4  ) . First 
digital in vivo imaging techniques in small laboratory animals were 
based on confocal scanning laser ophthalmoscopy (cSLO) providing 
en face images with limited depth resolution  (  5  ) . Bene fi ts of cSLO 
imaging stem from the use of different light sources and barrier 
 fi lters to speci fi cally investigate auto fl uorescence patterns, perform 

  1.  Introduction
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angiography, or analyze retinal nerve  fi bers. Combination of these 
en face modalities with OCT imaging now allows for a noninvasive, 
detailed phenotypic analysis of small animal models such as mice. 
Because individual animals may be investigated at multiple time 
points, OCT imaging can also help to reduce the number of 
animals needed for each study.  

 

  There are currently multiple devices commercially available featur-
ing spectral domain OCT technology for diagnostic purposes. 
Among them are Spectralis ®  HRA + OCT (Heidelberg Engineering), 
Cirrus™ HD-OCT (Carl Zeiss Meditec, Inc.), Spectral OCT/
SLO (Opko/OTI, Inc.), SOCT Copernicus HR (OPTOPOL 
Technologies S. A.), RTVue-100 (Optovue Corporation), and 
Envisu R4300 (Bioptigen Inc.). Currently, only the Spectralis™ 
platform allows simultaneous cSLO recordings with precise realign-
ment of the retina during and in between OCT recordings (auto-
matic real-time and follow-up modes, respectively). In the 
following, the protocol speci fi cally describes the use of the 
Spectralis™ platform. Please contact the provider of other devices 
on how to adapt for the differences where appropriate.  

      1.    Commercially available chinrest replacement for use in labora-
tory animals. If such a chinrest is not available, use a separate 
table or manufacture a custom chinrest replacement mounting 
plate (for this drill two holes of 13 mm diameter into a plate, 
with centers 28.8 cm apart; these dimensions may be subject to 
change in future models).  

    2.    XYZ-table (mountable on the chinrest replacement).  
    3.    Optional: Heat mat to maintain body temperature during 

anesthesia.  
    4.    78 dpt standard ophthalmologic non-contact slit lamp lens, 

e.g., Volk 78D (Volk Optical Inc., Ohio, USA).  
    5.    Aspherical collimator lens: 100 dpt, 6.28 mm diameter, e.g., Philips 

CAX100 (IMM Photonics Ltd, Unterschleissheim, Germany).      

      1.    Anesthesia: Subcutaneous injection of ketamine (Bayer AG, 
Leverkusen, Germany) and xylazine (Bela-Pharm, Vechta, 
Germany).  

    2.    Mydriasis: Tropicamide eye drops 5 mg/ml (Mydriaticum 
Stulln, Pharma Stulln, Stulln, Germany).  

    3.    Hydroxypropylmethylcellulose (Methocel ® ) 2 % to negate the 
refractive power of the air corneal interface and reduce the risk 
of corneal dehydration.       

  2.  Materials

  2.1.  OCT Device

  2.2.  Equipment 
to Adapt the OCT 
for Animal Use

  2.3.  Drugs
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  Prior to acquisition, some modi fi cations are necessary to adapt the 
device from human use to mouse use (Fig.  1 ). 

    1.    Remove the regular headrest and the chinrest if already 
installed. Install the chinrest replacement.  

    2.    Mount the XYZ-table to the special chinrest replacement. If 
not available, the XYZ-table can be  fi xed to a separate table. 
Place the entire construction in front of the OCT-System so 
that the XYZ-table is positioned approximately at the same 
height with the camera lens.  

    3.    Fixate the 78 dpt lens to the front element of the camera head 
(i.e., directly to the outlet of the device, see Notes 1–2).  

    4.    Disconnect the cable for left/right eye detection. Manually 
choose left or right eye when starting the software.      

  To achieve best results it is important to fully dilate the pupils of 
the animal and to ensure deep anesthesia with as little body 
movement due to heart beat and respiratory excursions as possible. 

  3.  Methods

  3.1.  Device 
Modi fi cations

  3.2.  Preparing 
the Animal

  Fig. 1.    Setup for SD-OCT imaging in small animals features several hardware adaptations. 
Mounted to the outlet of the camera head is a 78 dpt Volk lens for routine clinical biomi-
croscopy. The headrest for patients has been removed and a XYZ table with custom 
placement of mice  fi xed to the vertical columns attached to the instrument table.       

 



82 M.D. Fischer et al.

Once the animal is anesthetized, care has to be taken to prevent 
cornea exposure/edema.

    1.    Anesthetize the mouse with ketamine (66.7 mg/kg body 
weight) and xylazine (11.7 mg/kg body weight) subcutaneous 
injection.  

    2.    Apply the mydriatic eye drops to dilate the pupil. Complete 
mydriasis is achieved after 10 min.  

    3.    Carefully wipe the eyelids with outward movements to remove 
eyelashes from the corneal surface.  

    4.    Place one drop of Methocel onto the  fl at surface of the contact 
lens (see Note 3).  

    5.    Gently press the contact lens centrally onto the eye with the 
Methocel between cornea and lens while holding the eyelids 
apart (see Note 4).  

    6.    Drop some Methocel on the other eye to prevent corneal 
exposure (see Notes 5–6).  

    7.    Place the mouse onto the XYZ-table, and adjust the head to align 
the longitudinal axis of the eye (“viewing direction”) in line with 
the device’s optic path (laser beam direction, see Note 7). Use a 
soft underlayment to minimize transmission of breathing move-
ments to the head.  

    8.    Optionally, use the heat mat to maintain body temperature.      

  Please follow the hardware operating instructions of the manufac-
turer of the OCT system in use. If using the Spectralis ®  HRA + OCT 
the following steps and settings are advised:

    1.    Switch on the power supply and the laser box. The laser source 
will warm up (takes approx. 15 min) to provide a constant laser 
quality during the measurement.  

    2.    Start the Heidelberg Eye Explorer Software (HEYEX™).  
    3.    Create or open a “Patient File” for the animal. After entering 

the “Patient Data” an Eye Data Dialogue Box appears. It is 
important to enter the right value for cornea curvature 
(“C-Curve”). When using a contact lens that de fi nes the air/
subject interface, the value of the lens curvature should be 
entered (curvature of the recommended lens is 5.8 mm).  

    4.    Start the laser with the Laser on/off button on the control 
panel. Switch to IR mode (Infrared Re fl ectance Imaging). A frame 
with a live image appears on the monitor.  

    5.    Adjust the camera head,  fi rst start to center and focus the whole 
eye from a distance of about 5 cm. Slowly move the camera 
closer towards the eye; parts of the retina will appear on the 
screen. Continuously realign the XY position of the camera 

  3.3.  Software and 
Device Settings
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head and readjust the focus until the distance to the contact 
lens is reduced to about 5 mm.  

    6.    Pan and tilt the camera head until the optic nerve is centered 
in the frame.  

    7.    Fine-tune the focus.      

  For detailed instructions please read instructions provided by the 
manufacturer (see Note 8). When using the Spectralis ®  HRA + OCT 
system the following settings are advised for basic phenotypic anal-
ysis. However, a major strength of the noninvasive in vivo imaging 
is its versatility for screening and the option to adapt the analysis 
according to the phenotype (e.g., use of different imaging modali-
ties and scan protocols).

    1.    IR mode.  
    2.    Scan angle of 30°.  
    3.    Manually adjustable image brightness control.  
    4.    Re fl ection mode (turn the  fi lter lever on the camera head to “R”).  
    5.    For Single IR fundus image acquisition press “Acquire.”  
    6.    To achieve averaged recordings with improved signal-to-noise 

ratio use the Automatic Real-Time (ART) mode. It averages 
an individually de fi ned number of fundus images. An averag-
ing of 16 frames reduces speckle noise by a factor of four.  

    7.    When switching to Red Free mode, readjust the focus and the 
detector sensitivity.  

    8.    When switching to auto fl uorescence mode, turn the  fi lter lever 
on the camera head to “A.”     

 The following settings are useful for initial OCT screening:

    1.    IR + OCT mode.  
    2.    HR (high resolution) or HS (high speed) mode.  
    3.    Line scan or volume scan.  
    4.    Scan orientation (horizontal, vertical, or circular).  
    5.    ART mode with de fi ned no. of averaged frames.     

 Once the settings are de fi ned follow the steps:

    1.    Start the ART mode by pressing the black dial on the touch-
screen unit.  

    2.    Wait until the grey bar in the ART setting has reached the cho-
sen no. of averaged frames.  

    3.    Press “acquire” on the touchscreen unit.  
    4.    Leave the ART mode by pressing the black dial on the touch-

screen unit and continue with 1. for additional scans.  
    5.    Click “Exit” to exit and save the acquired scans to the database.      

  3.4.  Image Acquisition 
Settings
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  Detailed analysis may be limited when using the proprietary 
software provided by the manufacturer (see Note 9). However, a 
number of third-party software programs are available for post hoc 
analysis.

    1.    The Heidelberg Eye Explorer Software (HEYEX) provides the 
option to determine retinal thickness based on segmentation 
lines. The software features an algorithm to automatically 
detect inner and outer retinal borders. Segmentation lines can 
be modi fi ed so that separate thickness measurements of the 
different retinal layers can be performed. However, there is no 
option to export the data for, e.g., statistical analysis.  

    2.    Raw data export can be enabled in case of the Heidelberg Eye 
Explorer Software according to the manufacturer’s instructions 
(please contact your local representative of the manufacturer 
for further information). These raw data can be further ana-
lyzed using the following ImageJ plugin  (  6  ) :   http://rsb.info.
nih.gov/ij/plugins/heyex/index.html    .  

    3.    Raw data can also be imported into custom-designed Multi-
Modal Mapping Software  (  7,   8  ) . Multiple segmentation lines 
can be de fi ned for detailed structural analysis and data exported 
for use in spreadsheet software.       

 

     1.    Device modi fi cation: The Volk 78 dpt ophthalmic slit lamp 
lens has the same outer diameter as the lens barrel of the 
camera head. The 78 dpt lens can be mounted using a custom-
made adaptor that holds the lens directly at the outlet. 
Alternatively,  fi xate the lens with tape for quick removal taking 
care to precisely align and center the optical pathways of the 
lens systems.  

    2.    Care should be taken to regularly clean the camera objective lens, 
the 78 dpt, and the contact lens. Even small specks can produce 
signi fi cant alterations of high-resolution imaging data.  

    3.    Stability of the contact lens is determined by the use of the 
right amount of Methocel. Too much Methocel on the contact 
lens makes it slide off and may spread to the front side of the 
lens. Too little Methocel may lead to air pockets between cor-
nea and lens, thus disturbing the optical pathway and adhesion 
between lens and eye.  

    4.    Take care to place the lens centrally on the mouse eye as pre-
cisely as possible. Otherwise the oblique optical pathway will 
cause distortion of the fundus image and lead to poor quality 
with a decentralized optic nerve head.  

  3.5.  Data Analysis

  4.  Notes

http://rsb.info.nih.gov/ij/plugins/heyex/index.html
http://rsb.info.nih.gov/ij/plugins/heyex/index.html
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    5.    One may put contact lenses on both eyes at the same time 
when iterative examination of both eyes is necessary. This 
provides optimal protection of the cornea.  

    6.    Contact lenses may be cleaned with 70 % (v/v) Ethanol for 
reuse.  

    7.    As the animal has to be manipulated occasionally during image 
acquisition, the orientation of the camera base is preferably 
mounted in reverse orientation (i.e., “patient” and investigator 
on the same side).  

    8.    The acquisition time per eye is limited by default settings. This 
can be canceled by changes in the heyex.ini  fi le according to 
the manufacturer’s instructions.  

    9.    Note that raw data export is disabled in the latest HEYEX 
Software Version 5.3. Please contact the local representative of 
the manufacturer for further assistance.          
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    Chapter 6   

 Light Damage as a Model of Retinal Degeneration       

     Christian   Grimm       and    Charlotte   E.   Remé     

  Abstract 

 The induction of retinal degeneration by light exposure is widely used to study mechanisms of cell death. The 
advantage of such light-induced lesions over genetically determined degenerations is that light exposures can be 
manipulated according to the needs of the experimenter. Bright white light exposure can induce a synchro-
nized burst of apoptosis in photoreceptors in a large retinal area which permits to study cellular and molecular 
events in a controlled fashion. Blue light of high energy induces a hot spot of high retinal irradiance within very 
short exposure durations (seconds to minutes) and may help to unravel the initial events after light absorp-
tion which may be similar for all damage regimens. These initial events may then induce various molecular 
signaling pathways and secondary effects such as lipid and protein oxidation, which may be varying in differ-
ent light damage setups and different strains or species, respectively. Blue light lesions also allow to study 
cellular responses in a circumscribed retinal area (hot spot) in comparison with the surrounding tissue. 

 Here we describe the methods for short-term exposures (within the hours range) to bright full-
spectrum white light and for short exposures (seconds to minutes) to high-energy monochromatic blue or 
green light.  

  Key words:   Light damage ,  White light setup ,  Blue light setup ,  Retinal degeneration ,  Apoptosis , 
 Mouse ,  Rat ,  Visual pigment ,  Anesthesia ,  Monochromatic light    

 

 Many animal models of inherited retinal degeneration exist  (  1  )  and 
can be used to analyze cellular, molecular, and biochemical mecha-
nisms during photoreceptor cell death. However, degeneration in 
most of these models proceeds rather slowly and it takes several 
weeks to months until degeneration is complete. Therefore, only 
few cells are in the same stage of the dying process at any given 
time during the course of the degeneration. This makes it dif fi cult 
to investigate the molecular processes in detail and it may be espe-
cially dif fi cult to detect subtle changes in levels, localization, 
modi fi cations, and/or activity of molecules involved in the regula-
tion of the degeneration. 

  1.  Introduction
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 Visible light is discussed as a contributing factor in human 
retinal degenerations such as retinitis pigmentosa (RP) and age-
related macular degeneration (AMD). In fact, light exposure can 
induce photoreceptor death in wild-type mice, rats, and several 
other species, and progression of photoreceptor degeneration in 
many of the inherited animal models is accelerated by normal envi-
ronmental light. Thus, light is not only a factor which needs to be 
considered when studying retinal degeneration but light can also 
be used in experimental settings to control induction, timing, and 
extent of photoreceptor degeneration. Exposure to bright visible 
light simultaneously induces cell death in a large number of photo-
receptor cells synchronizing the molecular mechanisms which 
greatly facilitates their detection and analysis. Four general light 
exposure protocols have to be distinguished: short-term exposure 
to high levels of white light, long-term exposure to low levels of 
white light, broadband blue–green–yellow light (490–580 nm), 
and exposure to monochromatic light of a speci fi c wavelength. All 
of these protocols may share common mechanisms but are also 
characterized by the activation of distinct pathways. Short-term 
exposure to bright light, for example, depends on the transcription 
factor AP-1 and is independent of phototransduction whereas 
long-term exposure to low levels of white light is independent of 
AP-1 but requires active phototransduction  (  2  ) . Thus, to  fi nd and 
de fi ne possible common mechanisms for all (or at least most) forms 
of retinal degeneration, it seems important to test  fi ndings made 
with a particular protocol in additional animal models of induced 
and inherited retinal degeneration. 

 To date, none of the “classical” factors seem to be involved in 
the regulation of blue light damage. However, since practically all 
experimental data appear to suggest that light damage follows the 
action spectrum of blue light  (  3  ) , it is conceivable that all light 
exposure regimens will show that absorption of light by the same 
initial chromophore precedes the subsequent diversity of regula-
tory mechanisms (see Note 1). Since the initial chromophore induc-
ing light damage remains elusive to date it is relevant to study the 
initial events after light absorption leading to retinal lesions. As all 
light damage models depend on the presence of visual pigments 
(rhodopsin or cone pigments) but do not follow their action spec-
trum  (  3  ) , more studies are needed to clarify this basic issue. 

 Here we describe the protocols for short-term exposure to 
high levels of white light and to high-intensity monochromatic 
green or blue light. For the sake of simplicity we will call the latter 
type of exposure “blue light” even though this light includes the 
violet as well as the short-wavelength blue part of the spectrum 
(410 ± 10 nm). Since the exposure to green (550 ± 10 nm) light 
follows the same protocol, it will not be described separately.  
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      1.    Room/box for dark adaptation: Any lighttight room, box, or 
cupboard large enough to host at least one normal animal cage 
with suf fi cient ventilation will do. Pay attention that normal 
oxygen levels are maintained during dark adaptation since 
hypoxia may strongly in fl uence light damage susceptibility  (  4  ) .  

    2.    1% cyclogyl (Alcon, Cham, Switzerland), 5% phenylephrine 
(Ciba Vision, Niederwangen, Switzerland).  

    3.    Light exposure device (Fig.  1 ): Our light exposure device is 
custom-made but any device holding the respective light bulbs 
might work if suf fi ciently high levels of light can be reached. The 
light exposure device consists of a holder for eight light bulbs 
placed above the animal cages. A diffusion screen is positioned 
between exposure cages and light bulbs to  fi lter UV light below 
a wavelength of 400 nm. The screen also prevents an increase of 
the temperature within the animal cages. The distance between 
the light-bulb holder and the cages is adjustable to reduce or 
increase light intensity at cage level, respectively.   

    4.    Light bulbs (Master TL-D 90 De Luxe 36W/965 1SL, Philips, 
Hamburg, Germany) (see Note 2).  

    5.    Luxmeter (Luminance meter T-10, Konica Minolta Sensing, 
Inc., Osaka, Japan) (see Note 3).  

    6.    Cages with re fl ective interior (Fig.  2 ): We use normal housing 
cages (type T2) without lid or grid. Cages are lined with alu-
minum foil to re fl ect light from the walls and the bottom of 
the cage.       

  2.  Materials

  2.1.  Short-Term 
Exposure to High 
Levels of White Light

  Fig. 1.    Light exposure device. ( a ) View from top. ( b ) View from below showing the mounting 
of the light bulbs. The bulbs on the left side are shielded by the diffusion screen. On the 
right side of the device, the screen has been removed to reveal the arrangement of the 
light bulbs.       
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      1.    Room/box for dark adaptation: Any lighttight room, box, or 
cupboard large enough to host at least one normal animal cage 
with suf fi cient ventilation will do.  

    2.    Pupil dilation: 1% cyclogyl (Alcon, Cham, Switzerland), 5% 
phenylephrine (Ciba Vision, Niederwangen, Switzerland), 
Methocel drops (isotonic hydroxypropyl methylcellulose 2% 
with the same refractive index as air; Omnivision AG, 
Neuhausen, Switzerland) for corneal moistening.  

    3.    Anesthesia: Ketamine (75 mg/kg; Parke Davis, Zug, 
Switzerland), Xylazine 2% (23 mg/kg; Bayer AG, Leverkusen, 
Germany), sodium chloride. Make a mixture of 0.84 ml 
Ketamine, 0.51 ml Xylazine, 0.35 ml NaCl or a multiple of 
that mixture. Mixture can be stored in the refrigerator for sev-
eral weeks. Take 0.03–0.06 ml for 20–30 g mouse, depending 
on the duration of light exposure and mouse strain. Albino 
mice generally need a higher dose of anesthetics than pig-
mented strains.  

    4.    Light exposure device (Fig.  3 ): The aim is to achieve a high 
and quanti fi able light output, to generate a homogeneous light 
spot with reproducible size on the cornea and the retina, and 
to provide a choice of two monochromatic light types (blue 
and green).  

 The light source is a modi fi ed xenon arc lamp (Xenon 
100W re fl ector bulb) for photodynamic tumor therapy for 
dermatological use (Intralux MDR 100, purchased at VOLPI 
AG, Schlieren, Switzerland) with a liquid  fi ber-optic light 
guide. Color temperature is 5,600 °K, spectrum is 400–780 nm 
(see Note 4). 

 For our experiments the following additions to the system 
were made: 
(a)  An aluminum holder with two lenses and an infrared  fi lter 

is positioned at the outlet of the  fi ber-optic light guide. 
The  fi rst lens spreads the light beam parallel; the second 
lens focuses the light to a beam of 5 mm diameter. In front 

  2.2.  Short-Term 
Exposure to High-
Intensity Blue 
or Green Light

  Fig. 2.    Exposure cage lined with aluminum foil. ( a ) Side view. ( b ) Top view.       
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of the lenses before the light exits the system is an infrared 
heat  fi lter. The distance of the holder from the mouse cor-
nea should be 1 cm. Hold a sheet of white paper under the 
light beam and see at which distance the edges of the light 
spot are sharpest and the illumination within the spot is 
homogeneous. This is the 1 cm distance. The procedure is 
similar to “Koehlern” with the Kondensor lens and 
Kondensor diaphragm in a light microscope. 

 (b)  A slider containing two holes for changeable  fi lters is placed 
between the lens system and the infrared  fi lter. We use a blue 
 fi lter (410 ± 10 nm bandwidth) and a green  fi lter (550 ± 10 nm 
bandwidth). The slider allows the quick change between blue 
and green  fi lters, if required (see Note 5).  

  Fig. 3.    Blue light-exposure device consisting of the primary light source and a  fi ber-optic 
light guide. An aluminum holder at the end of the light guide contains two lenses, the  fi lter 
slider for blue and green  fi lter and an infrared heat  fi lter. The mouse is placed on a mouse 
bed on a stage with adjustable height. The distance from the light outlet to the mouse 
cornea is 1 cm, marked by a paper bar. ( a ) Overview over the complete system. ( b ) Detail-
view of the control panel of the light source. ( c ) Detail-view of the aluminum holder. ( d ) 
Detail-view of the mouse beds.  L  light source,  O  optical power meter,  FL   fi ber-optic light 
guide,  H  aluminum holder for the lens system and  fi lter slider,  B  mouse bed,  ST  adjustable 
stage to hold the mouse bed,  S  shutter switch for the light outlet within the body of the 
light source,  BC  brightness controller,  I  button to ignite the light bulb,  SF  slider with  fi lter, 
 P  paper clip as 1 cm-ruler,  B left  mouse bed for exposure of the left eye,  B right  mouse 
bed for exposure of the right eye.       
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    5.    Mouse “bed” with caved contours of a mouse lying on its side 
for reproducible positioning of head and eye, one for left eye, 
one for right eye (Fig.  3 ).  

    6.    Stage with adjustable height to place the mouse bed.  
    7.    Optical Power Meter (Model 835, Newport Corporation, 

Fountain Valley, CA, USA) to measure irradiance levels for dif-
ferent wavelengths.  

    8.    Timer for short light exposures.  
    9.    Laboratory paper towels to wrap mouse for warming.       

 

      1.    House mice in normal cages with food and water ad libitum and 
a 12:12-h light–dark cycle with less than 60 lx at cage level.  

    2.    Dark adapt mice (see Notes 6–8) for 16 h overnight. Start at 
6 pm.  

    3.    Switch light bulbs in the light exposure device on at 9 am (see 
Notes 9 and 10).  

    4.    Dilate pupils at 9:30 in dim red light (see Note 11).  
    5.    Adjust light levels at 9:45 am (see Note 12).  
    6.    Place mice in aluminum foil-lined cages and expose mice to 

light from 10 to 12 am (see Note 13).  
    7.    After exposure, return mice to their housing cage with food 

and water ad libitum and place cages in darkness until next 
morning.  

    8.    Return animals to the normal light–dark cycle the next day 
until mice are sacri fi ced for analysis.      

      1.    Keep mice (see Note 14) in normal cages in a 12:12-h light–
dark cycle with food and water ad libitum and an illuminance 
of 60 lx at cage level.  

    2.    Dark adapt mice for 12–16 h.  
    3.    Turn on the light of lamp (“ignite” button), switch open the 

light shutter, and adjust desired irradiance with the optical 
power meter for wavelength of blue or green. We use 30 mW/
cm 2  at the corneal level. Close shutter by switch but keep lamp 
turned on.  

    4.    Dilate pupils in dim red light and keep mice dark adapted for 
additional 20–30 min.  

    5.    Control irradiance level (see Note 15).  

  3.  Methods

  3.1.  Short-Term 
Exposure to High 
Levels of White Light

  3.2.  Exposure to Blue 
or Green Light
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    6.    Anesthetize mice with ketamine–xylazine (see Note 16), two 
to three mice at a time, depending on the following exposure 
duration.  

    7.    Place mouse on mouse bed with shutter of lamp closed. Choose 
the  fi lter (blue or green) by using the slider. Apply a drop of 
methocel to the cornea, adjust mouse head and eye, and place 
mouse under light source. Adjust the distance of the mouse 
eye to the lens holder to 1 cm (we have a small paper clip of 
1 cm length  fi xed at the margin of the lens holder). Cover 
mouse with a paper towel (see Note 17).  

    8.    Switch open the shutter and very quickly  fi ne adjust the mouse 
eye to the light beam (see Note 18). Use timer for short 
exposures.  

    9.    Place exposed and still anesthetized mouse in extra cage and 
wrap in paper towel.  

    10.    When all mice of a group/cage are exposed, put them together 
again in their original cage, still wrapped in paper towels. 
Control their awakening during the rest of the day and keep 
them in darkness until next morning.  

    11.    Return animals to the normal light–dark cycle the next day 
until mice are sacri fi ced for analysis.       

 

     1.    The majority of light damage studies indicate that light 
damage follows the action spectrum of short-wavelength light 
(violet–blue)  (  3  ) . Therefore it seems essential to study mecha-
nisms of “pure” (monochromatic) blue light damage in order 
to try to understand white light and broadband green light  (  5  )  
lesions. Monochromatic blue light damage is independent of 
most of the known “classical” factors like AP1, phototransduc-
tion, rhodopsin regeneration rate, time of day, and others. The 
only known common mechanism is the dependence on the 
rhodopsin molecule but not the rhodopsin action spectrum. 
Thus it may be that to date only partially known products of 
rhodopsin bleaching are the primary absorbing chromophores 
leading to the damaging molecular and cellular events, which 
may be different in various damage regimens and diverse strains 
and species. Those secondary events can comprise a multitude 
of factors which include DNA-damage, transcription factor 
expression, lipid and protein oxidation, release of lipid media-
tors, a spectrum of in fl ammatory responses including chemokine 
and cytokine expression, activation of macrophages and micro-
glia, and induction of apoptosis and necrosis  (  6  ) . 

  4.  Notes
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 Thus we may tentatively conclude that the initial chro-
mophore for most light damage regimens may be visual pigment 
bleaching products whereas a host of secondary events are then 
distinguished in the different light damage studies.  

    2.    Before using new light bulbs in an experiment, keep the bulbs 
turned on for at least 48 continuous hours. This will stabilize 
the light.  

    3.    Always use the same luxmeter for measuring light intensity. 
Numbers may vary considerably depending on the form of the 
light-sensitive head of the luxmeter.  

    4.    We use a dermatological lamp with high irradiance output 
because the monochromatic light needs high energy to be able 
to induce damage. Light levels of blue LEDs were insuf fi cient 
for this type of light damage experiments when we checked this 
in 2008. Perhaps new ones are on the market since that time. 

 At 30 mW/cm 2  irradiance at the mouse cornea, the irradi-
ance in our hot spot area on the retina is about 62 mW/cm 2  
(calculation by François Delori). Photon  fl ux calculated is 
6.2 × 10 9  photons  μ m −2  s −1  at 410 nm and rate of rhodopsin 
isomerization is 1.45 × 10 9  s −1  at 410 nm, calculations by Ed 
Pugh jr.  (  7  ) . The size of the hot spot is 5 mm 2  on the cornea 
and about 2 mm 2  on the retina. 

 A practical advice: The  fi ber-optic light guide should not 
be bent strongly, because  fi bers may break. 

 One could use laser light for this type of experiment. 
However, the resulting hot spot may be much smaller unless the 
light beam is spread by a lens system. For morphological and 
biochemical studies it is recommended to have a large hot spot.  

    5.     We used the combination of green followed by blue exposure 
to study photoreversal of rhodopsin bleaching  (  8  )  and mecha-
nisms of blue light-damage  (  9  ) . 

 Furthermore, exposure to green of 550 nm does not 
induce any lesions due to a rapid and strong bleach of rhodopsin, 
indicating that rhodopsin bleaching per se is not damaging 
provided that the bleaching products are quickly transported 
into the pigment epithelium and further that the bleaching 
products are not exposed to blue light  (  8,   9  ) .  

    6.    Photoreceptors of young mice (freshly weaned) are less suscep-
tible to light damage than photoreceptors of adult mice. 
Therefore, mice should be at least 6 weeks of age for consistent 
results.  

    7.    The genetic background of the mice is important and in fl uences 
light damage susceptibility. Bl6 mice are generally not suscep-
tible to light damage by the protocol presented here. An 
important genetic factor to be considered is the sequence 
variation in the  Rpe65  gene. The  Rpe65   450Met   variant renders 
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the retina less susceptible to damage than the  Rpe65   450Leu    variant 
 (  10  ) . Most wild-type strains, with the exception of C57Bl6, 
express the  Rpe65   450Leu   variant. Many transgenic animals are on 
a mixed background and may express the  Rpe65   450Met   variant. 
Always test transgenic mice for their  Rpe65  variant to decide 
on the exposure protocol. Photoreceptor damage in mice with 
the  Rpe65   450Met   variant may need longer exposure durations 
and/or higher light intensities. Good wild-type strains to be 
used with this protocol are albino mice like Balb/c and pig-
mented mice like 129S6/SvEvTac (Taconics, Eiby, 
Denmark).  

    8.    It is important that mice are stressed as little as possible before 
and during light exposure. Stress induces expression of gluco-
corticoids which may modulate AP-1 activity. Stressed mice are 
resistant to damage induced by exposure to short-term high-
level white light  (  11  ) . It is best if animals can be housed and 
dark adapted in—or very close to—the room with the light 
exposure device in order to minimize transport before the 
experiment. Also, do not mix animals for dark adaptation. This 
may cause stress, especially among males.  

    9.    For highest reproducibility, expose mice during the same 
period of the day. Circadian variations in light damage suscep-
tibility have been reported  (  5  ) .  

    10.    Do not dim the light bulbs to reduce light intensity. Dimming 
may change the spectrum of the emitted light. Instead, vary 
the distance between exposure cages and light bulbs.  

    11.    Dilation of pupils is essential for pigmented animals and should 
be done under dim red light (above 600 nm). Avoid stressing 
the animals as much as possible. First, use one drop of cyclogyl 
per eye. Release the animal until all eyes of the animals in the 
respective exposure series are treated. Then start over with the 
 fi rst animal using one drop of 5% phenylephrine per eye. 
Cyclogyl (cyclopentolate hydrochloride, 10 mg/ml) blocks 
the response of the sphincter muscle of the iris (and of the 
accommodative muscle of the ciliary body) to cholinergic stim-
ulation. This produces pupillary dilation (mydriasis). 
Phenylephrine (phenylephrine hydrochloride) is an  α -adrener-
gic receptor agonist, which causes vasoconstriction and mydri-
asis through stimulation of the dilator muscle of the pupil. 
After application of both drops, return the animals to their 
cages and continue dark adaptation for an additional 30 min.  

    12.    Adjust light levels by placing the light-sensitive head of the 
luxmeter face-up into the middle of one exposure cage lined 
with aluminum foil. Change the distance between cage and 
light source until the required light level is reached. Measure 
light levels in all cages which will hold mice during exposure. 
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Do not dim the light bulbs. Adjust light levels by varying the 
distance between exposure cage and light bulbs. Use an expo-
sure time according to your experimental needs. A 10-min 
exposure to 5,000 lx of white light is borderline to damage 
photoreceptors in Balb/c mice. One hour of illumination to 
5,000 lx induces severe photoreceptor degeneration in Balb/c. 
To reach a similarly severe damage in 129S6 pigmented ani-
mals, a 2-h exposure to 13,000 lx may be required.  

    13.    Place the animals as quickly as possible into the aluminum foil-
lined exposure cages under the light bulbs. Cages do not con-
tain food or water and are not covered by a grid or a lid. One 
animal per cage is optimal. If more than one animal is placed 
into one cage, animals tend to stick together to shield their 
eyes. Monitor the mice frequently (at least every 10 min). 
Some mice make holes into the aluminum foil and hide between 
foil and cage wall. If this happens, replace cage with a new cage 
lined freshly with aluminum foil.  

    14.    In contrast to white light exposures, the genetic background of 
mice appears to be less important for blue light-mediated dam-
age. For example, the  Rpe65  variants  Rpe65   450Leu   and  Rpe65   450Met   
are not distinctly different in their blue light-damage suscepti-
bility (Wenzel A., Grimm C., Remé C.E., unpublished obser-
vations), supporting the  fi nding that metabolic rhodopsin 
regeneration does not determine blue light-damage in mice 
 (  12  ) . Furthermore, blue light-damage is independent of the 
transcription factor AP1 and of phototransduction (Wenzel A., 
Grimm C., Remé C.E., unpublished observations).  

    15.    It is important to control the light output of the lamp at least 
15 min after the lamp was switched on, since the output of a 
cold lamp can be higher.  

    16.    We apply anesthesia intramuscularly (i.m.) into the gluteus 
muscle, by holding the hind leg while the mouse can grasp the 
metal bars of the cage cover. We found that the procedure of 
i.m. injection is faster than the intraperitoneal injection and for 
that reason i.m. anesthesia is less stressful for the animal.  

    17.    We use paper towels and wrap them around the mouse to keep 
it warm for safety reasons, since a heating pad with insuf fi cient 
thermostat can easily increase in temperature. Overheating the 
animal might accelerate damage.  

    18.    In order to center the light beam on the mouse eye, an 
auto fl uorescence of the mouse lens is helpful for orientation. 
This can be nicely seen through the maximally dilated pupil.          
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    Chapter 7   

  N  -Methyl- D -Aspartate (NMDA)-Mediated Excitotoxic 
Damage: A Mouse Model of Acute Retinal Ganglion 
Cell Damage       

     Roswitha   Seitz    and    Ernst   R.   Tamm        

  Abstract 

 The animal model of  N -methyl- D -aspartate (NMDA)-induced excitotoxic damage of retinal ganglion cells 
(RGC) is widely used to study the molecular mechanisms of RGC apoptosis and/or its prevention by 
neuroprotective agents. This chapter provides protocols for applying NMDA-induced excitotoxic damage 
to RGC of mouse eyes and for subsequent measuring of the extent of the resulting damage.  

  Key words:   Retinal ganglion cells ,  NMDA ,  Excitotoxicity ,  Cell death ,  Glaucoma    

 

 Treatment with the synthetic glutamate analogue  N -methyl- D -
aspartate (NMDA) causes excitotoxicity of neurons by hyperacti-
vation of NMDA-type glutamate receptors, which results in a 
massive Ca 2+  in fl ux that subsequently propagates pro-apoptotic 
signaling cascades  (  1  ) . In the retina, retinal ganglion cells (RGC) 
and amacrine cells are particularly sensitive to excitotoxicity, and 
excess glutamate has been proposed to contribute to RGC apopto-
sis in common neurodegenerative disorders of the eye, including 
glaucoma and retinal artery occlusion  (  2  ) . Since RGC and ama-
crine cells preferentially express NMDA-type glutamate receptors 
in the retina, intravitreal injection of NMDA provides a speci fi c 
model for their acute damage facilitating studies on the molecular 
mechanisms of RGC apoptosis and/or on neuroprotective signal-
ing pathways preventing their apoptotic death. The goal of this 
chapter is to provide protocols for NMDA-induced RGC damage 
in the mouse eye and for methods that can be used for a subse-
quent readout of the induced cellular and structural changes.  

  1.  Introduction
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     1.    Sterile phosphate-buffered saline (PBS) for control injections.  
    2.    NMDA stock solution: NMDA is dissolved in sterile PBS at a 

concentration of 100 mM and stored at −20°C (see Note 1).  
    3.    Intravitreal injections are administered with a beveled needle 

(34 Gauge) which is linked via a tubing (0.4 mm inner diam-
eter) to a 25  μ l Hamilton syringe.  

    4.    To perform injections under optimal visual control, intravitreal 
injections are performed under a binocular microscope. Lack 
of good visual control can lead to damage of the lens, a sce-
nario that leads to activation of neuroprotective signaling cas-
cades (see Note 2).  

    5.    For anesthesia and antiseptic treatment of the eyes after injec-
tion, iso fl urane (2–5%), iodine tincture (10%), and antiseptic 
eye ointment (e.g., containing dexamethasone, neomycin, and 
polymyxin B) should be available.      

 

 In the mouse eye the amount of retinal neurons that are damaged 
by NMDA-treatment is dose dependent  (  3  ) . In our hands, an injec-
tion of 3  μ l of a 10 mM NMDA-solution into the vitreous cavity of 
6-week-old C57/BL6-mice will cause substantial (approximately 
75%), but not complete, loss of RGC (ref.  4 ; see Note 3). 

  Before starting intravitreal injections have all working material 
ready at hand. Make sure that all working solutions are sterile. 
Preferentially, the injections should be performed by two individu-
als. It helps considerably if the individual who handles the needle is 
different from the one who handles the Hamilton syringe.

    1.    Rinse the Hamilton syringe, the beveled needle, and the 
tubing three to four times with 70% ethanol and then for addi-
tionally three to four times with PBS (see Note 4).  

    2.    Link the beveled needle to the syringe via the tubing (see Note 5).  
    3.    Dilute the 100 mM NMDA-stock-solution with PBS to a 

10 mM working solution.  
    4.    Prepare sterile PBS for control injections into the contralateral 

fellow eye.  
    5.    Prior to injections, mice are deeply anesthetized with iso fl urane 

(about 2% for maintenance, up to 5% for induction) and the 
ocular surface is disinfected by a 10% iodine tincture.  

  2.  Materials

  3.  Methods

  3.1.  Intravitreal 
Injections
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    6.    Insert the needle at the equator of the eye (see Note 6). The 
tip should point in the direction of the optic nerve to avoid 
injury of the lens (see Note 2) (Fig.  1 ).   

    7.    3  μ l of PBS or NMDA are slowly injected into the vitreous 
body (see Note 7).  

    8.    Leave the needle in the eye for an additional 20 s to allow the 
eye to adjust to the increase in volume (see Note 8).  

    9.    After removal of the needle, an antiseptic eye ointment should 
be administered.  

    10.    Rinse syringe and needle thoroughly after each injection.      

  The full extent of NMDA-induced damage can be analyzed by

    1.    Quanti fi cation of RGC apoptosis.  
    2.    Quanti fi cation of the remaining RGC perikarya in the gan-

glion cell layer (GCL).  

  3.2.  Readouts

  Fig. 1.    Schematic drawing of intravitreal injections. ( a ) PBS or NMDA is injected through 
the equatorial sclera into the vitreous body. ( b ) For injections, a beveled needle is linked to 
a Hamilton syringe.       
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    3.    Quanti fi cation of the area of the inner plexiform layer (IPL).  
    4.    Quanti fi cation of the total number of axons in the optic nerve 

(see Note 9).     

  A few hours after NMDA-injection, the  fi rst apoptotic cells can be 
observed in the retina. Apoptotic cells can be detected via TdT-
mediated dUTP-biotin nick end labeling (TUNEL)-assay. Cleavage 
of DNA by endonucleases is one of the last events that occur in 
apoptotic cells. At the ends of the fragmented DNA strands, free 
OH groups remain. The 3 ¢ -OH ends can be marked with conju-
gated (e.g.,  fl uorescein-conjugated) dNTPs by the use of terminal 
deoxynucleotidyl transferase (TdT) and labeled apoptotic cells can 
be then visualized by  fl uorescence microscopy  (  5  )  (Fig.  2 ). 

    1.    Twenty-four hours after intravitreal injection mice are killed 
and eyes enucleated (see Note 10).  

    2.    During harvesting of the eyes it is important to avoid squeez-
ing of the eye bulb.  

    3.    For preparation of paraf fi n sections, eyes are  fi xed by immer-
sion in 4% paraformaldehyde in 0.1 M phosphate buffer for 
4 h. For better  fi xation, the cornea should be opened.  

  3.2.1.  TUNEL Labeling

  Fig. 2.    TUNEL-staining 24 h after intravitreal injection. ( a ,  b ) After injection of PBS no 
TUNEL-positive cells are observed in the retina. ( c ,  d ) After NMDA-injection about 50% of 
the cells in the GCL are marked TUNEL positive. Several apoptotic cells are also observed 
in the inner nuclear layer. These cells represent a subpopulation of amacrine cells which 
are also expressing NMDA-receptors. Scale bars in  a – d , 20  μ m.       
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    4.    Paraf fi n embedding of the eyes is performed according to stan-
dard protocols.  

    5.    For TUNEL-assay, 6  μ m sagittal paraf fi n sections of the eye are 
cut (see Note 11).  

    6.    For detection of apoptosis in the retina use a commercially 
available kit for TUNEL-labeling (e.g., Promega). Follow the 
manufacturer’s instructions.  

    7.    For quanti fi cation of total cell number in the GCL, a nuclear 
counterstain should be performed (e.g., DAPI).  

    8.    After labeling of apoptotic cells and nuclear counterstain, the 
slides are mounted with  fl uorescent mounting medium.  

    9.    After mounting, the slides can be analyzed by  fl uorescent 
microscopy.  

    10.    Take pictures of the entire retina. A microscope with panorama 
function (e.g., Zeiss Axiovision) is very helpful for this.  

    11.    Quantify the total number of TUNEL-positive cells and the 
total number of nuclei in the GCL with the help of an image 
analyzing program (see Notes 12 and 13).  

    12.    Subsequently, the percentage of apoptotic cells per sagittal sec-
tion is calculated as total number of TUNEL-positive cells per 
total number of cells in the GCL.      

  The protocol below uses light microscopy for axon counting. The 
total number of axons may be higher if transmission electron 
microscopy is used, as this method allows including also the small-
est axons in the analyses (see Note 14) (Fig.  3 ). 

    1.    Three weeks after injection of NMDA into the vitreous cavity 
mice are killed and eyes with optic nerves are harvested 
(see Note 15).  

    2.    During harvesting of the eyes it is important to avoid squeez-
ing of optic nerves. To make sectioning easier nerves should 
not bend, but should be  fi xed as straight as possible.  

    3.    For preparation of semithin sections, eyes with optic nerves 
attached are  fi xed by immersion in cacodylate buffer con-
taining 2.5% paraformaldehyde and 2.5% glutaraldehyde for 
24 h  (  6  ) .  

    4.    After  fi xation, eyes are washed in cacodylate buffer.  
    5.    Epon embedding of the eyes is performed according to stan-

dard protocols.  
    6.    Analysis is carried out on 1  μ m semithin cross sections of the 

optic nerve (see Note 16).  
    7.    To facilitate visualization of optic nerve axons, sections are 

stained with paraphenylenediamine (PPD) to visualize myelin 
sheaths     (  7  ) .  

  3.2.2.  Quanti fi cation 
of Optic Nerve Axons
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    8.    Prepare the PPD staining solution.  
    9.    Dissolve 500 mg PPD in 50 ml ethanol (100%).  
    10.    Leave the PPD solution 3 days in broad daylight till it turns 

dark.  
    11.    Cross sections of optic nerves are incubated with PPD solution 

for 2–3 min. After staining the sections are rinsed with ethanol 
(100%).  

    12.    When the staining procedure is  fi nished, slides are mounted 
with DePeX mounting medium for histology.  

    13.    Stained sections can now be analyzed by light microscopy.  
    14.    Take an overview image with high magni fi cation (×100; e.g., 

by using an Axiovision microscope, Zeiss).  
    15.    Remaining axons are quanti fi ed by an image analyzing pro-

gram (see Notes 12 and 17).  
    16.    Count all axons in the section, but ignore dark black stained 

axons: here degeneration is still continuing (see Note 18).      

  Fig. 3.    Light microscopy of semithin ( a ,  c ) or ultrathin cross sections ( c ,  d ) through the 
optic nerve three weeks after intravitreal injection of PBS or NMDA. ( a ,  c ) Overview and 
details of optic nerves after intravitreal injection of PBS ( a ) or NMDA ( c ). NMDA leads to a 
substantial decrease in the number of axons ( arrows ). The area where axons have degen-
erated are  fi lled by glial scar tissue ( asterisk ). Black axons, mainly seen in NMDA-treated 
optic nerves, represent degenerating axons ( arrowheads ). The disorganized intensely 
stained myelin sheath of the axons is clearly visible by electron microscopy ( d ). In con-
trast, the axons of PBS-treated control eyes appear to be healthy and are still  fi lled with 
neuro fi laments and mitochondria ( b ). Scale bars: ( a ,  c ) 20  μ m; ( b ,  d ) 2  μ m; paraphenylene-
diamine (PPD) stain.       
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  In addition to the number of remaining perikarya in the GCL after 
NMDA-induced apoptosis, the area of the IPL, where the synapses 
of RGC and bipolar cells are located, can be measured (Fig.  4 ). 
After degeneration of RGC and their dendrites, the area of the IPL 
is substantially reduced. 

    1.    Three weeks after injection of NMDA into the vitreous cavity 
mice are killed and eyes are enucleated (see Note 19).  

    2.    During enucleation of the eyes, it is important to avoid squeez-
ing of the eye bulb.  

    3.    For preparation of semithin sections, eyes are  fi xed by immer-
sion in cacodylate buffer containing 2.5% paraformaldehyde 
and 2.5% glutaraldehyde for 24 h  (  6  ) . For better  fi xation, the 
cornea should be opened.  

    4.    After  fi xation, eyes are washed in cacodylate buffer.  
    5.    Epon embedding of the eyes is performed according to stan-

dard protocols.  
    6.    Analysis is carried out on 1  μ m sagittal semithin sections 

through the central eye (see Note 11).  
    7.    For staining, Richardson’s stain for plastic sections is recom-

mended  (  8  ) . Stock and working solutions can be stored at 
room temperature: Prepare stock solutions: Stock solution A 
(1% Azur II): Dissolve 5 g Azur II in 500 ml H 2 O. Stock solu-
tion B (1% methylene blue): Dissolve 5 g methylene blue in 
500 ml 1% borax (sodium borate). For staining of semithin 
sections prepare working solution: Mix 50 ml Solution A with 
50 ml Solution B and 100 ml H 2 O.  

    8.    Slides are incubated for 15–30 s with the working solution at 
60°C.  

    9.    Rinse slides with H 2 O.  

  3.2.3.  Analyzing RGC 
Perikarya or IPL Thickness 
on Semithin Sections

  Fig. 4.    Sagittal semithin sections through the retinae of mouse eyes 3 weeks after intrav-
itreal injection. After injection of NMDA ( b ), the number of perikarya ( arrows ) in the GCL is 
markedly decreased when compared to the control retina injected with PBS ( a ). Scale 
bars: 20  μ m, Richardson’s stain.       
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    10.    Control the staining intensity by microscopy. If the staining is 
too weak, repeat steps 8 to 10.  

    11.    After staining, the slides are mounted with DePeX mounting 
medium for histology.  

    12.    Stained sections can now be analyzed by light microscopy.  
    13.    An overview image with high magni fi cation (×100; e.g., with 

Axiovision microscope, Zeiss) should be recorded.  
    14.    Remaining perikarya and the area of IPL are quanti fi ed by an 

image analyzing program (see Note 12).  
    15.    The total amount of perikarya in the GCL is plotted against 

the total length of the retina (see Note 20).  
    16.    For quanti fi cation of the IPL, the area of IPL is plotted against 

the total length of the retina.        

 

     1.    Aliquot the NMDA stock solution to avoid repeated freeze–
thaw cycles.  

    2.    Keep in mind that injury of the lens will have a large in fl uence 
on the quality of your results, because lens injury induces sig-
naling cascades that are protective for RGC. Upon lens dam-
age,  β - and  γ -crystallins may be released into the vitreous cavity, 
a scenario that causes macrophage activation and/or secretion 
of ciliary neurotrophic factor (CNTF) from astrocytes  (  9–  12  ) . 
An injured lens will develop cataract and turn white 1 day after 
injection. This should not be mistaken from an immediate 
effect after the injection when the whole eye turns opaque due 
to the transient increase in volume.  

    3.    Be aware that different mouse strains do not only have different 
numbers of optic nerve axons  (  13  )  but may also show a differ-
ent susceptibility to NMDA-treatment due to their respective 
genetic background  (  13–  15  ) . Always perform dose–response 
experiments for your respective mouse model.  

    4.    Make sure that your experimental equipment is as clean as 
possible and sterile to avoid infections.  

    5.    Check if the tubing is linked to the Hamilton syringe and the 
needle without any leaks and the liquid is really injected into 
the eye.  

    6.    If you have problems with the injection, because the eye is 
evading the needle, you can keep the eye in position with the 
help of a spatula.  

  4.  Notes
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    7.    Injections should be performed slowly to avoid peaks of very 
high intraocular pressure, which can lead to mechanical 
constriction of retinal blood vessels and  fi nally cause retinal 
ischemia.  

    8.    If the needle is removed too soon, NMDA or PBS may spill 
out of the eye due to the temporarily increased volume.  

    9.    Quanti fi cation of RGC apoptosis, e.g., by TUNEL-labeling 
24 h after NMDA-injection  (  4  ) , is a method to assess the acute 
effects of excitotoxic RGC damage. Longer term effects are 
analyzed by counting the number of remaining RGC perikarya 
in the GCL or by counting the number of their axons in the 
optic nerve. Counting of RGC perikarya can be done on retinal 
whole mounts after retrograde labeling of RGC following 
Fluoro-Gold injection in both superior colliculi  (  15,   16  ) . 
A potential and critical pitfall of this method is underestima-
tion of RGC perikarya due to incomplete uptake of the tracer 
resulting in incomplete labeling. Alternatively, RGC may be 
labeled on retinal whole mounts by using antibodies against 
Brn3a, which recognize an epitope that is preferentially 
expressed on RGC  (  16,   17  ) . In our opinion, the method of 
choice to obtain a complete overview on the degree of NMDA-
mediated RGC damage is the quanti fi cation of the total num-
ber of remaining RGC axons in the optic nerve  (  4  ) . 
Quanti fi cation of the remaining RGC perikarya and measuring 
of IPL-area after NMDA-treatment on meridional retinal sec-
tions are less favorable as RGC are not homogeneously distrib-
uted throughout the retina. Such methods should only be used 
in conjunction with other methods, or if a substantially high 
number of sections are evaluated per eye.  

    10.    In our hands, a substantial labeling of TUNEL-positive apop-
totic RGC is observed 24 h after NMDA-induced damage, 
when about at least half of the cells in the GCL are TUNEL 
positive (Fig.  2 ).  

    11.    For standardization, central meridional sections should be used 
for analysis. To this end, both the optic nerve head and the 
open iris should be seen on the section.  

    12.    Counting of cells/axons or measuring of IPL area can be facili-
tated by microscope-speci fi c software (e.g., Axiovision, Zeiss). 
In addition to commercially available programs, free image 
analyzing programs are available, e.g., the  UTHSCSA 
ImageTool , which was developed in the Department of Dental 
Diagnostic Science at the University of Texas Health Science 
Center (  http://ddsdx.uthscsa.edu/Imagetool.asp    ).  

http://ddsdx.uthscsa.edu/Imagetool.asp
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    13.    Be aware that the apoptotic cells do not only represent RGC, 
as displaced amacrine cells in the GCL are very likely damaged 
by NMDA-treatment as well  (  1,   18  ) . In control retinae, which 
only received an injection of PBS, only very few apoptotic 
cells are detectable, predominantly in the outer nuclear layer 
(ONL), representing spontaneous apoptosis occurring in 
photoreceptors.  

    14.    Be aware that different mouse strains have different numbers 
of axons in their optic nerves  (  5  ) .  

    15.    Degeneration of RGC axons after excitotoxic damage continues 
for several weeks. Reliable results are already received by 
quanti fi cation of the total amount of axons 3 weeks after 
NMDA-injection (Fig.  3 ), although the process of degenera-
tion is still continuing.  

    16.    The degeneration of optic nerve axons starts at the perikarya 
and extends in direction to the brain. For this reason, 3 weeks 
after NMDA-injection only those sections should be analyzed 
which are as close as possible to the optic nerve head.  

    17.    Looking at optic nerves from PBS-treated eyes, numerous healthy 
axons can be detected which lie close to each other (Fig.  3a, b ). 
There are only small areas of glial tissue. Three weeks after 
NMDA-injection, the optic nerve shows a substantial loss of 
axons. Degenerated axons have been replaced by glial scars.  

    18.    Keep in mind that the degeneration of axons is not completed 
3 weeks post injection. There are a few dark and intensely 
stained axons displaying degeneration of their axonal myelin 
sheath (Fig.  3c, d ). Do not count such darkly stained axons, as 
these are still in the process of degeneration.  

    19.    Three weeks after intravitreal injections, apoptotic processes in 
the retina have been largely completed and cellular deposits 
have been removed.  

    20.    Perikarya of RGC can be identi fi ed by their size which usually 
is bigger than that of other cells in the GCL and their less 
dense chromatin (Fig.  4 ). Nuclei from endothelial cells which 
are also present in the GCL are much smaller and their chro-
matin stains darker because of its density.          
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    Chapter 8   

 Generation of Transgenic  X. laevis  Models of Retinal 
Degeneration       

     Beatrice   M.   Tam   ,    Christine   C.-L.   Lai   ,    Zusheng   Zong   , 
and    Orson   L.   Moritz        

  Abstract 

 Transgenic models are invaluable tools for researching retinal degenerative disease mechanisms. However, 
they are time-consuming and expensive to generate and maintain. We have developed an alternative to 
transgenic rodent models of retinal degeneration using transgenic  Xenopus laevis . We have optimized this 
system to allow rapid analysis of transgene effects in primary transgenic animals, thereby providing an 
alternative to establishing transgenic lines, and simultaneously allowing rigorous comparisons between the 
effects of different transgenes.  

  Key words:   Transgenic  Xenopus laevis  ,  Retinal degeneration ,  Dot blot ,  Confocal microscopy    

 

 We have developed techniques for generating and analyzing trans-
genic  Xenopus laevis  models of retinal degeneration (RD) based on 
mutations in the rhodopsin gene responsible for retinitis pigmentosa 
in humans  (  1–  9  ) ; we are also currently applying these techniques 
to the analysis of other transgenes in our laboratory. In addition, 
we (and others) have applied these and related techniques to studies 
of protein localization in photoreceptors  (  5–  19  ) , and to the analy-
sis of promoter activities  (  20–  27  ) . In general, these techniques 
differ from those typically used for analysis of transgenic rodents in 
that founder (“F0” or “primary”) transgenic animals are analyzed 
without further breeding to create transgenic lines, and the effects 
of multiple transgenes can be compared in a single experiment. 
Transgenic  X. laevis  are generated by injection of transgenic sperm 
into unfertilized eggs (the REMI/nuclear transplantation method) 
 (  28  ) , followed by an antibiotic selection protocol to eliminate 

  1.  Introduction
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non-transgenic embryos  (  29  ) . For antibiotic selection purposes, 
the DNA construct must contain a second transgene—a neomycin 
resistance cassette based on the  aphA-2  gene capable of function-
ing in eukaryotic cells, such as that found in the eGFP-N1 vector 
(Clontech). The primary transgenic animals generated by these 
methods are non-chimeric and can therefore be analyzed without 
further breeding  (  28  ) . In our experiments, the animals are typically 
sacri fi ced and analyzed two weeks after a set of injections, thereby 
allowing an entire experiment to be completed in under a month. 

 Using these techniques, two experienced individuals working 
together can easily generate more than 200 transgenic animals in a 
single day. A typical experiment would involve at least two trans-
genes—for example, a comparison of the effects of a wild-type rho-
dopsin cDNA and a rhodopsin mutant. However, we have often 
compared multiple transgenes (up to eight)  (  6  ) . The use of a wild-
type rhodopsin cDNA allows us to control for the effects of 
rhodopsin overexpression, although in contrast to results obtained 
in mice  (  30,   31  ) , these effects are typically quite minimal. 

 In addition, transgenic  X. laevis  containing two transgenes are 
also readily produced by simultaneously injecting two different 
transgene constructs  (  3  ) —the high success rate is likely due to high 
transgene copy numbers obtained using this method. 

 Because each resulting transgenic animal contains unique 
transgene integration sites and copy numbers, expression levels 
vary considerably between animals (typically over a range of two 
orders of magnitude for wild-type rhodopsin), with the highest 
expression levels approaching or exceeding 50% of total rhodopsin 
being least common  (  5–  7  ) . Given a suf fi cient yield of primary 
transgenic animals, this allows investigators to survey transgene 
effects at a variety of expression levels, and also to monitor the 
effects of mutations on protein expression levels  (  5–  8  ) . This 
requires a relatively high “N,” but this is generally easily achieved. 

 However, this non-normal distribution of expression levels, 
combined with the likelihood that a threshold expression level is 
required to achieve a phenotype, requires that special consider-
ations must be made for the analysis of transgene effects and 
RD—in particular, nonparametric statistical methods (which do 
not assume normally distributed data) should be employed when 
analyzing primary transgenic animals  (  5–  8  ) . 

 One confounding aspect of the system is the presence of posi-
tion effects that result in transgene silencing in a relatively high 
proportion of transgenic animals. This silencing can be transient 
(on and off) or relatively permanent, and can affect a subset or 
virtually all cells in an animal  (  15  ) . We have found that position 
effects can be minimized by two techniques that can be applied in 
combination: the use of antibiotic selection  (  29  )  (presumably 
because the neomycin resistance cassette is subject to similar silenc-
ing and therefore embryos with strong position effects do not survive), 
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and the use of a chicken  β -globin “double insulator” sequence in 
transgene constructs  (  32,   33  ) . 

 Although we have attempted to duplicate these procedures in 
the diploid species  Xenopus tropicalis , the resulting yield of primary 
transgenic animals is prohibitively low in our hands. This is likely 
due to the relatively small size of  X. tropicalis  eggs, which sustain 
comparatively greater damage on injection. We have also attempted 
to duplicate these procedures using other published methods for 
generation of transgenic  X. laevis , including  j C31 integrase  (  34  )  
and ISce1-mediated transgene integration  (  35,   36  )  methods. In our 
hands, these generate high yields of primary transgenic animals 
consistent with the original reports. However, the expression levels 
are insuf fi cient to allow for the development of an RD phenotype 
in a signi fi cant proportion of the animals. 

 The procedures we have described can also be used to generate 
transgenic lines with consistent RD phenotypes  (  2,   37  ) . Our stan-
dard approach is to initially conduct experiments with primary 
transgenic animals while setting aside a population to rear to sexual 
maturity (requiring 8 months to 1 year). 

 Here we present protocols for generation of transgenic embryos 
by nuclear transplantation, antibiotic selection of transgenic 
embryos, and dot blot analysis of total rod opsin levels to monitor 
RD. Other valuable resources for  X. laevis  transgenesis procedures 
are also available  (  38,   39  ) .  

 

      1.    Special equipment and materials required: Two high-quality 
dissecting microscopes (e.g., Zeiss Stemi), two micromanipu-
lators (e.g., Narishige MM-3 or similar), a syringe pump 
(e.g., Harvard pump 11 plus) equipped with two 50  μ l syringes, 
Tygon tubing, microcap pipettes, pipette puller (e.g., Flaming/
Brown type pullers manufactured by Sutter Instruments), 
cold room, adult  X. laevis  females (Fig.  1a  shows a typical 
injection setup).   

    2.    Needles for microinjection—we use microcap pipettes 
(Drummond, 30  μ l) using a single pull to achieve a taper 
length of approximately 1 cm, which we then break with twee-
zers to give a hypodermic-like pro fi le, and an opening diameter 
of 60–80  μ m (Fig.  1b, c ).  

    3.    Sperm nuclei—prepared according to Murray  (  40  )  as modi fi ed 
by Kroll and Amaya  (  28  )  and subsequently made up to a  fi nal 
concentration of 30% glycerol and 100 nuclei/nl, then aliquoted, 
and frozen at −80° for inde fi nite storage. We will typically do a 
prep using testes from 1 to 2 animals that will be suf fi cient for 
a large number of experiments.  

  2.  Materials

  2.1.  Generation of 
Transgenic  X. laevis  
Embryos
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    4.    High-Speed Egg Extract—prepared according to Murray  (  40  )  
as modi fi ed by Kroll and Amaya  (  28  ) , aliquoted, and frozen 
at −80°.  

    5.    Human chorionic gonadotropin (Sigma Aldrich)—made up at 
1 unit/ μ l.  

  Fig. 1.    Generation of transgenic  Xenopus laevis . ( a ) Eggs ready for injection. ( b ) Needle 
suitable for injection. ( c ) Unacceptable needle. ( d ) Eggs prior to injection of nuclei. ( e ) Eggs 
immediately following injection of nuclei—very little noticeable damage, eggs have acti-
vated. ( f ) Embryos after two cell divisions—those noted by an  asterisk  will be retained, 
others show abnormal cell divisions or are nondividing. ( g ) Embryos immediately prior to 
antibiotic selection (gastrula or neurula stage). Some embryos have an attached bleb 
consisting of cells that have leaked from the injection site. ( h ) Surviving abnormal (likely 
non-transgenic) embryos following antibiotic selection. ( i ) Surviving normal (likely trans-
genic) embryos following G418 selection. (( b ), ( c )—bar = 100  μ m. ( d ), ( e ), ( h ), ( i )—
bar = 2 mm. ( f ), ( g )—bar = 1 mm).       
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    6.    Linearized transgene DNA—This can be prepared by either 
linearization of plasmids containing the transgenes with a 
restriction enzyme followed by gel puri fi cation (we use kits 
available from Qiagen) or ampli fi cation of the necessary 
sequence by long accurate PCR followed by similar gel 
puri fi cation. The  fi nal prep should be diluted to 75 ng/ μ l in 
dH 2 O. If the antibiotic selection protocol is to be used, it is 
critical that a neomycin-resistance cassette is present in the 
transgene construct, and is not disrupted by the plasmid linear-
ization process. It is also critical to eliminate all circular DNA, 
and to use DNA at the speci fi ed concentration (see Note 1).  

    7.    Mark’s modi fi ed ringer (MMR): 100 mM NaCl, 2 mM KCl, 
1 mM MgCl 2 , 2 mM CaCl 2 , 5 mM HEPES pH 7.4 and auto-
claved. We prepare 1 and 20× stocks.  

    8.    Tadpole Ringer: 10 mM NaCl, 0.2 mM KCl, 0.1 mM MgCl 2 , 
0.2 mM CaCl 2 . We prepare as 100× stock.  

    9.    2% Cysteine solution: 1 g of cysteine hydrochloride added to 
50 ml of 1× MMR, pH adjusted to 8.0 with 2N NaOH, freshly 
prepared on the day needed.  

    10.    Sperm dilution buffer (SDB): 250 mM sucrose, 75 mM KCl, 
0.5 mM spermidine trihydrochloride, 0.2 mM spermine tetra-
hydrochloride; titrated to pH 7.4 with NaOH.  

    11.    Ficoll solutions: 0.1× MMR + 6% Ficoll 400, and 0.4× 
MMR + 6% Ficoll 400,  fi lter sterilized.  

    12.    Gentamycin stock solution: 10 mg/ml gentamycin.  
    13.    Agarose injection plates: 2% agarose dissolved in dH 2 O and 

autoclaved. Pour into 50 mm petri dishes and  fl oat 2 × 2 cm 
pieces of autoclaved silicone (cut from a silicone baking sheet 
or a similar product) in the center of the dish. Once the aga-
rose has set, cover the surface with sterile 1× MMR, replace 
lids, and seal with para fi lm for storage at 4°C.      

      1.    Translucent or transparent  fl at-bottomed plastic bins suitable 
for rearing tadpoles, such as Nasco Flex-tanks. Glass tanks can 
also be used.  

    2.    G418 (Geneticin) (Gibco-BRL).      

      1.    Dot blot apparatus (for example Biorad Bio-Dot).  
    2.    LI-COR Odyssey imaging system.  
    3.    Nylon membrane (e.g., Immobillon-P, Millipore).  
    4.    Miniature homogenizer (e.g., Kontes Pellet Pestle).  
    5.    Mini-scalpel and forceps or similar dissection tools (e.g., Beaver 

Microsharp or a similar one)   .  
    6.    Tricaine (MS-222) anesthetic.  

  2.2.  Antibiotic 
Selection of 
Transgenic Embryos

  2.3.  Blot Analysis of 
Retinal Degeneration
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    7.    Modi fi ed SDS-PAGE loading buffer (standard SDS-PAGE 
loading buffer diluted 2× with phosphate-buffered saline 
(PBS), and containing 1 mM PMSF and 2 mM EDTA). For 
1 ml, combine 0.5 ml of PBS, 0.5 ml of SDS-PAGE loading 
buffer (5% SDS, 0.1 M    Tris HCl pH 6.8, 40% sucrose, and 
0.1% Bromophenol blue), 40  μ l of 2-mercaptoethanol, 4  μ l of 
0.5 M EDTA pH 8.0, and 10  μ l of 100 mM PMSF.  

    8.    20 mM Sodium Phosphate pH 7.5.  
    9.    Hybridoma B630N cell culture supernatant (a monoclonal 

anti-rod opsin antibody with broad cross-reactivity available 
from Dr. W. Clay Smith, University of Florida).  

    10.    IR-Dye 800 conjugated goat anti-mouse secondary antibody 
(LICOR).  

    11.    PBS, powdered milk, Tween-20, and SDS.       

 

      1.    Prepare linearized transgene DNA.  
    2.    Two days prior to experiment: late in the day, inject three or 

more female  X. laevis  with 50 units of human chorionic gonad-
otropin (subcutaneous injection). The females are subsequently 
kept in 18°C dH 2 O containing 10 mM NaCl.  

    3.    One day prior to experiment: Late in the day, reinject the 
female  X. laevis  with 700 units of human chorionic 
gonadotropin.  

    4.    On the day of the experiment—Prepare fresh cysteine solution, 
and dilute the restriction enzyme (the same enzyme used for 
linearization of the transgene construct) to 0.1 unit/ μ l with 
SDB. Thaw aliquots of egg extract and sperm nuclei and store 
with diluted restriction enzyme on ice (see Note 2).  

    5.    Ensure that the female  X. laevis  are laying eggs, and transfer 
them to clean tanks.  

    6.    Steps 7–14 are conveniently split between two researchers. 
One researcher can carry out steps 7–9 while the second carries 
out steps 10–14. An experienced individual can perform all 
steps simultaneously. However, the goal is for steps 9 and 14 to 
be completed simultaneously.  

    7.    Squeeze eggs into a 10 cm petri dish containing 1× MMR. 
Squeezing frogs correctly requires some instruction and prac-
tice, and should not cause any injury to the frogs. Do not use 
eggs that have been previously laid into the tank water. Try to 
obtain on the order of 800–1,600 eggs.  

  3.  Methods

  3.1.  Generation of 
Transgenic  X. laevis  
Embryos
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    8.    Replace the 1× MMR solution covering the eggs with 2% 
cysteine solution, and agitate the dish until the jelly coating is 
removed. Wash the eggs repeatedly in 1× MMR, removing any 
abnormal or lysing eggs in the process (at least three washes).  

    9.    Remove the 1× MMR solution and silicone square from a 
suf fi cient number of agarose dishes (typically 2–4) and replace 
with 0.4× MMR + 6% Ficoll solution. Transfer the de-jellied 
eggs into the wells formed by the silicone squares, carefully 
forming a single layer of tightly packed eggs, while transferring 
as little solution as possible.  

    10.    Add 2.5  μ l of the linearized DNA constructs to two Eppendorf 
tubes (if two different constructs will be injected by the two 
researchers) (Fig.  1a ).  

    11.    Add 2  μ l of sperm nuclei to each tube, and incubate for 5 min 
at 18°C.  

    12.    Add 0.5  μ l of diluted restriction enzyme, 3.5  μ l egg extract, 
and 10  μ l of SDB, mix gently, and incubate for 10 min at 
18°C.  

    13.    Dilute the reaction in SDB to give a  fi nal concentration of 0.3 
nuclei/nl (see Note 3). Back-load two injection needles with 
the reactions, connect the needles to the syringe pump, and 
mount them in the micromanipulators. The injection needles 
should be mounted at an angle of 45° from horizontal. Set the 
syringe pump to deliver 36  μ l/h (10 nl/s) (see Note 4).  

    14.    Inject the eggs as quickly as possible, making sure to leave the 
needle in each egg for a total of 1 s. Eggs should be injected 
half way between the pole and equator, such that the needle 
enters perpendicularly, doing as little damage as possible 
(Fig.  1d–e ). An experienced injector can inject at a rate of 40 
eggs/minute, so two individuals can inject 1,600 eggs in 
approximately 20 min. After this point, both the eggs and reac-
tions will begin to deteriorate in quality.  

    15.    After the  fi rst set of injections are complete, set the plates aside, 
and resume the procedure at step 6 to perform another set of 
injections (if desired).  

    16.    Monitor the injected eggs and watch for the start of cell divi-
sion—this should be reasonably synchronized across the plate. 
At the second cell division, use a  fi re-polished Pasteur pipette 
to remove all the correctly dividing eggs (four cells) that can be 
identi fi ed (Fig.  1f ), and place them in a dish of 0.1× MMR + 6% 
Ficoll containing 50  μ g/ml gentamycin antibiotic. Under 
optimal conditions, 1/3 of the injected eggs will divide cor-
rectly, 1/3 will not divide, and 1/3 will divide abnormally due 
to receiving more than one sperm nucleus. Assess the numbers 
in each category, and adjust the dilution factor or quantity of 
nuclei added in further reactions accordingly.  
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    17.    After 24 h, transfer the surviving embryos to tadpole ringer for 
rearing (Fig.  1g ), or proceed with the antibiotic selection pro-
tocol below if desired. Under optimal conditions, the majority 
of the correctly dividing embryos will survive the  fi rst 24 h, 
and the yield after 14 days will be reduced by approximately 
1/3—the attrition is likely due to genomic damage. 
Approximately 1/3 of the embryos will be transgenic.      

      1.    On the day following fertilization (gastrula or neurula stage), 
transfer the surviving embryos to 0.1× MMR containing 
20  μ g/ml G418. Place no more than 200 embryos per liter of 
antibiotic solution in a suitable container such as a Nasco Flex 
Tank, and maintain the tanks at 18°C.  

    2.    Monitor the embryos, continuously removing any dead 
embryos—after 120 h, a signi fi cant proportion of the embryos 
will be developmentally delayed, arrested, or dead. For the 
purposes of troubleshooting it may be useful to divide initial 
experiments into selected and nonselected groups so that the 
effects of the G418 treatment can be differentiated from those 
due to normal attrition. Occasionally shorter treatments (96 h) 
or longer treatments (up to 144 h) are necessary before selec-
tion effects are apparent.  

    3.    When healthy and developmentally delayed embryos can be clearly 
differentiated (Fig.  1h, i ), the healthy embryos can be separated 
manually (regardless of whether the selection has progressed to 
completion), transferred to 0.1× MMR or 1× tadpole ringer, and 
allowed to develop to the stage required for analysis (e.g., stage 
49–50, 14 days following fertilization). At this point, the animals 
are transferred to normal housing conditions (clear plastic tanks 
containing tadpole ringer, 18°C, with daily feeding of powdered 
frog chow). Typically, 20% of the embryos subjected to G418 
selection will survive, and >90% of these will be transgenic.  

    4.    Although this protocol usually results in >90% transgenic ani-
mals, it is still critical to con fi rm that the majority of animals 
are transgenic. This can be done by a variety of methods, the 
simplest being to screen the animals visually for  fl uorescence if 
the transgene encodes a  fl uorescent product such as a GFP 
fusion protein. Other suitable methods include PCR of 
genomic DNA, southern blot  (  15  ) , co-injection of a transgene 
encoding a  fl uorescent protein  (  3  ) , immuno-labeling of frozen 
sections from the contralateral eye with an antibody speci fi c for 
the transgene product  (  5–  7  ) , or a dot- or western blot assay 
similar to that described below using an antibody speci fi c for 
the transgene product  (  5–  7  )  (we have used antibodies 1D4 
and 2B2 for labeling our rhodopsin transgene products, as 
these antibodies do not label the endogenous  X. laevis  
rhodopsin; we have also used anti-HA for HA-tagged trans-
gene products  (  3  ) ).      

  3.2.  Antibiotic 
Selection of 
Transgenic Embryos
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  The following procedures are optimized for a time point of 14 days 
post fertilization.

    1.    Sacri fi ce the transgenic tadpoles by an overdose of Tricaine 
anesthetic (0.1% in 0.1× MMR).  

    2.    Enucleate one eye from each animal to be analyzed and place 
in an Eppendorf tube containing 100  μ l of modi fi ed SDS-
PAGE loading buffer. (The remaining eye can be used for 
other assays such as histology or RNA isolation. For histology, 
 fi x overnight in 4% paraformaldehyde in 0.1 M sodium phos-
phate buffer pH 7.5.)  

    3.    Homogenize for 30 s, rinsing the homogenizer in dH 2 O 
between samples.  

    4.    Once all samples are homogenized, centrifuge for 5 min at 
maximum speed in a benchtop microfuge (see Note 5).  

    5.    Dilute each sample 300× using 20 mM sodium phosphate pH 7.5 
(use a 96-well plate to aid organization) (see Notes 3 and 6).  

    6.    Load the dot blot apparatus with a sheet of membrane pre-
pared according to the manufacturer’s instructions, and add 
270  μ l of sodium phosphate buffer per well (see Note 7).  

    7.    Add 30  μ l of each sample prepared in step 6 to each well pre-
pared in step 7 (i.e., each sample is further diluted on loading 
into the apparatus, for a combined dilution of 3,000×) (see 
Notes 3 and 6).  

    8.    Draw the samples through the membrane using vacuum, fol-
lowed by several rinses of dH 2 O.  

    9.    Remove the membrane from the apparatus, rinse with dH 2 O, 
and air-dry.  

    10.    Prepare the membrane for immunoblotting according to the 
manufacturer’s instructions (see Note 7).  

    11.    Block with PBS containing 1% powdered milk for 30 min.  
    12.    After rinsing with PBS/0.5% Tween, label overnight with 

B630N cell culture supernatant diluted 20× in PBS/0.5% 
Tween/0.1% powdered milk (see Notes 3 and 6).  

    13.    After rinsing with PBS/0.5% Tween, label with IRDye800 sec-
ondary antibody diluted 10,000× in PBS/0.1% powdered 
milk/0.5% Tween/0.02%SDS for 2–4 h. This antibody must 
be protected from all light exposure (see Notes 3 and 6).  

    14.    Image the dot blot using a LI-COR Odyssey imaging system. 
Quantify the signal from each sample—these measurements 
can be used for comparative purposes between animals and 
between groups of animals. In general, a low B630N signal 
(i.e., low rod opsin levels) is likely to be a result of missing 
or abnormal rod photoreceptors, and indicates RD—however 
this should be con fi rmed by a second assay (for example, 
histology performed on contralateral eyes) (Fig.  2 ). 

  3.3.  Dot Blot Analysis 
of Retinal 
Degeneration
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  Fig. 2.    Analysis of transgenic  Xenopus laevis .  Top  : B630N dot blot for total rod opsin from 
an experiment involving three different transgene constructs (wild-type human rhodopsin, 
human T4K rhodopsin, and human T17M rhodopsin). On average, animals expressing the 
hT17M mutant show the lowest intensity rod opsin signals, likely indicating RD.  Lower 
panels  : Confocal microscopy of representative contralateral eyes (cryosections stained 
with wheat germ agglutinin) con fi rms RD in the hT17M mutant animals. Panels repro-
duced with permission from Fig.  1  of Tam et al.  (  5  )  (Bar = 100  μ m).       
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Alternatives to the Odyssey imaging system (such as 
chemiluminescence-based detection) could be employed. 
The Odyssey imaging system gives a broad linear response 
and is ideal for this purpose. However, nonparametric statis-
tical methods (necessitated by the non-normal distribution 
of the resulting data; see introduction) require only ordinal 
data, and therefore a completely linear response is not criti-
cal, although every effort should be made to ensure that the 
assay response is as linear as possible. The assay can be easily 
optimized using serial-diluted samples obtained from non-
transgenic eyes.        

 

     1.    For troubleshooting purposes, it may be useful to use a GFP 
transgene with expression driven in all tissues by a promoter 
such as CMV.  

    2.    From this point onward, it is advisable (but not critical) to 
carry out further steps in an 18°C cold room.  

    3.    Dilutions and concentrations may need to be optimized.  
    4.    Theoretically, it is optimal to inject an average of one sperm 

nucleus per egg, whereas we typically inject three. This num-
ber was arrived at empirically, and may re fl ect a tendency for 
sperm nuclei to leak from the injection site, and for a portion 
of the sperm nuclei to be nonviable.  

    5.    These samples are also suitable for analysis by standard 
western blot.  

    6.    The concentrations given result in the majority of samples lying 
within a linear response range of the assay in our hands.  

    7.    For Immobilon-P, wet with methanol, and then rinse with dH 2 O.          
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    Chapter 9   

 Analysis of Photoreceptor Degeneration 
in the Zebra fi sh  Danio rerio        

     Holger   Dill   ,    Bastian   Linder   ,    Anja   Hirmer   , and    Utz   Fischer         

  Abstract 

 Disturbances in the general mRNA metabolism have been recognized as a major defect in a growing number 
of hereditary human diseases. One prominent example of this disease group is Retinitis pigmentosa (RP), 
characterized by selective loss of photoreceptor cells. RP can be caused by dominant mutations in key 
factors of the pre-mRNA processing spliceosome. In these cases, the complex events leading to the RP 
phenotype can only insuf fi ciently be analyzed in rodents or other model organisms due to the essential 
functions of these splice factors. Here we introduce the zebra fi sh  Danio rerio  as a valuable vertebrate 
model system to study RP and related diseases.  

  Key words:   Retinitis pigmentosa ,  Photoreceptor degeneration ,  mRNA metabolism ,  Spliceosome , 
 Genetic analysis ,  Zebra fi sh    

 

 Mutations that affect pre-mRNA processing are a frequent cause of 
genetic diseases. Depending on the mutated component, these dis-
eases can be grouped into two major classes. The  fi rst and major 
group encompasses diseases where mutations affect regulatory 
sequences in distinct mRNAs and hence interfere with their accu-
rate maturation. In contrast to this group stands the second class 
of diseases, which is characterized by mutations in general trans-
acting factors involved in pre-mRNA processing. Because in the 
latter case, a more widespread defect in mRNA metabolism can be 
anticipated, the etiology of these diseases is expected to be rather 
complex and dif fi cult to analyze at the molecular level. 

 One prominent example for a hereditary disease caused by 
mutations in general pre-mRNA processing factors is Retinitis pig-
mentosa (RP). This neurodegenerative disease is characterized by a 
severe rod–cone dystrophy leading to blindness (for review see ref.  1  ) . 

  1.  Introduction
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The vast majority of RP cases is caused by mutations in genes with 
speci fi c functions in visual perception  (  2  ) . However, approximately 
11% of autosomal dominant RP cases result from mutations in one 
of the three general splice factor genes PRPF3, PRPF8, and 
PRPF31  (  3–  5  ) . Their gene products are part of the U4/U6.U5 
tri-snRNP, a particle that is formed by an intricate network of 
interactions between more than 30 proteins and 3 snRNAs ( (  6  )  
and references therein). This snRNP contributes substantially to 
the active center of the spliceosome and contains essential compo-
nents for the dynamic rearrangements that occur during its assem-
bly and activation (for a recent review, see ref.  7  and references 
therein). 

 The question arises: How can mutations in general splice factors 
transform into a highly tissue-speci fi c phenotype as observed in RP 
patients? To answer this question, a valuable disease model is 
required. The zebra fi sh  Danio rerio  offers several advantages for this 
type of investigation over other common model organisms. First, 
using a morpholino-based knockdown approach allows  fi ne-tuned 
gene-silencing  (  8  ) , an important condition when analyzing essential 
proteins such as splice factors. Second, effects on photoreceptor cell 
morphology and function can be directly studied in a functionally 
cone-dominated retina that is similar to its human counterpart  (  9  ) . 
Finally, it allows for the expression pro fi ling of eye-speci fi c transcripts 
and is thus advantageous over cell culture systems  (  10  ) . 

 In this chapter we summarize strategies and methods that have 
recently been used to investigate retina histology and vision-
controlled behavior of zebra fi sh larvae de fi cient in RP-associated 
splice factors  (  11  ) . After a general introduction of zebra fi sh main-
tenance and manipulation by microinjection, protocols for the 
immunohistochemical and immunological analysis of the eye are 
provided. The last part describes the analysis of the visuomotor 
behavior of manipulated larvae and provides an easy-to-use com-
puter program for its analysis.  

 

      1.    Zebra fi sh Tu (Tübingen Zebra fi sh stock collection;   http://
www.eb.tuebingen.mpg.de    ).  

    2.    Danieau’s embryo medium stock: 58 mM NaCl, 0.7 mM KCl, 
0.4 mM MgSO 4  × 7H 2 O, 0.6 mM Ca(NO 3 ) 2,  0.5 mM HEPES, 
1 mM Methylene blue in water.      

      1.    Morpholino antisense oligos (Gene Tools, Philomath USA). 
Morpholino stocks (3 mM in water) are stored at −80°C.  

    2.    Glass capillaries GC100F-10 (Cat No. 30-0019, Harvard 
Apparatus, Hamden, USA).  

  2.  Materials

  2.1.  Zebra fi sh 
Maintenance 
and Breeding

  2.2.  Microinjection 
of Zebra fi sh Embryos

http://www.eb.tuebingen.mpg.de
http://www.eb.tuebingen.mpg.de
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    3.    P-97 Flaming/Brown micropipette puller (Cat No. 1B150F-3, 
Sutter Instrument Company, Novato, USA).  

    4.    Microinjector FemtoJet (Cat No. 920010504, Eppendorf, 
Hamburg, Germany).  

    5.    SMZ 800 stereomicroscope (Nikon, Melville, USA).  
    6.    Microloader tips (Cat No. 5242 956.003, Eppendorf, Hamburg, 

Germany).  
    7.    100× 1-phenyl-2-thiourea (PTU) stock (Cat No. P7629, 

Sigma-Aldrich, St. Louis, USA), 0.02 M in water.      

       1.    Zebra fi sh larvae (age depending on the experiment).  
    2.    Forceps.  
    3.    Small lockable glass tubes (~8 ml).  
    4.    Shaker.  
    5.    PBST washing buffer: 0.1% Tween 20 in PBS (0.14 M NaCl, 

2.7 mM KCl, 3.2 mM Na 2 HPO 4  × 12H 2 O, 1.5 mM KH 2 PO 4 , 
pH 7.4).  

    6.    Fixative solution: 4% paraformaldehyde in PBST.      

      1.    30% Aqueous saccharose solution.  
    2.    Aluminum foil.  
    3.    Tissue-Tek O.C.T. Compound (Sakura, Zoeterwoude, The 

Netherlands).  
    4.    Stemi SV6 stereomicroscope (Zeiss, Jena, Germany).  
    5.    Styrofoam-box  fi lled with liquid nitrogen.  
    6.    Plastic beaker  fi lled with isopentane.      

      1.    Jung Frigocut 2800N Cryomicrotome (Leica Mycrosystems, 
Wetzlar, Germany).  

    2.    SuperFrost Plus microscope slides (Cat No. J3800AMNZ, 
Menzel, Braunschweig, Germany).      

      1.    Cuvette for microscope slides.  
    2.    Humid chamber.  
    3.    Blocking solution: 2% goat serum (Cat No. CL1200-100, 

Cedarlane, Burlington, Canada) in PBS.  
    4.    Primary antibody in PBS with 0.3% Triton X-100 and 5% goat 

serum.  
    5.    Secondary antibody in PBS with 0.3% Triton X-100 and 5% 

goat serum.  
    6.    Vectashield Mounting Medium with DAPI (Cat No. H-1200, 

Vector Laboratories, Burlingame, USA) diluted 1:1 with H 2 O 

  2.3.  Analysis of the 
Zebra fi sh Retina by 
Immuno fl uorescence 
Staining

  2.3.1.  Fixation of Zebra fi sh 
Larvae

  2.3.2.  Embedding of Fixed 
Larvae

  2.3.3.  Cryosectioning

  2.3.4.  Immuno fl uorescence 
Staining of Cryosections
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and 2.5% DAKO  fl uorescent mounting medium (Cat No. 
S3023, Dako Deutschland GmbH, Hamburg, Germany).  

    7.    Square coverslips (24 × 60 mm).  
    8.    Axiovert 200 M microscope (Zeiss, Jena, Germany).  
    9.    Axiocam MRm digital camera (Zeiss, Jena, Germany).       

      1.    SDS loading dye (100 mM Tris pH 6.8, 1% SDS, 50% Glycerine, 
Bromophenol blue, Xylene cyanol) mixed 1:1 with Buffer B 
(8 M Urea, 100 mM NaH 2 PO 4 , 10 mM Tris pH 8.0); add 
1/20 volume 14.3 M  b -Mercaptoethanol before usage.  

    2.    SDS-PAGE equipment and Western blot apparatus.  
    3.    Biotrace NT Nitrocellulose transfer membrane (Cat No. 

66485, Pall, Pensacola, USA).  
    4.    Primary and secondary antibodies in 1× NET-gelatine buffer 

(150 mM NaCl, 5 mM EDTA, 50 mM Tris pH 7.5, 0.05% 
Triton X-100, 2.5 g/l gelatine)   .  

    5.    TBT (150 mM NaCl, 6 mM Tris, 19 mM Tris/HCl, 0.5% 
Tween 20 (v/v)).      

      1.    Apparatus to measure OKN and stereomicroscope with 
Axiocam MRc5 digital camera (Zeiss, Jena, Germany).  

    2.    3% (w/v) methyl cellulose in 0.3× Danieau’s embryo medium 
without Methylene blue.  

    3.    NIH ImageJ with “Excel_Writer.jar” plug-in and “ fi sh_eye_
analysis.txt” macro toolset (available at   http://www.biochem.
biozentrum.uni-wuerzburg.de/protocols/    ).  

    4.    Microsoft Excel with “ fi shtab.xlt” in the default template folder 
(available at   http://www.biochem.biozentrum.uni-wuerzburg.
de/protocols/    ).       

 

  Adequate keeping conditions are essential to sustain health and 
fertility of zebra fi sh. Adult male and female  fi sh are kept separated 
in a recirculation system at ~28.5°C and conditioned water. The 
light–dark cycle is adjusted to 14 h of light and 10 h of darkness. 
If used for continuous egg production, feed  fi sh three times a day 
with dry food  fl akes or     baby brine shrimp (small artemia) . 

 The following procedure ensures constant spawning of fertil-
ized eggs.

    1.    In the late evening, set up mating crosses in a mating container 
separated by a sieve.  

  2.4.  Single Larvae 
Western Blotting

  2.5.  Analysis of 
Visuomotor Behavior

  3.  Methods

  3.1.  Zebra fi sh 
Maintenance 
and Breeding

http://www.biochem.biozentrum.uni-wuerzburg.de/protocols/
http://www.biochem.biozentrum.uni-wuerzburg.de/protocols/
http://www.biochem.biozentrum.uni-wuerzburg.de/protocols/
http://www.biochem.biozentrum.uni-wuerzburg.de/protocols/


1319 Analysis of Photoreceptor Degeneration in the Zebrafish Danio rerio

    2.    At the beginning of the light period, put males and females 
together in fresh  fi sh water. Laid eggs will fall through the sieve 
and be protected from being eaten by the adult  fi sh.  

    3.    Collect eggs with a plastic pipette and store them in 0.3× 
Danieau’s embryo medium in a Petri dish for subsequent 
microinjection.      

  To transiently knock down genes of interest in reverse genetic 
approaches, morpholino antisense oligos are injected into zebra fi sh 
zygotes. To avoid harsh disturbance of embryonic development or 
off-target effects, it is advisable to titrate morpholinos down to a 
sublethal or nontoxic concentration in a preliminary test. This is 
especially important when analyzing essential genes, like splice 
factors.

    1.    Prepare a Petri dish  fi lled with 1.5% agarose dissolved in 0.3× 
Danieau’s embryo medium. Place a mold with rectangular 
strips on the agarose surface and let the agarose cool down to 
room temperature (see  Note 1 ).  

    2.    Produce micropipettes for injection from glass capillaries by 
using a micropipette puller.  

    3.    Dilute morpholino stocks to an appropriate concentration with 
deionized, UV-sterilized water directly before injection. Heat 
morpholino solutions to 65°C for 10 min to make them soluble 
and afterwards keep them at room temperature (RT).  

    4.    For microinjection only embryos at the one-cell stage should 
be used. To prepare newly fertilized eggs for injection, place 
them into the agarose slots with forceps and orientate them 
with yolk opposite to the micromanipulator. Remove the 
remaining embryo medium with a glass pipette.  

    5.    Transfer ~1  m l morpholino solution to a micropipette with a 
microloader tip.  

    6.    Adjust injection pressure to  fi nally inject a volume of ~0.5 nl 
directly into the yolk. Morpholino oligos will be transported to 
the overlaying cells by ooplasmic streaming.     

 After injection, embryos are raised in an incubator at ~28.5°C 
and same illumination conditions as adult  fi sh (see Subheading  3.1  
and Note 2). Developmental stages are determined according to 
 (  12  ) . For histological analyses at stages beyond 31 hours post fer-
tilization (hpf) pigmentation is perturbing. To inhibit melaniza-
tion, embryos can be treated with PTU after gastrulation. 
Knockdown ef fi ciency needs to be controlled for every individual 
experiment by standard Western blot procedures (see 
Subheading  3.4 ).  

  3.2.  Microinjection of 
Zebra fi sh Embryos
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  To make the retinal tissue accessible for histological analysis, eyes of 
the larvae need to be prepared by cryosectioning. Immuno fl uorescence 
staining with appropriate primary antibodies and adequate 
 fl uorochrome-conjugated secondary antibodies allows for the 
analysis of photoreceptor morphology by  fl uorescence microscopy. 
Carry out all steps at RT, unless otherwise indicated. 

      1.    Remove chorion with forceps if necessary (embryonic stages 
beyond 24 hpf).  

    2.    Transfer larvae into a glass tube.  
    3.    Remove the embryo medium and rinse larvae once in PBST.  
    4.    Fix larvae with  fi xative solution overnight at 4°C or for 1 h.  
    5.    To remove the remaining  fi xative solution wash three times in 

PBST for 5 min each on a shaker.      

      1.    For cryoprotection incubate  fi xed embryos in 30% saccharose 
in a glass tube overnight at 4°C.  

    2.    Make a cylinder using aluminum foil, height approximately 
1.5 cm, diameter approximately 1.0 cm (see  Note 3 ).  

    3.    Fill the cylinder with Tissue-Tek.  
    4.    Grab the tail of a larva with forceps and put it head-down into 

the cryomatrix (see Fig.  1a ).   
    5.    Put a maximum of  fi ve larvae into one cylinder and check if all 

larvae are directed parallel. Binocular usage is optional for this.  
    6.    Precool a plastic beaker  fi lled with isopentane in a Styrofoam-

box with liquid nitrogen.  
    7.    Pick the cylinder with forceps and put its bottom into the iso-

pentane until the matrix is completely frozen (see Fig.  1b ). 
Take care that no isopentane  fl ows into the cylinder.  

    8.    Store the frozen blocks at −80°C.      

  3.3.  Analysis of the 
Zebra fi sh Retina by 
Immuno fl uorescence 
Staining

  3.3.1.  Fixation of Zebra fi sh 
Larvae

  3.3.2.  Embedding 
of Fixed Larvae

Tissue Tek

forceps

a b

aluminium foil 
cylinder

zebrafish larva

liquid
nitrogenisopentane

plastic beaker

styrofoam
box

  Fig. 1.    Preparation of zebra fi sh larvae for cryosectioning. ( a ) PFA  fi xed larvae are positioned head-down in an aluminum 
cylinder  fi lled with Tissue-Tek cryomatrix. Semi fl uid texture of the cryomatrix keeps larvae in a vertical position. ( b ) Samples 
are frozen with liquid nitrogen-cooled isopentane.       
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      1.    Precool the cryomicrotome to −20°C.  
    2.    Remove the aluminum foil of a frozen block.  
    3.    Fix the block with a drop of Tissue-Tek on the microtome 

specimen holder.  
    4.    Adjust thickness of the slices to approximately 8  m m and the 

angle between blade and block in a way that larvae are cut in a 
90° angle to the body axis.  

    5.    Cut one or more slices. Take care that they do not overlap.  
    6.    Absorb the slices onto a room tempered SuperFrost Plus 

microscope slide.  
    7.    Store slides in a slide case at −20°C.      

      1.    Wash slides three times in a cuvette with PBS for 10 min 
each.  

    2.    Put slides on a holder in a humid chamber (see Fig.  2 ).   
    3.    Block unspeci fi c binding sites by pipetting 1 ml of 2% goat 

serum in PBS on each slide and incubate it for 20 min.  
    4.    Remove the blocking solution by soaking it up with a paper 

towel.  
    5.    Apply primary antibody solution onto the slides (~150  m l per 

slide), cover each slide with plastic foil, and incubate overnight 
at 4°C.  

    6.    Remove unbound primary antibody by washing the slides three 
times with PBS in a cuvette for 15 min each.  

    7.    Repeat steps 5 and  6  with the secondary antibody solution. 
For example, use Texas Red dye-conjugated goat anti-mouse 

  3.3.3.  Cryosectioning

  3.3.4.  Immuno fl uorescence 
Staining of Retinal Sections

microscope
slide

holder

wet paper
towel

chamber

  Fig. 2.    Microscope slides are put on a holder in a humid chamber and incubated with 
antibody solution. To avoid drying-out of specimens, even when applying minute amounts 
of antibody solution, microscope slides are covered with plastic foil.       
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IgG + IgM (Jackson ImmunoResearch, Baltimore, USA) (see 
Notes 4 and  5 ).  

    8.    Put a few drops of mounting medium on the slide and place a 
square coverslip on it. The contained DAPI stains the nucleus. 
Subject the stained cryosections to analysis by  fl uorescence 
microscopy.       

  Transfer individual embryos into Eppendorf-caps (0.5 ml) with a 
plastic Pasteur pipette. If larvae are older than 2 days post fertilization 
(dpf), anesthetize larvae  fi rst by keeping them on ice for 30 min.

    1.    Remove embryo medium completely using a 200  m l pipette.  
    2.    Add 22  m l SDS/Urea loading dye.  
    3.    Heat at 95°C for 10 min.  
    4.    Homogenize by trituration with a 20  m l pipette.  
    5.    Spin down at 16,100 ×  g  for 15 min in a standard benchtop 

microcentrifuge to remove yolk debris.  
    6.    Load 20  m l lysate on a polyacrylamide gel and follow standard 

SDS-PAGE/Western blot procedure.      

  Even if retinal morphology appears in a wild-type manner, process-
ing of visual input within the retina can be disturbed. To detect 
these subtle effects, behavioral assays are applicable. We routinely 
measure the optokinetic nystagmus (OKN) to analyze visual capac-
ity of zebra fi sh larvae. Therefore a rotating pattern of bright and 
dark stripes is presented to the larva (Fig.  3  and see  Note 6 ). 

    1.    Prepare 6 cm Petri dish  fi lled with 3% methyl cellulose, and 
calibrate OKN grating (adjust speed).  

    2.    Place individual larvae into the center of camera view, embed 
with methyl cellulose (see  Note 7 ), and form an air bubble to 
monitor rotation (see  Note 8 ).  

    3.    Orient in a way that allows convenient separation of eyes by 
semi-automated image processing (see  Note 8 ).  

    4.    Simultaneously start image acquisition and rotation of grating 
(switch direction after 10 s; stop at 20 s); for quantitative anal-
ysis count the number of saccades presented; for qualitative 
analysis save video as avi- fi le (uncompressed) (see  Note 9 ).  

    5.    In ImageJ, switch toolset to “ fi sh_eye_analysis” and import 
the avi- fi le as image sequence (“ fi sh_avi_import” button:     ).  

    6.    Adjust brightness/contrast in a way that separates eyes and 
body axis (for a preset, use the “ fi sh_image_adjust” button:     ).  

    7.    Convert to binary image (process/binary/make binary).  
    8.    Perform particle analysis to create ellipses corresponding to 

eyes and body axis (“ fi sh_particle_analysis” button:     ).  

  3.4.  Single Larvae 
Western Blotting

  3.5.  Analysis of 
Visuomotor Behavior
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    9.    Consecutively measure the ellipses corresponding to left eye, 
body, and right eye, respectively: use the “ fi sh_measure_eye” 
tool (    ) and click into the center of the corresponding ellipse; 
when prompted save Excel  fi le (write all results to the same  fi le, 
select “replace  fi le” and “create new worksheet” when 
prompted).  

    10.    Open the results  fi le in Excel, insert new worksheet (“ fi shtab” 
template), and then click “plot eye movement.”       

 

     1.    To  fi x eggs in an appropriate position for microinjection also 
deepenings in synthetic resin can be used. These molds are 
more dif fi cult to prepare but can be reused.  

    2.    Unfertilized eggs have to be removed from developing embryos 
after  fi rst cell divisions, as they provide a source for growth of 
bacteria and mold fungus.  

    3.    Aluminum cylinders can easily be produced by winding alumi-
num foil around a thick permanent marker and  fi xing it with 
autoclave tape.  

  4.  Notes
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  Fig. 3.    Graphical representation of the OKN test work fl ow. A rotating striped pattern is 
presented to immobilized larvae. Eye movements are recorded and angles of the eye rela-
tive to the image plotted over time.       
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    4.    Avoid the use of secondary antibodies coupled to  fl uorochromes 
with excitation wavelengths similar to green  fl uorescent pro-
tein (395 nm). Retinal tissues show auto fl uorescence at this 
wavelength.  

    5.    Incubation time with the secondary antibody solution can be 
reduced to 2 h at RT.  

    6.    Our OKN response apparatus is custom designed and built in-
house. It uses a backlit cylindrical metal grating (6 cm diame-
ter, 12° stripes) that is driven by an electric motor (6 rpm) and 
illuminated by a neon tube. To enhance contrast of the pig-
mented  fi sh eyes in the image recordings, the  fi sh tray is illumi-
nated from below by dim LEDs.  

    7.    To prepare methyl cellulose embedding medium, dissolve 
methyl cellulose powder in 0.3× Danieau’s embryo medium. 
This takes some time and is best done by shaking/rotating 
overnight in a Falcon tube. To remove air bubbles from the 
highly viscous solution, spin down in a standard benchtop cen-
trifuge (3,500 ×  g /30 min).  

    8.    When embedding larvae in methyl cellulose, arrange them in a 
way that allows good separation of the eyes from the trunk in 
the subsequent image analysis. For this, it is important that the 
head is oriented horizontally in both, the anterior/posterior 
and left/right axis. While all other steps of the digital image 
analysis can be performed automatically, separation of eyes 
needs to be optimized manually for each video recording. To 
help monitoring the pattern of movement presented, an air 
bubble can be formed in the methyl cellulose that mirrors the 
grating. If placed sideways of the body of the larvae, this does 
not in fl uence OKN behavior. The eyes of the larvae are ana-
lyzed as particles whose angle relative to the image is then 
measured. This is achieved by converting each frame of the 
video to a binary image (black and white) and a subsequent 
analysis of the black particles present in each frame. It is impor-
tant that the eyes can be identi fi ed as individual black particles 
automatically in each frame, i.e., they are separated by white 
space in the binary image. For this, use manual contrast adjust-
ment (image/adjust/brightness/contrast) before conversion 
to binary image (process/binary/make binary). After conver-
sion, the tool “erode” (process/binary/erode) can be used to 
further facilitate particle separation.  

    9.    We routinely use the Axiovision software (rel. 4.8) to record a 
time-lapse image series that is exported as uncompressed avi-
 fi le. Nevertheless, for subsequent analysis in ImageJ, any for-
mat that can be imported as image stack is feasible (for detailed 
information, see ImageJ documentation).          
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    Chapter 10   

 Analysis of Optokinetic Response in Zebra fi sh 
by Computer-Based Eye Tracking       

     Sabina   P.   Huber-Reggi   ,    Kaspar   P.   Mueller   , and    Stephan   C.F.   Neuhauss        

  Abstract 

 Large- fi eld movements in the visual surround trigger spontaneous, compensatory eye movements known 
as optokinetic response (OKR) in all vertebrates. In zebra fi sh ( Danio rerio ) the OKR is well developed at 
5 days post fertilization and can be used in the laboratory for screening of visual performance following 
genetic manipulations or pharmaceutical treatments. Several setups for measurement of the zebra fi sh OKR 
have been described. All of them are based on the presentation of moving gratings to the larva or to the 
adult  fi sh. However, they differ in the way of presenting gratings and in the method of analysis. Here, we 
describe a detailed protocol for our newest software that enables computer-generation of the moving 
stripes and automatic tracking of eye movement. This protocol makes it possible to quantitatively measure 
OKR in both larvae and adult  fi shes in a fast and reliable way.  

  Key words:   Zebra fi sh larvae ,  Adult zebra fi sh, Optokinetic response ,  Eye movements, Vision ,  Visual 
behavior testing ,  Oculomotor    

 

 Eye movements occur in all vertebrates and in some invertebrates 
and are thought to be required for high-resolution vision. Two 
main groups of eye movements exist. Gaze shifting eye movements 
aim at shifting of the eyes toward an object of interest and include 
saccadic movements, smooth pursuit, and vergence movements. 
Gaze stabilizing eye movements include the vestibular ocular re fl ex 
(VOR) and the optokinetic response (OKR) and aim at stabiliza-
tion of a relative movement of the image on the retina, the retinal 
slip. Retinal slip is caused by either self-motion or motion of the 
surround and results in a blurred image. VOR and OKR are invol-
untary compensatory eye movements restoring high visual acuity. 
When the environment is continuously moving in one direction, 
the OKR produces a nystagmus composed of cycles of a slow eye 

  1.  Introduction
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movement in the direction of the stimulus and a fast resetting 
movement, called saccade, in the opposite direction. The OKR is 
triggered by a velocity and direction input coming from the retina 
and encoded by a neural circuit involving pretectal nuclei  (  1,   2  ) . 

 In a laboratory setting, an OKR can be easily elicited by a 
striped drum rotating around the subject. The OKR has been mea-
sured in a number of model organisms, incl. monkey, rabbit, 
mouse, and  fi sh (e.g., gold fi sh, medaka, and zebra fi sh)  (  3–  8  ) . The 
combination of high-fecundity, extracorporally developing embryos 
and rapid development of most functions, incl. the visual system, 
has made zebra fi sh a model organism of increasing importance for 
studying visual function. Zebra fi sh are afoveate animals and there-
fore, in contrast to humans, do not display gaze shifting eye move-
ments. Another difference between the human and  fi sh visual 
system is the position of the eyes and the anatomy of the optic 
nerve. Zebra fi sh are lateral eyed, and binocular overlap is minimal 
since all axons from the optic nerve cross at the optic chiasm and 
project to the contralateral brain side. Humans have frontally posi-
tioned eyes and binocular vision, since around half of the axons 
project to the ipsilateral brain side  (  2  ) . These differences allow us 
to study the OKR in zebra fi sh without the complications of smooth 
pursuit and binocular vision. 

 Several setups for measurement of the zebra fi sh OKR have 
been described. All of them are based on the presentation of mov-
ing gratings to the larva or, more recently, to the adult  fi sh. 
However, different approaches exist for presenting the gratings 
and analyzing data. In initial experiments, the larva was placed 
inside a rotating drum equipped with vertical black-and-white 
stripes. The rotational speed of the drum was changed mechani-
cally  (  9  ) . In order to change the properties of the visual stimulus, 
different drums with stripes of different contrast or width can be 
used. Although this method is still widely used  (  10  ) , computer-
generated moving gratings are to our mind more convenient, since 
they allow to continuously change different parameters, such as 
contrast, spatial frequency and/or angular velocity, direction of 
rotation, and any other stimulus parameter of choice. In order to 
project the gratings onto the drum, a digital light projector is 
placed either on the plane of the subject (linear projection) or 
below the subject. Using linear projection, only monocular stimu-
lation is possible  (  11  ) . When the projector is placed below the sub-
ject, the gratings are projected via a mirror to the whole drum 
enabling binocular stimulation  (  12,   13  ) . In order to avoid visible 
light from the projector in fl uencing the recording, the animal is 
illuminated from below with infrared-emitting diodes. An infrared-
pass  fi lter in front of the camera ensures selective transmission of 
the infrared light to the camera. 

 In initial experiments, analysis of eye movement was performed by 
visual inspection and by counting the number of saccades occurring. 
Although this qualitative method— fi rst described for zebra fi sh by 
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Clark  (  14  ) —has been very convenient for a rapid screening of 
vision mutants, a quantitative approach is needed for uncovering 
more subtle oculomotor defects. This has been achieved by com-
puter-based tracking of eye position and subsequent quantitative 
analysis of changes in eye position over time. For this method—
 fi rst described by Roeser and Baier  (  12  ) —image series are acquired 
by an infrared-sensitive CCD camera mounted onto a dissecting 
microscope. Custom-made tracking software extracts information 
about eye position from the acquired images. 

 Most OKR setups described in the literature are built for mea-
surement of eye movements in larvae. OKR testing in adult  fi shes 
is more challenging, mainly because of the dif fi culty of restraining 
body movements of the  fi sh. We were able to solve this problem 
and published a working method for OKR measurement in the 
adult  (  13  ) . In the same year, an alternative setup has been described 
by Zou et al.  (  15  ) . In this paper, however, eye movements are only 
qualitatively analyzed through visual inspection instead of software-
based tracking of eye position. 

 Here, we describe a detailed protocol for the custom-made setup 
currently used in our laboratory. The animal is stimulated binocu-
larly by computer-generated gratings and the eye position over time 
is automatically tracked. The resulting eye velocity is calculated in 
real time. We describe the detailed procedure for recording OKR in 
larvae as well as in adult  fi shes. We then describe our standard eye 
movement quanti fi cation approach which allows for detection of 
subjects with vision defects as well as for investigation of the OKR 
behavior itself. Since our system is under continuous development 
 (  1,   2,   11,   13,   16,   17  ) , some of the details described in the protocol 
may change over time. However, our detailed protocol should enable 
the reader to apply the methodology of quantitative OKR measure-
ments. Recently a commercial instrument based on the described 
setup has become available (VisioTracker  by TSE-Systems). 

 Additionally, we present here a simple assay that enables a nonau-
tomated qualitative analysis of OKR performance in larvae without 
the need of a computer-based setup. This methodology is suited for 
those researchers that do not have access to a computer-based setup 
and are interested in a rapid qualitative screening of vision mutants.  

 

      1.    3% methylcellulose in water: Boil 100 ml ddH 2 O in a beaker, 
then start stirring. Add 3 g methylcellulose (while the hot water 
is stirring vigorously). Continue to stir till the methylcellulose 
is dispersed into the liquid. Pour the dispersion quickly into 
two 50 ml Falcon Tubes and rotate (360°) at 4°C overnight. 
The day after, spin the clear viscous solution at 4°C, 179 × g for ca. 

  2.  Materials

  2.1.  Reagents
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10 min, in order to remove air bubbles. Store at 4°C for long-
term use. Incubate the solution at 28°C for about a day before 
use (see  Note 1 ).  

    2.    Tricaine methanesulfonate solution (MS-222; Sigma E10521): 
Dissolve 300 mg Tricaine methanesulfonate in 1 L  fi sh system 
water.      

      1.    Serum pipette.  
    2.    Dissecting needle.  
    3.    Forceps.  
    4.    Thin wooden stick.  
    5.    OKR setup for larvae comprising (Fig.  1 ): 

   (a)    A dissecting microscope (e.g., SZH-10,  Olympus 
Corporation , Japan).  

   (b)    An infrared-sensitive CCD-camera (e.g., Guppy F-038B 
NIR,  Allied Vision   Technologies , Germany) equipped 

  2.2.  Equipment 
for OKR Recording

  Fig. 1.    Setup for the measurement of the OKR in larvae. The computer-generated stimulus 
pattern is projected via a wide-angle conversion lens to a mirror placed below the larva. 
The stimulus is re fl ected in the mirror and directed onto a drum surrounding the larva. 
A cluster of 15 infrared-emitting diodes illuminates the larva from below and is shielded 
by a piece of wax paper in a 35 mm Petri dish ( see  inset on the  left  ). An infrared-sensitive 
CCD camera on the top of a dissecting microscope records the movement of the eyes.       
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with an infrared-pass  fi lter (e.g., RG715,  Olympus 
Corporation , Japan).  

   (c)    A glass plate as a stand for the animal and the drum.  
   (d)    A stimulus computer running the open source Python 

library Vision Egg  (  18  ) .  
   (e)    An LCD projector (e.g., PLV-Z3000,  Sanyo , Japan) (see 

 Note 2 ).  
   (f)    A wide-angle conversion lens (e.g., HD-4500PRO, 

 Raynox , Japan).  
   (g)    A mirror.  
   (h)    A control computer running custom-made software based 

on NI LabView 2009 and NI-Vision Development Module 
2009 ( National Instruments , USA).  

   (i)    A cluster of infrared-emitting diodes (  λ   peak  = 940 nm) (e.g., 
BL0106-15-28,  Kingbright , Taiwan) shielded by a piece 
of wax paper in a 35 mm Petri dish.  

   (j)    35 mm Petri dish containing the larva embedded in 3% 
methylcellulose and aligned to lay dorsal side up.  

   (k)    A transparent plastic drum containing a white blotting 
paper on its internal wall.      

    6.     OKR setup for adult  fi shes: (a) to (i) are identical to the setup 
for larvae. Additionally, the setup for adult  fi shes comprised 
the following:
   (j)    A custom-made glass chamber ( W  ×  H  ×  L  = 12 mm × 12 mm 

× 65 mm) (Fig.  2 ) containing the  fi sh restrained by two 
pieces of sponge and two plastic half pipes. Two inlets 
attached to both sides of the chamber allow for  fi sh water 
in fl ow. A third tube attached at the end of the chamber 
allows for water out fl ow back to the supply tank.   

   (k)    A support stand.  
   (l)    A peristaltic pump (e.g., SR25, 65 rpm, 24 V DC, novo-

prene tube N 4.8 mm × 1.6 mm,  Gardner Denver   Thomas , 
USA).  

   (m)     A 24 V power supply for the pump (e.g., FSP 2405, 
 Voltcraft , Germany).  

   (n)    A USB-Relais to switch ON/OFF the pump (e.g., 
USBREL8,  Quancom Informationssysteme   GmbH , 
Germany).  

   (o)    A water bath equipped with an aquarium heater (e.g., 
50 W,  Jäger , Germany).  

   (p)    An air pump (e.g., R301,  Rena , USA).  
   (q)    A white plastic drum ( d  = 12.5 cm; e.g., cut from a chemi-

cal drum) with three small openings at the bottom edge 
for the tubes of the  fl ow-through chamber.          
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         1.    Dissecting microscope (e.g., SV8,  Zeiss , Germany).  
    2.    Light source with light guides (e.g., KL 750,  Leica , Germany).  
    3.    35 mm Petri dish containing the larva embedded in 3% meth-

ylcellulose and aligned to lay dorsal side up.  
    4.    Turntable (turning can be done manually or by a motorized 

drive).  
    5.    Paper with stripes of the desired color and width. The paper 

has to  fi t in the turntable.  
    6.    Serum pipette.  
    7.    Dissecting needle.       

 

  Protocols for  fi sh breeding can be found online in the Zebra fi sh 
book (  http://z fi n.org/zf_info/zfbook/zfbk.html    ) or in  Zebra fi sh : 
 A practical   approach   (  19  ) . 

      1.    Pour pre-warmed (28°C) 3% methylcellulose solution in a 35-mm 
Petri dish. Be careful not to produce air bubbles (see  Note 4 ).  

    2.    Suck a larva with a serum pipette and put it on the methylcel-
lulose together with as little E3 medium as possible. To achieve 

  2.3.  Equipment 
for Manual OKR 
Measurements (Fig.  3 )

  3.  Methods

  3.1.  Recording 
of the OKR in Larvae

  3.1.1.  Embedding the 
Larva ( See   Note 3 )

  Fig. 2.    Custom-made  fl ow-through chamber to restrain the  fi sh. The  fi sh is restrained as 
described in methods. Fish water—maintained at 28°C in a water bath and oxygenated 
by an air pump (not shown)— fl ows at max 40 ml/min on the gills through two inlets 
attached to both sides of the chamber. The  fl ow rate is generated by a peristaltic pump 
(not shown). The water effuses back to the supply tank via a third tube attached on the lid 
of the chamber.       

 

http://zfin.org/zf_info/zfbook/zfbk.html
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this, we tap the side of the pipette so that the larva swims to the 
bottom. Suck off any remaining E3 medium around the larva 
in order to avoid dilution of the methylcellulose solution.  

    3.    Embed the larva dorsal up in the center of the dish. To orient 
the larva use a dissecting needle (see  Note 4 ).  

    4.    Allow the larva to get used to the methylcellulose for about 
10 min before starting recording.      

      1.    Start up the whole setup:
   (a)    Switch on both the stimulus and the control computer.  
   (b)    Plug in the infrared LED-cluster  
   (c)    Switch on the projector.      

    2.    Write the Con fi guration File containing the stimulus parame-
ters (see  Notes 5 – 7 ).  

    3.    Stimulus computer: Start the stimulus program and wait for a 
message-box. Press “Bind port and listen for connections.”  

    4.    Control Computer: Start the OKR program. Press “New set up 
larvae.” The OKR user interface will appear on the screen (Fig.  4 ).       

  3.1.2.  Starting the Setup

  Fig. 3.    Setup for manual measurement of the OKR in larvae. The larva is placed on a 
turntable inside of a paper with a striped pattern. Rotation of the drum is driven by a 
motorized drive. The larva is illuminated from above by a light source with light guides. 
The eye movement is observed through the dissecting microscope.       
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  Fig. 4.    OKR user interface for eye movement measurement in larvae. Recording controls are on the  top . A real-time image 
of the larva is displayed on the  left . Tracking and eye velocity data are shown in the  center : The angle and the velocity of 
the right and left eye are displayed, the velocity of the rotating pattern is shown with a  white line . On the  bottom left  are 
the particle detection parameters. On the  right  is the control of frame-rate. Letters (a) to (p) refer to the steps described in 
the main text.       

      1.    Choose the data folder where you want to save your data (a). 
Then press “Current folder.”  

    2.    Place the larva under the dissecting microscope and center it in 
the visual  fi eld of the camera (b). The larva should be oriented 
in the same direction as the light beam. On the screen the larva 
is seen as in Fig.  4  (see  Note 8 ). Choose the highest possible 
magni fi cation. Pay attention that the eyes are visible on the 
screen. When the larva is in focus, place the plastic drum 
around the animal.  

    3.    The software recognizes the dark pigmented eyes based on the 
pixel intensity. Check if the eyes are recognized well (c), and 
adjust the “threshold offset” (d) if necessary (e.g., if body pig-
mentation spots are close to the eye).  

    4.    Choose between a binocular stimulation ( fi eld of view = 360°), a 
monocular stimulation of the right eye, and a monocular stimu-
lation of the left eye (e). In the case of a monocular stimulation, 
the  fi eld of view can be regulated (between 0° and 180°) (f).  

  3.1.3.  Recording Eye 
Movement
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    5.    Choose the frame rate at which the images from the camera are 
processed by the software (g). We use 5 frames/s for screening 
of mutants and 25 frames/s for quantitative analysis of the OKR 
behavior itself. This frame rate has to be lower than the frame 
rate of the camera (h). Change the opening time of the camera 
shutter if necessary (i). Lowering the opening time reduces 
image brightness but increases the frame rate (h).  

    6.    Load the Con fi guration File (j).  
    7.    Press the “Go”-button (k) to start the experiment (see  Notes 

9  and  10 ). The experiment can be aborted by pressing “Go” 
again. If “Go” is pressed without having loaded a Con fi guration 
File, the stimulus will run with the parameters shown in (l). 
These parameters (colors, contrast, spatial frequency, and 
angular velocity) can be changed here. However, without a 
Con fi guration File the eye position over time will not be 
recorded.  

    8.    When the end of the Con fi guration File is reached, a window 
appears (Fig.  5 ). Here, the parameters to  fi lter saccades and 
smooth the velocity curves—saccade threshold, saccaround, 

  Fig. 5.    User interface for smoothing and saving the data. On the  bottom right    the parameters to  fi lter saccades and smoothen 
the velocity curves can be set. The effect of these changes is seen on the velocity curves on the  top  and on the velocity 
averaged over the same stimulus conditions ( bottom left  ). Letters (a) to (e) refer to the steps described in the main text.       
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and running average—can be set (a) (see  Note 11 ). The velocity 
curve of each eye after smoothing is shown in (b) and the veloc-
ity averaged over the same stimulus conditions is indicated in 
(c). Enter subject information ( fi sh number, genotype, experi-
ment, and, optionally, any comments) (d). Save the results (e).   

    9.    After the  fi rst run as well as after having changed the 
Con fi guration File, a window pops up with the request to enter 
the name for a results- fi le or to choose an already existing one. 
Enter a name or choose an existing  fi le. As long as the 
Con fi guration File is not changed, the following recordings 
will be saved in the same results- fi le. The results- fi le contains 
values for the average slow-phase velocity for each  fi sh and for 
each measured conditions. For each  fi sh recorded, an addi-
tional tab- fi le containing the raw data is automatically saved. 
Each line represents a frame. Columns A and B contain values 
for the angular eye position of the right and the left eye, respec-
tively. Columns C and D contain values for the eye velocity in 
degree per second of the right and the left eye, respectively. 
The further columns contain information about the stimulus 
parameters.  

    10.    Continue with step 4 to measure the same larva with a new 
paradigm. Go back to step 2 to measure a different larva.      

  All the frames imaged by the camera during stimulus presentation 
can be recorded and visualized later on.

    1.    Before starting the stimulus, press the button “Record” (see 
Fig.  4 , (m)).  

    2.    Enter the name under which the movie has to be saved. Movies 
are automatically saved in AVI-format.  

    3.    Activate “annotate movie” (n) if it is wished that the current 
stimulus properties are written in the lower right corner of 
each frame.  

    4.    Start the stimulus as described above.  
    5.    Press “Record” (m) again to stop recording of the movie.      

      1.    Press “Quit Stimulus” and “Exit” (see Fig.  4 , (o)).  
    2.    Shut down both computers.  
    3.    Unplug the IR LED-Cluster.  
    4.    Switch off the projector.       

       1.    Step 1 is identical as for the setup for larvae (see 
Subheading  3.1.2 ).  

    2.    Write the Con fi guration File containing the stimulus parame-
ters (see  Note 12 ).  

  3.1.4.  Recording a Movie

  3.1.5.  Shutting Down 
the Setup

  3.2.  Recording of the 
OKR in Adult Fishes

  3.2.1.  Starting the Setup
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    3.    Stimulus computer: Start the stimulus program and wait for a 
message-box. Press “Bind port and listen for connections.”  

    4.    Control Computer: Start the OKR program. Press “New set 
up adults.” The OKR user interface will appear on the screen 
(Fig.  6 ).       

      1.    Warm up  fi sh water in the supply tank using a water bath set at 
28°C. Oxygenate the  fi sh water with an air pump.  

    2.    Turn the  fl ow-through chamber to a vertical position (front 
end down) and  fi ll it with  fi sh water by switching the pump on 
the user interface (see Fig.  6  (a)) until the water level reaches 
the upper rim.  

    3.    Brie fl y anesthetize the  fi sh in 300 mg/l MS-222 (see  Note 13 ).  
    4.    Prepare a half plastic pipe and insert a humid piece of sponge.  
    5.    As soon as the  fi sh stops swimming, gently lay the body on the 

piece of sponge, leaving the head incl. the gills free (Fig.  7a ).   
    6.    Cover with a second humid piece of sponge (Fig.  7b ) and sta-

bilize the sponges with a second half plastic pipe (Fig.  7c ). 

  3.2.2.  Restraining the Fish

  Fig. 6.    OKR user interface for eye movement measurement in adult. Recording controls are on the  top . A real-time image 
of the  fi sh including particle detection is displayed on the  left . On the  bottom left  are the particle detection parameters. 
Tracking and eye velocity data are shown in the  center . On the  right  is the control of frame rate. Letters (a) to (p) refer to 
the steps described in the main text.       
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Again, pay attention to leave the head and the gills free 
(see  Note 14 ).  

    7.    Fit everything into the  fl ow-through chamber which is  fi xed 
on a support stand. The  fi sh has to look toward the bottom of 
the chamber (Fig.  7d ). Use a thin wooden stick to push the 
 fi sh together with the pieces of sponge and plastic half pipes 
down until the gills are on the height of the water inlets. Take 
care that no air bubbles are present in the front end of the 
chamber, i.e., around the head of the  fi sh.  

    8.    Close the lid of the  fl ow-through chamber with the water out-
let attached.  

    9.    Switch on the peristaltic pump.      

  Fig. 7.    Steps for restraining an adult  fi sh. ( a ) The anesthetized  fi sh is laid on a humid piece 
of sponge, which had been inserted into a plastic half pipe. ( b ) The  fi sh is covered with a 
second humid piece of sponge. ( c ) Everything is covered with the second half of the plastic 
pipe. ( d ) The restrained  fi sh is inserted into the glass chamber that had been connected to 
the two inlets and  fi lled with  fi sh water. The head of the  fi sh looks to the bottom of the 
chamber. The chamber is then closed with the lid, which is attached to the outlet.       
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  The setup for the adult is similar to the larval one.

    1.    Choose the data folder where you want to save your data 
(Fig.  6 , (b)). Then press “Current folder.”  

    2.    Turn the  fl ow-through chamber containing the  fi sh into hori-
zontal position, place it under the dissecting microscope, and 
center it in the visual  fi eld of the camera (c) (see  Note 15 ). The 
 fi sh should be oriented in the same direction as the light beam. 
Choose an appropriate magni fi cation (the eye to be recorded 
from should be as large as possible to still  fi t into the image) 
(see  Note 16 ). Place the plastic drum around the  fi sh such that 
the three tubes of the chamber can exit the drum through its 
openings.  

    3.    In the setup for adults the particle detection is directly overlaid 
on the live image (c) if “Tracking overlay” is activated (d). 
Select a ROI around the lens of the eye to be recorded from by 
pressing “Right eye ROI” or “Left eye ROI” (f). Check if the 
rim of the eye is recognized well (c) and adjust the “threshold 
offset” for the eye to be recorded (e).  

    4.    Contrast, brightness, and gamma of the image can be adjusted 
after having activated the button “BCG Lookup” (g).  

    5.    We usually stimulate adult  fi shes binocularly ( fi eld of 
view = 360°). However, it is possible to choose a monocular 
stimulation of the right eye and a monocular stimulation of the 
left eye (h). In the case of a monocular stimulation, the  fi eld of 
view can be regulated as in larval experiments.  

    6.    Choose the frame rate at which the images from the camera are 
processed by the software (i). We typically use 12.5 frames/s. 
This frame rate has to be lower than the frame rate of the cam-
era (j). Change the opening time of the camera shutter if 
necessary (k).  

    7.    Load the desired Con fi guration File (l).  
    8.    Press the “Go”-button (m) to start the experiment. The exper-

iment can be aborted by pressing “Go” again (see  Notes 17 – 19 ). 
If “Go” is pressed without a Con fi guration File loaded, the 
stimulus will run with the parameters shown in (n) as in the 
setup for larvae.  

    9.    When the end of the Con fi guration File is reached, the data 
can be  fi ltered and saved as in the setup for larvae (Fig.  8  and 
Note 20).   

    10.    The same  fi sh can be measured again with a new paradigm. 
Fishes easily survive for 30 min in the chamber without conse-
quences on their health.  

    11.    After successful measurement, turn the chamber back to a ver-
tical position, switch off the pump, and remove the  fi sh together 
with the sponge and plastic half pipes using forceps. Release 

  3.2.3.  Recording Eye 
Movements
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the  fi sh into a tank with  fi sh water. Fill the chamber with  fi sh 
water again by switching the pump on until the water level 
reaches the upper rim. Continue with Subheading  3.2.2 , step 
3, to measure the next  fi sh.      

  A movie of the live image can be recorded as with larvae (see Fig.  6 , 
(o)). Activate “overlay tracking” to overlay the eye tracking on 
each frame.  

      1.    Switch off the peristaltic pump.  
    2.    Remove the  fi sh from the chamber and put it back to its tank.  
    3.    Shut down the aquarium heater, the power supply of the 

pumps, and the air pump.  
    4.    Press “Quit Stimulus” and “Exit” (see Fig.  6 , (p)).  
    5.    Shut down both computers.  
    6.    Unplug the IR LED-Cluster.  
    7.    Switch off the projector.       

  3.2.4.  Recording a Movie

  3.2.5.  Shutting Down 
the Setup

  Fig. 8.    User interface for smoothing and saving the data in the adult  fi sh. On the  bottom right  the parameters to  fi lter sac-
cades and smoothen the velocity curves can be set. The effect of these changes is seen on the velocity curves on the  top  
and on the velocity averaged over the same stimulus conditions ( bottom left  ). Letters (a) and (b) refer to the steps described 
in the main text.       
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  Here, we describe the quanti fi cation method currently most used in 
our laboratory. This method is well suited for screening of vision 
defects. A more precise method for investigation of the OKR itself 
has been recently developed in our laboratory  (  16  )  (see  Note 21 ). 
However, since investigation of the OKR itself is probably not the 
aim of most readers, we do not go through the details at this place. 

  We usually plot the average slow-phase eye velocity over an experi-
mental condition, e.g., varying contrast. For this, we use the auto-
matically generated results- fi le which contains the average 
slow-phase velocity for each condition and for each subject. This 
value has been calculated after  fi ltering and smoothing of the raw 
data. Data analysis can be performed with any statistics software.

    1.    Open the results- fi le with the statistical program of preference.  
    2.    Plot a line graph with the varying condition on the  x -axis and 

the average eye velocity on the  y -axis. If different groups need 
to be compared (e.g., different genotypes or different treat-
ments), plot them as different series in one graph.       

   Larvae are embedded in 3% methylcellulose as described for OKR 
recording (see Subheading  3.1.1 ).  

      1.    Insert the striped pattern of choice in the turntable to form a 
drum.  

    2.    Place the larva inside the drum.  
    3.    Switch on the light source.  
    4.    Rotate the drum and watch eye movements through the 

microscope.  
    5.    Score the direction of slow-phase movements (with the drum 

or reverse to the drum movement). Count the number of sac-
cades per given time interval as a readout of performance (see 
 Note 22 ).        

 

     1.    Methylcellulose is dif fi cult to solubilize. When methylcellulose 
is added to hot stirring water, a cloudy dispersion is formed. 
This takes 1–2 min. Afterwards, the dispersion has to be 
poured very quickly into Falcon tubes to avoid sedimentation 
of the methylcellulose on the bottom of the beaker. This would 
give rise to aliquots of different concentrations. The Falcon 

  3.3.  Quanti fi cation 
of Eye Movement

  3.3.1.  Plotting the Average 
Eye Velocity over an 
Experimental Condition

  3.4.  Manual OKR 
Measurements

  3.4.1.  Embedding 
the Larva

  3.4.2.  Measuring 
of the OKR

  4.  Notes
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tubes need to rotate as soon as they are at 4°C because the 
methylcellulose starts to solubilize quickly at this temperature. 
The day after, the solution has to be centrifugated till all air 
bubbles disappear. We recommend to keep the solution at 4°C 
for long-term storage. However, the methylcellulose has to be 
warmed up to 28°C before use. This is the protocol used cur-
rently in our laboratory and is based on Brockerhoff et al.  (  10  ) . 
However, other protocols exist and may work as well  (  19  ) .  

    2.    Resolution of the projector should be as high as possible (pref-
erably use an HD-projector) to enable presentation of narrow 
stripes necessary to determine spatial resolution. In addition, 
the projector should have a high contrast ratio and a deep 
black level.  

    3.    We embed our larvae in a 3% methylcellulose solution in order 
to restrain body movement with only minimal effect on eye 
movements. Zebra fi sh larvae survive in methylcellulose since 
this is a nontoxic viscous medium that allows oxygenation 
through the skin. Alternatively, the body of the larva can be 
embedded in low-melting agarose with the head and gills 
exposed to water as described by Beck et al.  (  20  ) . However, 
this method is more time consuming. 

 Dishes containing methylcellulose can be reused several 
times, as long as the quality is intact (air bubbles should not be 
present; the solution should not be diluted or too sticky). In 
order to recycle them, dishes can be stored at 28°C in a 
humidi fi ed chamber for later use.  

    4.    Avoid production of air bubbles at any time point by gently 
pouring the methylcellulose solution into the dish and by gen-
tly positioning the larva inside the solution.  

    5.    To write a Con fi guration File, open an empty excel datasheet. 
Each column represents one parameter, and each line one 
sequence. A new sequence needs to be started as soon as one 
parameter changes. Enter the parameters as described below 
and save the  fi le as a tab- fi le (see Fig.  9  for an example): 
   (a)    Column A: Write “Contrast” in the  fi rst line. For sine-

wave grating choose values between 0 and 1. If you want 
sharp stripes with sharp borders, choose 10. Write a new 
line for each new sequence.  

   (b)    Column B: Write “Spatial Frequency” in the  fi rst line. 
The Spatial Frequency (SF) is given in cycles/360° and 
determines how many patterns of two different stripes 
are displayed in 360° (e.g., a value of 1 means that 2 
stripes with two different colors are shown). Choose the 
desired value for each sequence. To determine the visual 
acuity of a larva, we normally run sequences with values 
between 7 and 56.  
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   (c)    Column C: Write “angular velocity” in the  fi rst line. This 
parameter determines the angular velocity of the stimulus 
and is given in degree per second. Choose the desired value 
for each sequence. To determine temporal resolution, we 
typically run sequences with values between 5 and 30.  

   (d)    Column D–F: Always in the  fi rst line, write “color1 red” 
in column D, “color1 green” in column E, and “color1 
blue” in column F. Choose values between 0 and 1. Each 
value speci fi es the intensity of the respective color-channel. 
For grey stripes choose the same value for all channels, 
whereby the value has to be higher than 0 and smaller than 
1. We routinely use a value of 0.6. For completely white 
stripes use a value of 1 for all channels.  

   (e)    Column G–I: Analog to column D–F but for color 2. For 
black stripes choose the value 0 for all channels. For pure 
red set green and blue to 0 and red to 1.  

   (f)    Column J: Write “nr Cycles” in the  fi rst line. Choose the 
number of cycles needed for each sequence. A value of 2 
means that the stimulus will change the direction of rota-
tion once during the speci fi c sequence.  

   (g)    Column K: Write “Cycle duration” in the  fi rst line. It 
de fi nes the duration of each cycle in seconds. Choose the 
value wanted for each sequence.      

    6.    We normally change only one parameter in each Con fi guration 
File, e.g., we measure the contrast sensitivity and therefore vary 
the contrast value but leave all other parameters constant. 

 In the case of contrast, we start with the highest contrast, 
reduce it stepwise, and increase it again. Note that the contrast 
values from 0 to 1 are relative with 1 being the maximal con-
trast chosen. The real contrast has to be determined by mea-
suring the luminance from the drum with a photometer. 

 In the case of SF and angular velocity, we start with the 
lowest value, enhance it stepwise, and reduce it again.  

  Fig. 9.    Example of Con fi guration File. In this example SF is changed in each sequence, contrast and angular velocity are 
constant. The  fi rst line represents the calibration sequence (see Note 7).       
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    7.    At the beginning of recording, the eyes are pre-stimulated with 
a standard stimulus (typically contrast = 0.99, SF = 20 
cycles/360°, and angular velocity = 7.5°/s for larvae). This 
avoids artifacts from starting the experiment. This pre-stimula-
tion is written as the  fi rst sequence in the Con fi guration File 
and should last typically for 9 s. Data from this sequence will 
be deleted before analysis.  

    8.    Sometimes the larva is not immobilized properly. In this case it 
may help to wait longer till the start of the recordings. The 
larva will eventually calm. A drift of the larval position over 
time could be due to movement of the viscous solution because 
of handling. Also in this case the drift should reduce over time. 
It also helps to use light-adapted larvae if this is compatible 
with the experiment as light-adapted larvae tend to be calmer. 
If the larva is still moving, please check the following:
   (a)    Make sure that the larva is embedded dorsal side up.  
   (b)    Check the texture of the methylcellulose solution. If it is 

too diluted, try with a new solution.  
   (c)    If the mutation/treatment analyzed causes a higher motor 

activity, it may be necessary to increase the methylcellulose 
concentration.      

    9.    If the eye movement is low or absent check the following:
   (a)    Make sure that the larva is still alive by checking its blood 

 fl ow.  
   (b)    Make sure that the stimulus is running properly. If the 

stimulus shuts down unexpectedly, close the software and 
the python program and restart both ( fi rst the python pro-
gram and then the OKR software).  

   (c)    Make sure that the projector lamp is working properly and 
not getting weaker. Measure the luminance from the drum 
during stimulus presentation using a photometer. We rec-
ommend to do this on a regular basis, at least every 
6 months, in order to assure that contrast and brightness 
stay constant over time.  

   (d)    Look for light sources in the room that could interfere. 
Maintain the room as dark as possible.  

   (e)    Check the quality of the methylcellulose solution.  
   (f)    Make sure that the larva is embedded dorsal side up.  
   (g)    Measure a healthy and untreated wild-type larva as a con-

trol. If this larva shows a normal OKR and you have 
checked all points from (a) till (f), you may have found a 
larva with impaired OKR. Congratulation!      

    10.    Sometimes eye movement does not seem to be matched to 
movement of the stimulus (see Fig.  4 , (p)). If this happens, 
make sure that the stimulus runs stably. Check for irregularities 
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in stimulus pattern velocity and check for any deviance from the 
parameters determined in the Con fi guration File. If deviances 
are present, restart the python  fi le and then the OKR software.  

    11.    The eye velocity is determined from the eye position over time. 
We usually consider the eye velocity during the slow phase of 
the OKR (SPV) as a readout for OKR performance. In order 
to calculate the SPV, we need to  fi lter out the saccades (fast 
resetting movements in the opposite direction than the stimu-
lus) and to smooth the curve. We usually do this with the help 
of an empirically tested formula  (  17  ) : If eye velocity ( v ) in a 
certain frame ( f ) exceeds a determined saccade threshold 
(default: 20°/s), eye velocity of this frame as well as of a de fi ned 
amount of preceding frames (saccaround) is replaced with the 
eye velocity of the frame preceding the saccaround. Analogously, 
the eye velocity of the de fi ned amount of following frames is 
replaced by the value 1 frame after the saccaround. By a frame 
rate of 5 frames/s, we usually set the saccaround to 2 (( vf … f  − 2) 
is set to  v ( f  − 3) and ( vf  + 1… f  + 2) is set to  v ( f  + 3)). The veloc-
ity curve is further smoothened by a running average. At a 
frame rate of 5 frames/s, we usually set a running average of 7 
frames ( v ( f ) = ( Σ  v ( f  − 3… f  + 3))/7). It is also possible to drop 
the saccades without saccaround. This can be de fi ned in (a) on 
the top (see Fig.  5 ). See    Subheading  3.3  and Note 21 for more 
details on data analysis.  

    12.    Write the Con fi guration File following the guidelines for 
experiments with larvae (see  Notes 5 – 7 ). For recordings in 
adult  fi sh, we typically stimulate binocularly and in one direc-
tion only. Therefore, each sequence consists of only one cycle. 
The length of the sequences can be set as preferred. We usually 
record with sequences lasting for 9 s. As for recordings in 
larvae, eyes are pre-stimulated with a standard stimulus typi-
cally lasting 9 s with contrast = 0.99, SF = 36 cycles/360°, and 
angular velocity = 12°/s. This pre-stimulation is not considered 
in data analysis. 

    To determine the visual acuity of an adult  fi sh, we usually 
run sequences with SF values between 18 and 180 cycles/360°. 
To determine the temporal resolution, we usually run sequences 
with angular velocity values between 5 and 55°/s.  

    13.    Always use a freshly prepared solution of MS-222, since tric-
aine is light sensitive and quickly loses its activity, and toxic 
by-products may be formed.  

    14.    In case  fi shes strongly vary in size, use different pieces of 
sponge with different sizes, or add additional small pieces for 
smaller  fi sh.  

    15.    Before initiating an experiment, leave the  fi sh in the  fl ow-
through chamber for 1–2 min with running water supply in 
order to let it recover from anesthesia and calm down.  
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    16.    Since temporal-to-nasal eye velocity has been shown to be 
much higher and more stable  (  13  ) , we usually evaluate only 
the eye stimulated in temporal-to-nasal direction. This way we 
can also control the position of that eye more precisely.  

    17.    If eye movements are jerky and not correlated to visual stimula-
tion, stop presentation of gratings and wait for 30 s. Restart the 
stimulation with optimal parameters, i.e., high contrast (1 or 
higher), medium spatial frequency (ca. 36 cycles/360°), and 
high angular velocity (ca. 20°/s). Repeat this until eye move-
ments are stable and well correlated to visual stimulation.  

    18.    If the  fi sh does not show any eye movements at all, make sure 
that the pump is running. Oxygenation may be insuf fi cient if 
the gills are covered by the sponge. In this case, immediately 
release the  fi sh and let it recover in a tank with fresh  fi sh water. 
Turn the chamber back to a vertical position, switch off the 
pump, and remove the  fi sh together with the sponge and plas-
tic half pipes using forceps.  

    19.    If the  fi sh manages to disengage itself from the restraining sys-
tem, shut down the pump, turn the chamber back to a vertical 
position, open the lid, remove sponge and plastic half pipes 
using forceps, position a tank with  fi sh water below the cham-
ber, and remove the  fi sh by turning the chamber by 180°.  

    20.    In contrast to the method used for larvae, the threshold for sac-
cade  fi ltering is not  fi xed but an ideal threshold is searched for 
each eye in an iterative process. The ideal threshold is the one 
that results in the highest sum of average eye velocities and it is 
displayed below the smoothing settings (see Fig.  8 , (a)). 
Moreover, saccades are usually dropped and saccaround is not 
performed. Nevertheless, it is possible to use the saccaround 
method. To de fi ne the method of choice, press (b). The curve is 
smoothened by a running average as in recordings of larvae. At 
a frame rate of 12.5 frames/s, we typically use a running average 
of 7 (see  Note 11  for details about the smoothing algorithm).  

    21.    In our laboratory, different processing methods have been 
applied in the past depending on the research question 
 (  11,   13,   16,   17  ) . Here, we describe in detail the method of 
choice for a rapid screening of vision defects. However, for a 
quantitative analysis of the OKR behavior itself—e.g., for anal-
ysis of the eye movement waveform—a higher frame rate is 
needed and the method described here is not precise enough. 
For this kind of quantitative analysis, we refer to our work on 
the mutant  belladonna   (  16  ) . A fraction of the homozygous 
 belladonna  larvae displays a reversed OKR and spontaneous 
eye oscillations in the absence of a moving stimulus. In order 
to quantitatively analyze those eye movements, a more precise 
quanti fi cation software was developed using the R statistical 
computing language. Brie fl y, the eye movement was recorded 
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with a frame rate of 12.5 frames/s (nowadays we record with 
25 frames/s). The eye position trace was smoothened with a 
Gaussian smoothing kernel. Slow-phase segments were deter-
mined by setting acceleration thresholds. The slow-phase 
velocity was de fi ned by taking the maximum eye velocity across 
all slow-phase segments within a condition.  

    22.    If the eye movement is low or absent check the following:
   (a)    Make sure that the larva is still alive by checking its blood 

 fl ow.  
   (b)    Check the light intensity from the light source and try to 

vary it.  
   (c)    Look for light sources in the room that could interfere. 

Maintain the room as dark as possible.  
   (d)    Check the quality of the methylcellulose solution.  
   (e)    Make sure that the larva is embedded dorsal side up and 

calm.  
   (f)    Make sure that the drum is rotating smoothly.  
   (g)    Measure a healthy and untreated wild-type larva as a con-

trol. If this larva shows a normal OKR and you have 
checked all points from (a) till (f), you may have found a 
larva with impaired OKR.              
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    Chapter 11   

 Analysis of the  Drosophila  Compound Eye with Light 
and Electron Microscopy       

     Monalisa   Mishra    and    Elisabeth   Knust        

  Abstract 

 The  Drosophila  compound eye is a regular structure, in which about 750 units, called ommatidia, are 
arranged in a highly regular pattern. Eye development proceeds in a stereotypical fashion, where epithelial 
cells of the eye imaginal discs are speci fi ed, recruited, and differentiated in a sequential order that leads to 
the highly precise structure of an adult eye. Even small perturbations, for example in signaling pathways 
that control proliferation, cell death, or differentiation, can impair the regular structure of the eye, which 
can be easily detected and analyzed. In addition, the  Drosophila  eye has proven to be an ideal model for 
studying the genetic control of neurodegeneration, since the eye is not essential for viability. Several human 
neurodegeneration diseases have been modeled in the  fl y, leading to a better understanding of the func-
tion/misfunction of the respective gene. In many cases, the genes involved and their function are con-
served between  fl ies and human. More strikingly, when ectopically expressed in the  fl y eye some human 
genes without a  Drosophila  counterpart can induce neurodegeneration, detectable by aberrant phototaxis, 
impaired electrophysiology, or defects in eye morphology. These defects are often rather subtle alteration 
in shape, size, or arrangement of the cells, and can be easily scored at the ultrastructural level. This chapter 
aims to provide an overview regarding the analysis of the retina by various means.  

  Key words:    Drosophila melanogaster  ,  Light microscopy ,  Deep pseudopupil ,  Electron microscopy , 
 Cryolabeling ,  Whole mount ,  Compound eye    

 

  The  Drosophila  compound eye is a highly ordered structure composed 
of about 750 functional units called ommatidia, which are regularly 
arranged in a hexagonal pattern, visible from the outside by the 
facets, which are formed by the lenses (Fig.  1a ). Each ommatidium 
is an elongated, barrel-like structure of about 100  μ m in length, 
the distal 10% of which is occupied by the cornea and the crystal-
line cone, which together form the dioptric apparatus (Fig.  2a ). 
Below, the eight, highly elongated photoreceptor cells (PRCs) follow, 
which are associated with pigment and cone cells. The cell bodies 
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of the outer PRCs R1–R6 span the entire length of the retina and 
project axons to the lamina, the  fi rst optic neuropile. The axons of 
the central R7 and R8 cell synapse in the medulla, the second neu-
ropile of the optic lobe.   

 All eight PRCs of an individual ommatidium point their apical 
membrane towards the center (Fig.  2c ). The apical membrane itself 
is subdivided into the most apical rhabdomere and the stalk, which 
connects the rhabdomere with the zonula adherens (ZA), and 
which corresponds to the inner segment of the vertebrate PRC 
(Fig.  2d ). The rhabdomere, the light-sensing organelle, is com-
posed of an array of densely packed microvilli of 1.5  μ m in length 
and about 60 nm in width, which accounts for about 90% of the 
cell’s plasma membrane and harbors the visual pigment rhodopsin. 
The eight rhabdomeres within each ommatidium are arranged in a 

  Fig. 1.    Overview of the adult  Drosophila  eye. ( a ) Scanning electron micrograph (SEM) of a 
wild-type  Drosophila  compound eye showing the highly regular arrangement of facets. 
Each lens has a diameter of approx. 18  μ m. Inset: Light micrograph of a wild-type eye 
revealing the deep pseudopupil in the form of a trapezoid rhabdom. ( b ) Overexpression of 
the cytoplasmic domain of  Crumbs  in all cells of the eye results in a rough eye phenotype. 
( c ) Optical neutralization of the wild-type eye showing the trapezoid arrangement of the 
rhabdomeres. ( d ) Optical neutralization of a  fl y expressing  crb  RNAi shows the loss of the 
trapezoid arrangement of the rhabdomeres (c and d kindly provided by N. Gurudev).       
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highly stereotype, trapezoid pattern. The outer PRCs R1–R6 are 
located in the periphery, while the R7 and R8 cells occupy the 
distal and the proximal portion of the center, respectively. Therefore, 
each cross section shows only seven PRCs. In contrast to many 
other insects, such as the honeybee,  Drosophila  has an open rhab-
dom, in which the rhabdomeres of the PRCs are well separated 
from each other by the interrhabdomeral space (Fig.  2c ). The 
diameter of the rhabdomeres of the central R7 and R8 is ~1  μ m, 
whereas that of the peripheral rhabdomeres R1–R6 measures about 
2  μ m (ref.  1  ) . The microvilli of the rhabdomeres of the outer 
R1–R6 cells are slightly tilted towards one side in the distal portion 
of the retina and towards the other side in the proximal portion 
 (  2  ) . This feature, termed rhabdomere twisting, decreases the sen-
sitivity of the PRCs to polarized light. 

  Fig. 2.    General organization of the compound eye. ( a ) Light micrograph of a longitudinal section illustrating the cornea (C), 
the cone (co), the rhabdom (R), and the pigment in the pigment cells (P). Note that pigment cells separate ommatidia from 
each other. ( b ) Electron micrograph of a transverse section of a mosaic eye, carrying wild-type ommatidia and  crb  mutant 
clones ( asterisks ) in the same eye. Loss of  crb  results in photoreceptor cells (PRCs) with defective shapes (compare 
Fig.  1c ). ( c ) Electron micrograph of a transverse section of an ommatidia representing the seven PRCs (R1–R7), which are 
well separated by the interrhabdomeral space (IRS). ( d ) Higher magni fi cation of a PRC, showing the rhabdomere, the 
adherens junctions ( arrows ), and the stalk membrane(s).       
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 The rhabdomeres are functionally equivalent to the outer 
segments of vertebrate PRCs, as both contain the components of 
the phototransduction machinery. R1–R6 contain Rhodopsin1 
(Rh1) as visual pigment, which is encoded by the  ninaE  gene 
 (  3,   4  ) . R7 expresses either Rh3 or Rh4  (  5,   6  ) , responsible for ultra-
violet sensitivity  (  7  ) , and R8 expresses either Rh5 or Rh6, which 
have blue and green sensitivity, respectively  (  8  ) .  

  The highly stereotypic organization of the cells within each omma-
tidium is essential for proper functioning of the eye. In the last 
decades, many genes have been characterized, mutations in which 
effect different aspects of this organization, such as the number of 
PRCs per ommatidium, their proper arrangement, their morphol-
ogy and/or function, the shape of the rhabdomere, including the 
length and/or alignment of the microvilli, or changes in the length 
of stalk membrane. Some mutations are described below. Mutations 
that affect cell fate speci fi cation of PRCs result in the lack of indi-
vidual PRCs or a change in their identity. For example, in  sevenless  
( sev ) or  bride of sevenless  ( boss ) mutant  fl ies, the R7 cell is absent 
 (  9–  12  ) . In eyes lacking  rough  the identity of R2 and R5 is affected, 
which impairs the speci fi cation of R3 and R4  (  13  ) . Mutations in 
genes affecting the number or arrangement of PRCs are often 
manifested in a rough eye phenotype, such as in Ellipse, a domi-
nant mutation in the EGF-receptor homologue  (  14  ) , in loss-of-
function mutations of  canoe   (  15  ) , in gain-of-function mutations of 
 sevenless  ( sev   S11  )  (  16  ) , or upon overexpression of the membrane-
bound cytoplasmic domain of Crumbs  (  17  )  (Fig.  1b ). The rough-
eye phenotype of some  calphotin  alleles is the result of misoriented 
rhabdomeres and PRC death  (  18  ) . Mutations associated with 
genes like  orthodenticle  ( otd ) and  PpH13  alter the shape of the 
rhabdomeres by changing the length/size of the microvilli, but 
keep photoreceptor number unaltered  (  19,   20  ) . In hypomorphic 
alleles of the gene encoding  Myosin Va  or upon early expression of 
the membrane-bound cytoplasmic domain of Crumbs ectopic 
rhabdomeres form  (  21,   22  ) . In rhabdomeres mutant for  canoe  and 
 co fi lin  rhabdomeres are con fi ned to only the distal third of the 
retina, similar as in PRCs lacking  crumbs ,  stardust , or  DPATJ , 
which additionally exhibit a reduction in stalk membrane length 
and undergo light-dependent retinal degeneration  (  23–  29  ) . 
Mutations in  spacemaker / eyes shut  prevent the separation of rhab-
domeres, thus leading to a closed rhabdom without any interrhab-
domeral space  (  30,   31  ) . Finally, mutations leading to defective 
organelles like endosomes, multivesicular bodies, or lysosomes 
result in defective photoreceptors by affecting the transportation 
of pigments  (  32,   33  ) . Other mutations affect the function of PRCs 
without changing their morphology. Such defects can be easily 
detected by measuring the electroretinogram (ERG). The ERG 
re fl ects the summed activity of all PRCs and a superimposed, 
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“evoked potential” from the  fi rst optic ganglion, the lamina. 
Mutants with altered ERGs can be classi fi ed according to these 
two components  (  34  )  (reviewed in  (  35,   36  ) ).  

  Pioneering work of Benzer and his collaborators identi fi ed mutants 
in the visual system based on a modi fi ed phototactic behavior. This 
phototactic behavioral test is the simplest way for detecting visual 
system impairment  (  37,   38  ) . Shortly later, Heisenberg employed 
an optomotor response approach to study photoreceptor function 
 (  39  )  (reviewed in  (  40  ) ). In the same year, a novel screening 
approach was developed, called deep pseudopupil (DPP), which 
allows to rapidly uncover defects in ommatidial and PRC morphol-
ogy. DPP is an optical phenomenon based on the highly stereo-
typic arrangement of PRCs and the superposition of the virtual 
images of several rhabdomeres  (  41  )  (Fig.  1a , inset). Any gross dis-
ruption that affects retinal organization and hence the stereotypic 
arrangement of the rhabdomeres causes a loss of DPP, e.g., in  rdgC  
mutants  (  42  ) . A further development of this method, called optical 
neutralization of the cornea, uses either the auto fl uorescent of rho-
dopsin or the  fl uorescence induced upon illumination of eyes 
expressing green  fl uorescent protein (GFP) from transgenes under 
the control of PRC-speci fi c promoters. This assay allows to easily 
screen large numbers of  fl ies and provides additional information, 
such as defects in morphogenesis, planar polarity, or cell death 
 (  43,   44  )  (Fig.  1c, d ). Once a defect has been detected using either 
DPP or optical neutralization, a more detailed analysis of the 
mutant phenotype has to follow, such as histological analysis under 
light and electron microscope, which provides information on the 
 fi ne structure of the PRCs, such as the length of microvilli or stalk 
membranes, the presence of pigment granules and various other 
organelles, or the integrity of the base of the rhabdomere or the 
adherens junction. Eyes with morphological defects can be further 
analyzed by immunohistochemistry to search for defects in the 
localization of marker proteins. This can be achieved by either 
cryo-sectioning/labeling or whole mount labeling. Table  1  lists 
several antibodies, which label different compartments of adult 
PRCs. Mutants having structural defects and/or impaired protein 
localization can be further analyzed with electrophysiological 
methods for their visual response  (  36  ) .   

  The genetic tools available in  Drosophila  research have allowed 
studying the function of many genes required for development and 
function of the eye in great detail. The genome sequences revealed 
not only that many genes are conserved between  fl ies and human, 
but in addition that mutations in homologous genes can cause simi-
lar diseases/phenotypes in human and  Drosophila . Strikingly, nearly 
75% of human disease-causing genes are believed to have a func-
tional homolog in  fl ies  (  45  ) . Therefore, and due to the fact that the 
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eye is a nonessential organ in  fl ies, the  Drosophila  eye has become an 
ideal model to study the function of human genes involved in neu-
rodegeneration, even of those genes that do not have a  Drosophila  
counterpart ( see , for example,  (  46,   47  )  for  Drosophila  as a model for 
polyglutamine disorders). Using the various techniques established 
over the years, it is easy to address biological questions concerning 
the function of genes in the  Drosophila  eye. By extensive mutagen-
esis screens using chemicals, e.g.,    ethyl methanesulfonate, ionizing 
radiation, e.g., X-rays, or transposons (e.g., P-elements) (reviewed 
in  (  48  ) ), many mutations affecting eye development and function 
have been    collected  (  35,   49  ) . Besides detecting novel genes, 

   Table 1 
  Some useful markers to label different compartments of adult PRCs   

 Protein  Localization  Antibody  References a  

 F-actin  Rhabdomere  Phalloidin b  

 Crumbs  Stalk membrane  Cq4 c  (mouse, monoclonal)   (  27,   69,   70  )  

 Stardust  Stalk membrane  Anti-Sdt pep153  (rabbit)   (  72  )  
 Anti-C-terminus   (  73  )  
 Anti-PDZ (rabbit and mouse 

monoclonal mAB B8-1) 
  (  26,   74  )  

 Anti-N-terminus (rat)   (  75  )  

  D PATJ  Stalk membrane  Anti- D PATJ   (  23  )  
 Anti-Dlt d  (mouse and rabbit)   (    71  )  

  D E-Cadherin  Adherens junction  DCAD2 (mouse monoclonal c )   (  76  )  

  β -Catenin/Armadillo  Adherens junction  Anti-Arm N2 7A1 c    (  77  )  

 Unconventional 
myosin, P-Moesin 

 Rhabdomere base   (  78,   79  )  

 Na + -K + -ATPase 
 α -subunit 

 Baso-lateral 
membrane 

  α 5 (mouse monoclonal, 
raised against the 
chicken protein)c 

  (  80,   81  )  

 Cut  Nucleus  2B10 (mouse monoclonal)c   (  82  )  

 Spacemaker/eyes 
shut 

 Interrhabdomeral 
space 

 mAb21A6 c    (  31,   83  )  

 Chaoptin  Lateral sides of 
rhabdomeres 

 mAB24B10 c    (  83  )  

 Carbohydrate epitopes  Rhabdomere 
outline 

 Anti-HRP (Dianova)  M. Mishra 
(unpublished) 

   a Indicates the origin of the antibody and/or the  fi rst publication showing staining in the eye 
  b Phalloidin is a bicyclic peptide isolated from the mushroom  Amanita phalloides  that selectively binds 
F-actin. Several variants are available, conjugated to different  fl uorophores (e.g., FITC, Alexa dyes, etc.) 
  c Monoclonal antibodies can be obtained from DSHB (  http://dshb.biology.uiowa.edu/    ) 
  d  D PATJ was initially supposed to be  discs lost  ( dlt )  (  71  ) , but was later correctly mapped  (  84  )   

http://dshb.biology.uiowa.edu/
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 mutagenesis screens can be used to identify additional  components 
of a given signaling pathway active in the  Drosophila  eye. This 
approach was  fi rst applied to identify mutations that enhance or 
suppress the phenotype induced by mutations in  sevenless , which 
encodes a receptor tyrosine kinase required for the speci fi cation of 
the R7 cells. In this screen  Son of sevenless  ( Sos ) was uncovered, 
which acts downstream of Sevenless and encodes a Ras guanine 
nucleotide exchange factor (GEF)  (  50,   51  ) . Since then, this kind of 
screen has been frequently used as an unbiased approach, for exam-
ple to identify modi fi ers of Tau-induced neurodegeneration in a 
 Drosophila  model for Alzheimer’s disease  (  52  ) . 

 While initially only viable mutations with a function in the eye 
could be detected in genetic screens, the induction of genetic mosa-
ics using mitotic recombination allowed the identi fi cation and char-
acterization of homozygous mutant tissues/cells in otherwise 
heterozygous animals. Thereby, the analysis of the later function of 
a gene, whose mutations result in lethality when the whole animal 
is mutant, is possible  (  53–  55  ) . This method was also used in screens 
aimed to identify novel genes with functions in the eye  (  56  ) . Initially, 
X-ray irradiation was used to induce somatic recombination, but 
the number of clones achieved was very low. The development of 
the yeast FLP/FRT system tremendously increased the frequency 
of mosaicism. This system is based on the introduction of the yeast 
 fl ip recombinase (FLP) gene and its target sequences FRT (   fl  ip 
recombinase  r ecognition  t argets) into the  fl y genome  (  57  ) . Upon 
activation of the FLP recombinase by a tissue- and/or stage-speci fi c 
promoter, homozygous mutant cells are induced (Fig.  2b ), which, 
depending on the proliferation capacity, give rise to large areas of 
mutant tissues. The introduction of an additional, lethal mutation 
on the chromosome bearing the wild-type allele makes it possible to 
produce eyes that are almost completely composed of mutant tis-
sues  (  58  ) . One of the promoters used to activate FLP recombinase 
is the heat-shock promoter, which activates FLP randomly in all tis-
sues upon raising the temperature for a short period of time to 
37°C. Alternatively,  ey -FLP, in which expression of FLP is under the 
control of the eye-speci fi c  eyeless  ( ey ) promoter, ef fi ciently generates 
 fl ies in which almost all eye cells are mutant, while the rest of the 
animal is wild type, and thus permits the performance of simple F1 
screens, aimed to identify eye-speci fi c phenotypes  (  59  ) . The possi-
bility to mark either the mutant or the wild-type cells by GFP is a 
further advantage of this assay  (  60  ) . With this method it can be 
determined whether a given gene is required in those cells, where it 
is active (cell autonomous function), or whether it exerts its func-
tion onto neighboring cells (nonautonomous function), e.g., if it 
encodes a signaling molecule. 

 Methods described above provide possibilities to study pheno-
types obtained upon loss of function of a gene of interest. A useful 
complement to these strategies is the GAL4–UAS system, designed 
to induce stage- and tissue-speci fi c (over)expression of a gene of 
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interest  (  61  ) . It is a bipartite system, in which one transgenic line, 
the activator or driver line, expresses the yeast transcription factor 
Gal4 in a known temporal and/or spatial pattern. The second trans-
genic line, the responder or effector line, carries the gene of interest 
(often only its coding region, obtained by cloning a cDNA) under 
the control of  u pstream  a ctivating  s equences (UAS), the target sites 
of Gal4. To activate gene expression, activator and effector lines are 
crossed. The resulting progenies carry both transgenes and express 
the gene of interest under the control of the desired regulatory 
sequence  (  62  ) . Further re fi nement of this method was achieved by 
the combination of the UAS/GAL4 system with a temperature-
sensitive variant of the GAL4 repressor GAL80, called the  t emporal 
 a nd  r egional  g ene  e xpression  t argeting (TARGET) technique, in 
which GAL80ts is expressed under the control of the ubiquitous 
 tubulin 1  α  promotor  (  62  ) . By a simple temperature shift, GAL80 
becomes inactivated and allows GAL4 to activate the UAS-gene of 
interest ( (  63  ) ; reviewed in  (  64  ) ). 

 To summarize,  Drosophila  photoreceptors are accessible in vivo 
to a variety of genetic and cell biological techniques, including 
mosaic analysis, overexpression studies, immunohistochemistry, 
transmission and scanning electron microscopy, and confocal 
microscopy. Development, morphology, and function of photore-
ceptors are relatively invariant from animal to animal and well stud-
ied. Since the eye is not an essential tissue and not required for an 
animal’s viability and fertility, it is a great system to study genes 
involved in neurodegeneration, including human genes not 
encoded in the  fl y’s genome. For example, the overexpression of 
human ataxin-1, a gene associated with Spinocerebellar ataxia type 
1 (SCA1), in the  fl y retina causes neurodegeneration similar to that 
observed in humans expressing a disease-inducing version of the 
ataxin protein characterized by expansion of a polyglutamine 
(polyQ) tract. More interesting, screening for genes that modify 
this phenotype in the  fl y uncovered genes that are involved in tran-
scriptional regulation, RNA processing, and cellular detoxi fi cation 
 (  65  ) , and are thus possible candidates as targets for future therapy. 
This and other examples demonstrate that the  Drosophila  eye is an 
ideal model to study the function of human genes involved in 
neurodegeneration (reviewed in  (  66–  68  ) ).   

 

      1.    4% Paraformaldehyde in phosphate-buffered saline (PBS) 
(obtained by dilution of 16% (EM grade; from Electron 
Microscopy Sciences (EMS)).  

    2.    PBS pH 7.4 and PBST (PBS + 1% Tween20) at room 
temperature.  

  2.  Materials

  2.1.  Cryo fi xation 
Reagents and 
Equipment
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    3.    10 and 25% Sucrose (AppliChem, Cat no: 57-5-1) solution, 
diluted in PBS.  

    4.    5% Normal horse serum (NHS) blocking solution (dilute 30% 
NHS (ABD Serotec, Co9SA) with PBT).  

    5.    Tissue embedding media NEG50™ (Thermo Scienti fi c).  
    6.    Vectashield mounting media (Vector lab).  
    7.    Coverslips (24 × 50 mm).  
    8.    1.5 ml Eppendorf tubes.  
    9.    Dry ice.  
    10.    Embedment molds for embedment (or cap of 1.5 ml Eppendorf 

tube).  
    11.    1 ml transfer pipettes.  
    12.    Razor blade, glass slide, and sample holder.  
    13.    Light microscope and cryostat.      

      1.    50% Glutaraldehyde (EMS #16320) diluted to 2.5% with 
Phosphate Buffer (PB) (EMS #11600-05) and 16% paraform-
aldehyde (EMS #15700) diluted to 2% with PB for primary 
 fi xation in a 1.5 ml Eppendorf tube (see Note 1).  

    2.    2% OsO 4  for secondary  fi xation: Mix 2 parts 4% OsO 4  (EMS 
#19150) with one part 2% KMnO 4  solution (KMnO 4  in dis-
tilled water) and one part distilled water.  

    3.    Ethanol, absolute, and diluted to 50, 70, 90, and 100% (see 
Note 2).  

    4.    Propylene oxide (EMS #20410) for dehydration.  
    5.    Rocking platform for agitation.  
    6.    EPON: Mix the components of the Epon 812 kit (EMS 

#14120) in a fresh plastic beaker according to the supplier’s 
instruction: EMbed 812 (20 ml), DDSA (16 ml), MNA (8 ml), 
DMP-30 (0.66 ml). Mix it for 1 h with a magnetic stirrer at 
room temperature (see Note 3).  

    7.    Embedding mold (EMS #70907) to embed the sample in 
resin.  

    8.    Maintain an oven at 60°C for polymerization.      

      1.    Ultramicrotome, razor blade, and Diamond Histo Knife.  
    2.    To prepare glass knifes, break the glass (EMS #71012) with a 

knife maker. Melt wax, dip a small container called the boat (to 
collect sections on water) into it, and immediately press it 
against the edge of the glass knife to  fi x it to the boat (Fig.  3 ).   

    3.    To collect sections, mount an eyelash at one end of a toothpick 
by means of nail polish.  

  2.2.  Fixation for Light 
and Electron 
Microscopy

  2.3.  Sectioning and 
Staining of Samples 
for Light Microscopy
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    4.    The toluidine blue solution (0.25% Toluidine blue (EMS 
#14950) and 0.25% Sodium borate (EMS #21130)) is prepared 
and mixed on a magnetic stirrer for 30 min. Filter the solution 
and store it at room temperature (see Notes 4 and 5).  

    5.    DPX (Sigma #44581) for mounting the slide.      

       1.    Wash single-slot grids (EMS #G200F1-Cu) with acetone and 
let them dry.  

    2.    For making formvar solution, dilute formvar (EMS #15810) in 
100% CHCl 3 , to make a  fi nal concentration of 1%.  

    3.    Prepare glass slides by cleaning with a Kimwipe to remove fat 
and dust.  

    4.    To coat the slides with a  fi lm of formvar, dip them into the 
formvar solution using the casting device (EMS #71305-01) 
(Fig.  4a ).   

    5.    Take out the slides and let them dry inside the fume hood.  
    6.    Cut out the  fi lm from the slide with a razor blade (Fig.  4b ).  
    7.    Prepare a rectangular cuvette  fi lled with distilled water. Dip the 

slide with the  fi lm still attached to it into the water in an angle 
of 45° (Fig.  4c ). The  fi lm will detach from the slide and  fl oat 
on the water (Fig.  4d ). A silvery appearance of the side of the 
 fi lm that was in contact with the slide indicates that it has the 
right thickness of 20–30 nm.  

    8.    Put the grids on the  fl oating  fi lm with forceps so that the dull 
surface of the grid is oriented towards you (Fig.  4e ). Once the 

  2.4.  Sectioning and 
Staining of Samples 
for Electron 
Microscopy

  2.4.1.  Coating of Grids

  Fig. 3.    Equipment required for the preparation of light and electron microscopy. See text 
for further explanation.       
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  Fig. 4.    Steps required for coating of grids. ( a ) Clean glass slide dipped inside the coating device containing the formvar 
solution. ( b ) Slide coated with formvar, cut by a razor blade to separate the  fi lm. ( c)  Slide with cut  fi lm dipped inside the 
water-containing cuvette to separate the  fi lm from the glass slide. ( d )     Grey   fi lm  fl oating on top of the clean water (corners 
marked by  white angles ). ( e ) Grids are arranged on top of the thin  fi lm and the free end is used to pick up the grid along 
with the  fi lm. ( f ) Grids with the  fi lm are now sticking to the coverslip inside water. ( g ) Lifting of the grids from the water.       

grids are attached to the formvar  fi lm, put a dust-free coverslip 
(24 × 50 mm) on the free side of the  fi lm and press it against 
the water. This will lift the  fi lm with the grids from the water 
and attach them on the coverslip (Fig.  4f, g ).  

    9.    Put the coverslip on a petri dish with a  fi lter paper (grids 
upside). After drying, grids are ready to be used.      
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      1.    Diamond knife,  fi ne forceps, and  fi lter paper cut into small 
triangular shape.  

    2.    Lead citrate solution: Boil 500 ml of water for 30 min (this will 
help to take out CO 2  from water) and allow it to cool down to 
room temperature. Dissolve 0.2 g lead citrate (EMS #27800) 
in 50 ml CO 2 -free water in a Falcon tube. Add 500  μ l 10N 
sodium hydroxide. Shake the tube a bit. Let it stand overnight 
at room temperature to clear the solution. It is best when 
freshly prepared, but can be used up to 1 month stored at 
room temperature (see Note 6). Uranyl acetate (UA) solution: 
Dissolve UA (EMS #22400) in 70% methanol to make a  fi nal 
concentration of 2% and mix it for 1 h in the dark. Fill the UA 
solution into a syringe and attach a  fi lter (Millipore 0.22) at 
the tip. After  fi ltering, the UA solution is ready for use. It is 
best when freshly prepared, but can be used up to 1 month 
when stored at 4°C.  

    3.    Grid-staining chamber (PELCO™22510) and grid box (EMS 
#71140) to store your samples with appropriate label (Fig.  5 ).         

 

      1.    Put the  fl ies on a CO 2  pad.  
    2.    Cut off the head with a razor blade and pull out the proboscis 

with forceps without smashing the eyes.  
    3.    The whole head can be used for cryo-, light-, and electron 

microscopy preparation.      

  2.4.2.  Sectioning and 
Staining of Grids

  3.  Methods

  3.1.  Dissection of 
the Compound Eye

  Fig. 5.    Picture of grid-staining area showing the required tools. See text for further 
explanation.       
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   DPP analysis can be performed in living  fl ies  (  41  ) . Here it is 
described for isolated heads. Put the dissected heads with the 
“neck” on a slide. Shine blue light from the top (in the case of 
white-eyed  fl ies) or white light from below (in the case of red-eyed 
 fl ies) through the compound eye. The rhabdomeres ef fi ciently 
absorb the light. Due to the precise architecture of the retina, the 
superposition of the pictures of several ommatidia appears as one 
single pseudopupil in the postero-dorsal quadrant of the eye 
(Fig.  1 , inset). Any gross disruption of the regular retinal organiza-
tion affects the stereotypic arrangement of rhabdomeres, and ulti-
mately results in a loss of DPP  (  41,   42  ) . The pseudopupil itself is 
best viewed using a low power (10×) objective with a large optical 
aperture. Adjust the light source in order to maximize the contrast 
between the pseudopupil and the surrounding eye surface. Tilting 
the head can blur the image.  

  While the absence of a DPP demonstrates defects in the structure 
of the rhabdomeres, optical neutralization gives additional infor-
mation on the nature of the defects. Dissected  fl y heads are 
mounted on a slide. If  fl ies express a GFP-tagged protein, 
 fl uorescence can be used. Otherwise, one can make use of bright 
light microscopy for  fl ies with pigmented eye. 

 Fluorescence microscopy using a water immersion objective 
can be performed with living  fl ies  (  43,   44  ) . Alternatively, heads are 
cut off from the  fl ies and immersed in oil on a slide, covered with a 
coverslip, and viewed using an oil immersion objective (63×) (N. 
Gurudev, personal communication).   

  Here we describe the clonal analysis of  crumbs  ( crb ) as an example 
of how to score a phenotype in the  Drosophila  eye of a mutant allele 
that leads to earlier lethality, using established methods essentially 
as described  (  58,   59  ) . The mitotic recombination event is induced 
in heterozygous animals, where one chromosome carries a wild-
type allele of  crb , and the other one a mutant allele. Upon mitotic 
recombination, followed by mitosis, two cell clones are formed, in 
which the cells are either homozygous for the wild-type allele or 
homozygous for the mutant allele. The sizes of the clones depend 
on the time point of induction, but also on the viability of mutant 
tissues.  crb  mutant clones will cover approximately 20–30% of the 
adult eye. They are scattered on the entire eye and can be recog-
nized as white patches, since they are additionally marked by the 
recessive marker  white  ( w ). To induce large eye clones, in which 
most of the eye is mutant for  crb , the FLP/FRT system is combined 
with a recessive lethal marker (e.g.,  lethal   (  3  )   cell lethal R3  ( cl3R3 ) 
in the example below) so that those cells, which are homozygous 
for the wild-type allele, are at the same time homozygous for the 
lethal marker, thus undergoing apoptosis  (  60  ) . Large  crb  mutant 
clones are obtained by setting up the following cross. 

  3.2.  Methods to Score 
for Rhabdomere 
Phenotypes in the 
Intact Head

  3.2.1.  Deep Pseudopupil 
Analysis to Score for 
Defective Rhabdomeres

  3.2.2.  Optical 
Neutralization 
of the Cornea

  3.3.  Clonal Analysis



174 M. Mishra and E. Knust

  P :  yw  P{ ey -FLP.N} /  yw  P{ ey -FLP.N} ; ; P{neoFRT}82B  clR3  
P{ white   +   -un1 }90E /  TM6B   X  

  w  /  Y  ; ; P{neoFRT}82B  crb   11A22   /  TM6B  
  F1 :  yw  P{ ey -FLP.N} / w ; ; P{neoFRT}82B  clR3  P{ white   +   -un1 }90E/

P{neoFRT}82B  crb   11A22   
 Eyes of adult F1 animals are mosaic, with the mutant clones 

being white and the few and small wild-type clones being red 
(Fig.  2b ).  

       1.    Fix the heads in an Eppendorf tube with 2% paraformaldehyde 
and 2.5% glutaraldehyde in PB (pH 7.2) at 4°C overnight as 
primary  fi xation (see Note 1).  

    2.    Wash the heads thoroughly with PBS three times for 10 min 
each wash (solvent exchange).  

    3.    The heads are subjected to secondary  fi xative for 2 h at room 
temperature in darkness with the secondary  fi xative (0.2% 
OsO4 and 1% KMnO 4  in PB). This step can be eliminated if 
the  fi xation is only for light microscopy.  

    4.    Wash the heads with distilled water three times for 10 min 
each wash.      

      1.    Dehydration is performed with a series of ethanol solutions 
(50, 70, 90, 95, 2 × 100% for 10 min each), followed by two 
washes with Propylene oxide (absolute) for 10 min each. Each 
step of dehydration should be carried out in a closed tube with 
shaking. After these steps heads are ready for in fi ltration with 
resin (see Note 2).  

    2.    In fi ltrate Epon mixture into the head with resin and propylene 
oxide according to Table  2 . All steps must be performed at room 
temperature with shaking under the fume hood (see Note 3).   

    3.    Embed the heads in pure resin in an embedding mold. You can 
add a small label with the genotype written on it into the mold. 
Fill the mold with pure resin and put the head in the mold 

  3.4.  Light Microscopy 
Approach

  3.4.1.  Tissue Fixation and 
Embedding for Light and 
Electron Microscopy

  3.4.2.  Dehydration 
and Embedding

      Table 2 
  In fi ltration with resin and propylene oxide   

 Steps  Propylene oxide: Epon  Ratio  Duration  Options 

 1.  Propylene oxide: Epon resin  3:1  2 h  Cap closed 

 2.  Propylene oxide: Epon resin  1:1  Overnight  Cap closed 

 3.  Propylene oxide: Epon resin  1:3  3 h  Cap closed 

 4.  Pure epon  3 h  Cap open 
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perpendicular to the edge of the mold so that one eye is next 
to the edge. Keep the mold in the oven at 60°C and allow the 
block to polymerize for 12–24 h (see Note 7).      

      1.    Trim the block to take out extra resin from the top of the eye if 
there is any. Trim the side of the block containing the specimen 
into a trapezoid and start collecting sections of 500 nm thick-
ness. Trim ~16  μ m from the cornea to reach the rhabdom.  

    2.    Pick up the sections with a toothpick and collect them on  a 
water droplet put onto a    slide. Allow the droplet to dry on top 
of a hot plate (temperature 60–65°C). This will help to stick 
the section properly on the slide. After the sections are dry put 
a little droplet of Toluidine blue solution to the sections. Allow 
it to stay on the hot plate for a few minutes, depending on the 
temperature of the plate, allowing the stain to dry. Wash the 
sections with distilled water and dry them over a hot plate. The 
rhabdom shape can be visualized with a 20× or a 40× objective 
under a light microscope (see Note 4). For the comparison of 
rhabdom size of several genotypes, it is necessary to take sec-
tions from the same depth of the rhabdom. The rhabdomere 
size diminishes and the interrhabdomeral space increases from 
the distal to the proximal part of the rhabdom. It is better to 
check for the rhabdom phenotype always at the level of the 
photoreceptor nuclei. The same block can be trimmed and 
used to check for the rhabdom phenotype under the electron 
microscope.  

    3.    Another block should be used for the analysis of the phenotype 
in longitudinal sections. Take a perfect longitudinal section so 
that you can see the cornea, cone, rhabdom column, and basal 
lamina clearly under the light microscope (see Fig.  2a ).  

    4.    After sectioning and staining, add DPX to the slide and mount 
the specimens with a coverslip. For the rhabdom phenotype, take 
images under 63× or 100× magni fi cation under an oil immersion 
objective. Pictures from the same magni fi cation can be compared 
with the wild type to check for any mutant phenotype.       

      1.    Flies having defective rhabdomeres as revealed by light micros-
copy can also be subjected for analysis at high resolution under 
the electron microscope. For this, the plastic block needs to be 
cut into 70 nm sections by means of a diamond/glass knife. 
Trim the block closer to the eye with a new razor blade in a 
trapezoid form, which will allow to get a “ribbon” of serial sec-
tions easily.  

    2.    Collect the sections on formvar-coated single-slot grids. 
Ultrathin sections (<70 nm) should look grey or silver due to 
their re fl ection in water. Collect only those sections, which show 
a homogenous re fl ection on a silver surface. Align the sections 

  3.4.3.  Sectioning and 
Staining of the Eye for 
Light Microscopy

  3.5.  Electron 
Microscopy Approach
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with an eyelash. Dip the grids into the water of the knife boat 
with forceps to collect the sections and collect the sections on 
the grid with the eyelash. Soak excess water with a  fi lter paper, 
cut in a triangular shape. Store the grids in a grid box with 
appropriate label.  

    3.    Put the sections on the grid into the grid-staining holder and 
slide the cover (Fig.  5 ). They are now ready for staining with 
uranyl acetate and lead citrate to give contrast under the elec-
tron microscope. Uranyl acetate stains the negative background 
like cytoplasm and lead stains membranous structures.  

    4.    Put the grid-staining holder into a staining vessel. Fill the staining 
vessel with 70% methanol in order to keep the grids wet. Exchange 
the 70% methanol with UA solution in the staining box and keep 
for at least    10 min. Wash the grids three times with 70% methanol 
(solvent exchange) in the staining vessel. Thereafter, wash it three 
times in 50% methanol followed by three times in 30% methanol 
and  fi nally three times in distilled water.  

    5.    To give better contrast the grids are counterstained with lead 
citrate. Add lead citrate solution to the staining vessel and 
allow it to incubate for 5 min. Wash three times with distilled 
water inside the chamber followed by three more washes inside 
the beaker  fi lled with water. Allow the grids inside the grid 
chamber to dry. Transfer the grids into the grid box with 
appropriate label. Grids are ready for examination under the 
electron microscope.  

    6.    To get an overall idea about the phenotype it is necessary to 
take images covering at least 6–8 ommatidia. In red-eyed  fl ies, 
ommatidia are well separated from each other by pigment cells, 
which are  fi lled with pigment granules (Fig.  2a, c ). In white-
eyed  fl ies, the outlining of the ommatidia can still be recog-
nized despite the lack of pigments. The lower magni fi cation 
picture will give a  fi rst impression about the rhabdom pheno-
type. The next step is to zoom in and take picture of individual 
ommatidia, which will allow, for example, to measure the 
length of microvilli and stalk membranes, to detect defective 
junctions or changes in the size or shape of organelles.      

      1.    Place the  fl y heads in an Eppendorf tube with 4% PFA for 
30 min at room temperature in shaking condition. Wash the 
heads three times with PBS for 15 min each time.  

    2.    In fi ltrate the heads with 10% sucrose in PBS for 2 h on a rocker 
in a cold room. Transfer the heads to 25% sucrose solution and 
incubate them overnight in a cold room with gentle rocking.  

    3.    Transfer the heads to the embedment mold  fi lled with mounting 
media. Align the heads under a microscope in such a way that 
the eyes are looking towards the base of the mold/downwards. 

  3.6.  Cryo fi xation and 
Immunolabeling of Eye 
Sections for Confocal 
Microscopy
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Put at least 12 heads in each boat, arranged in two rows. Place 
the boat over dry ice and allow it to freeze. The blocks are 
ready for sectioning or can be stored at −80°C at this point for 
future use.     

      1.    The key instrumentation for cryosection is the cryostat, which 
is essentially a microtome inside a freezer. Take the cryo sample 
holder and add a drop of mounting media to it. Take out the 
frozen block with forceps and stick it to the mounting media 
(see Note 8). Freeze the sample holder inside the cryostat until 
it is hard. Fix the sample holder to the cryostat and the eyes are 
ready for sectioning.  

    2.    Trim the block in the form of a trapezoid with a thick razor 
blade. Adjust the cryotome to section at a thickness of 
10–15  μ m. Adjust the temperature of the cryostat to −21°C 
for the blade and −18°C for the object temperature (there 
should be always a temperature difference of 2–3° between the 
object and the blade). Align the glass spacer and the blade 
properly so that there is a distance of 0.5 mm between the glass 
blade and the spacer; the spacer should be always ahead of the 
blade (see Note 9). Sections are picked up with a glass slide 
and stored inside the cryotome until you are done with the 
sectioning.      

      1.    Wash the slides with PBS twice followed by one wash with 
PBST and incubate for 10 min at room temperature.  

    2.    Block the slides with 5% NHS diluted in PBST for 1 h at room 
temperature. Add the primary antibody diluted with blocking 
solution. Keep it overnight at 4°C in a moist chamber to avoid 
drying.  

    3.    Wash the slide three times with PBST, 10 min each wash. Add 
the secondary antibody diluted with blocking solution and 
keep the slide inside a wet chamber for at least 2 h at room 
temperature in the dark. At this step it is wise to add  fl uorescently 
labeled phalloidin along with the secondary antibody. Phalloidin 
binds to F-actin and provides a good staining for the overall 
shape and organization of the PRCs, in particular the 
rhabdomere.  

    4.    Wash the slide with PBS, followed by two more washes with 
distilled water. Mount the slide with Vectashield with a cover-
slip and seal it with nail polish.  

    5.    Slides are ready for examination under the confocal micro-
scope. Take  fi rst an overview picture covering 6–8 rhabdoms. 
Then zoom in and adjust for one rhabdom to view the labeling 
more clearly.       

  3.6.1.  Cryosectioning

  3.6.2.  Cryolabeling
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  Whole mount staining allows to study photoreceptors without 
cryosectioning. This is a good method to study the localization of 
proteins at various developmental stages.

    1.    Dissect the eyes (take out the brain and the lamina) and place 
them in an Eppendorf tube containing 4% PFA. Fix the eyes 
for 30 min at room temperature in shaking conditions.  

    2.    Wash the eyes three times with PBS (20 min each wash).  
    3.    Block the sample for 1 h with 5% NHS diluted with PBST.  
    4.    Incubate with the antibody (diluted with blocking solution) by 

shaking overnight at 4°C. If the antibody dilution has been 
used successfully on cryosections, then the antibody should 
work for whole mount staining with the same concentration.  

    5.    Wash the eyes with PBST three times (20 min each wash) at 
room temperature. Add the appropriate secondary antibody 
along with phalloidin (this will allow you to see the rhabdom) 
and incubate at room temperature for 2 h in the dark.  

    6.    Wash the eyes with PBS for 10 min followed by two more 
washes with water. Eyes are ready for mounting.  

    7.    Remove the cornea with a needle. Make a bridge on the slide 
(by spacers) and add 100  μ l of Vectashield. Align the eyes 
under a dissecting microscope so that they face downwards. 
Add a coverslip. Mounting of the eye is a critical point. If prop-
erly done, z-stacks collected under the confocal microscope 
will allow to see every layer of photoreceptors.       

 

 Preparation of eye sections and their examination under the elec-
tron microscope is a lengthy process, where each and every step 
might cause poor quality or artifacts. The following steps help to 
reduce that.

    1.    Concentrations of glutaraldehyde and paraformaldehyde used 
for the primary  fi xation should be measured accurately. Higher 
 fi xative concentration dissolves the ultrastructure, resulting in 
poor-quality pictures.  

    2.    Dehydration steps are very crucial and should be maintained as 
indicated. The tissue has to be properly and perfectly dehy-
drated, as resin is incompatible with water. Presence of water 
might induce holes in the resin-embedded blocks, making sec-
tioning dif fi cult.  

    3.    Timing for in fi ltration steps has to be accurately maintained, 
because poor in fi ltration causes defective resin blocks and con-
sequently dif fi culties in sectioning. In most red-eyed  fl ies, the 

  3.7.  Whole Mount 
Staining for Confocal 
Microscopy

  4.  Notes
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pigment granules seem to be washed away due to poor 
in fi ltration process. To avoid this, polymerization of the block 
should be allowed for more than 24 h. If the problem persists, 
increase the time of step 3 (Table  1 ) to 12 h.  

    4.    Perfect staining of the sample is essential for examination of the 
rhabdom under the light microscope. Do not dry the stain com-
pletely (on the hot plate), which might result in overstaining of 
your sample. As a consequence, the rhabdom phenotype and/or 
the structure cannot be observed clearly. If this is the case, just 
wash your sample with 70% ethanol and stain it again.  

    5.    If wrinkles are forming after staining increase the temperature 
of the hot plate.  

    6.    Proper staining of specimens is essential for electron micros-
copy. Poor staining induces the formation of lead crystals, 
which spoil the quality of the image. To avoid lead crystal for-
mation during staining, the  fi rst wash after lead citrate staining 
should be done rapidly. Few more washes should be carried 
out in order to remove lead citrate completely.  

    7.    Chemicals used for  fi xation and staining for light/electron 
microscopy are highly toxic and should be handled under a fume 
hood. All materials in contact with the resin must be polymer-
ized (60°C, 24 h) before disposed to the regular waste.  

    8.    When cryosectioning, do not section the block immediately 
after taking it out from −80°C. Bring the block temperature to 
−20°C before sectioning. This will result in smooth sectioning.  

    9.    Look for the golden re fl ection with the blade and the glass 
spacer in the cryostat. A better alignment will help to get 
smooth sections.          
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    Chapter 12   

 Cell-Speci fi c Markers for the Identi fi cation of Retinal 
Cells by Immuno fl uorescence Microscopy       

     Christiana   L.   Cheng   ,    Hidayat   Djajadi   , and    Robert   S.   Molday        

  Abstract 

 Identi fi cation and visualization of speci fi c cells and cellular structures in the retina are fundamental for 
understanding the visual process, retinal development, disease progression, and therapeutic intervention. 
The increased usage of transgenic and naturally occurring mutant mice has further emphasized the need 
for retinal cell-speci fi c imaging. Immuno fl uorescence microscopy of retinal cryosections and whole mount 
tissue labeled with cell-speci fi c markers has emerged as the method of choice for identifying speci fi c cell 
populations and mapping their distribution within the retina. In most cases indirect labeling methods are 
employed in which lightly  fi xed retinal samples are  fi rst labeled with a primary antibody targeted against a 
cell-speci fi c protein of interest and then labeled with a  fl uorescent dye-tagged secondary antibody that 
recognizes the primary antibody. The localization and relative abundance of the protein can readily be 
imaged under a conventional  fl uorescent or confocal scanning microscope. Immuno fl uorescence labeling 
can be adapted for imaging more than one protein antigen through the use of multiple antibodies and 
different, nonoverlapping  fl uorescent dyes. A number of well-characterized immunochemical markers are 
now available for detecting photoreceptors, bipolar cells, amacrine cells, horizontal cells, Müller cells, and 
retinal pigment epithelial cells in the retina of mice, and other mammals.  

  Key words:   Mouse ,  Retina ,  Immuno fl uorescence labeling ,  Retinal cell-speci fi c markers ,  Antibodies , 
 Fixation ,  Cryosections ,  Retinal whole mount ,  Fluorescence microscopy    

 

 Identi fi cation and visualization of speci fi c retinal cell types are 
fundamental in the study of their role in vision, retinal develop-
ment, disease progression, and therapeutic intervention. In the 
past, the structural and cellular organization of mammalian retinas 
was investigated preferentially in primates (monkeys), cows, cats, 
rabbits, and rats. In recent years mice have emerged as the main 
animal model for research as the rapidly advancing transgenic and 
knockout technologies are being applied in mice, and naturally 
occurring mutant mice are being recognized as relevant models for 

  1.  Introduction
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studying human    diseases. In the retinal  fi eld, mice serve as a 
powerful tool to investigate mechanisms underlying retinal func-
tion and development, and to explore the pathogenesis of retinal 
degeneration. This chapter of immunohistochemical marker analy-
sis will focus on the mouse retina, but the techniques described are 
generally applicable to other vertebrate species. 

 The capability of ef fi cient yet highly complicated communica-
tion between neurons in the retina is attributed to the intelligent 
organization of various retinal cell types (Fig.  1 ). Communication 
between neurons occurs within two plexiform layers where the 
residing dendrites and axons of neighboring neurons make their 
synaptic connections, achieving a wide network of vertical and lat-
eral contacts simultaneously. The cell bodies of the neurons in the 
retina are located within the outer and inner nuclear layer (INL); 
this allows for maximum number of cells in a compacted space in a 
highly ordered fashion. The back of the retina consists of a layer of 
phagocytotic retinal pigmented epithelial (RPE) cells whose apical 
processes intercalate between the photoreceptor outer segments in 
which the visual transduction components reside. The inner seg-
ments of photoreceptors containing the energy-producing and 
biosynthetic machinery lie in between the outer segments and the 
cell bodies. Situated between the inner segments and the cell bodies 
of photoreceptors is the outer limiting membrane characterized as 
having numerous occluding junctions and serving as a blood-retinal 

  Fig. 1.    Organization of the vertebrate retina. ( a ) Diagram of the vertebrate retina showing the organization of various retinal 
cell types and retinal layers. ( b ) Mouse retinal cryosection stained with DAPI to identify nuclear layers and imaged with DIC 
and DAPI  fl uorescence.  RPE  retinal pigment epithelial,  OS  outer segment,  IS  inner segment,  ONL  outer nuclear layer,  OPL  
outer plexiform layer,  INL  inner nuclear layer,  IPL  inner plexiform layer,  GCL  ganglion cell layer.       
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barrier sealing off the remaining retina from potentially harmful 
material present in the blood circulation.  

 The photoreceptor cell bodies are positioned in the outer 
nuclear layer (ONL), below which is the outer plexiform layer 
(OPL) where the numerous synapses of photoreceptors make con-
tacts with the dendrites of bipolar cells and horizontal cells. The 
cell bodies of bipolar cells, horizontal cells, and amacrine cells are 
located in the INL, and these cells network with the processes 
of ganglion cells in the inner plexiform layer (IPL). The nuclei of 
ganglion cells reside in the ganglion cell layer (GCL). This layer 
has far fewer nuclei than the inner or ONLs. The axons of ganglion 
cells bundle into tracts that run radially and form the nerve  fi ber 
layer. The inner limiting membrane, another barrier that separates 
the retina from vitreous chamber, is formed by the direct contact 
of cell processes of the Müller cells. These glial cells, which protect 
and support the neurons, span the retina vertically with their radial 
processes terminating at the outer and inner limiting membrane 
and their cell bodies present in the INL. 

 As with other vertebrates, mice have two types of photorecep-
tors, rods and cones. Like most animals, the mouse retina is rod-
dominated with about 1–3% of the photoreceptors being cones 
 (  1,   2  ) . However the average cone density in a mouse retina (3,500 
cones per mm 2 )  (  1  )  is still comparable to that of extrafoveal pri-
mate retina (2,000–4,000 cones per mm 2 )  (  3  )  and that of cat and 
rabbit retinas. Two types of cone photoreceptors are present in the 
mouse retina, short-wavelength (blue-light sensitive) S cones and 
mid-wavelength (green-light sensitive) M cones, distributed in a 
dorsoventral gradient  (  2,   4  ) . Only one type of horizontal cell is 
found in the mouse retina  (  5  ) , while there are at least ten cone 
bipolar cell types and one rod bipolar cell type  (  6  ) . The bipolar 
cells produce processes extending into distinct regions of the IPL, 
with the OFF-cone bipolar cells in the outer IPL and the ON-cone 
bipolar cells in the inner IPL  (  7  ) . The 20–30 different subtypes of 
amacrine cells in mammalian retinas  (  8  )  can be subdivided into two 
major categories, the glycinergic and  γ -aminobutyric acidergic. In 
mouse, most amacrine cells form a narrow layer that is two-cell 
bodies thick in the inner part of INL  (  1  ) , and some amacrine cells 
are found displaced in the GCL. The density of ganglion cells is 
higher in the central retina with a gradual decline towards the 
peripheral retina  (  9  ) . 

 With the incredible diversity of retinal cell types, one can imagine 
the degree of dif fi culty to study the retina at a cellular level. Over 
the years many researchers have characterized speci fi c proteins that 
are expressed uniquely in a given cell type. These proteins have 
become de fi ned as cell-speci fi c markers providing a mean for 
reliable identi fi cation of a given population of cells. 

 To visualize an individual cell type, the indirect  fl uorescence 
method is most often employed. This method involves a primary 
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antibody that recognizes the cell-speci fi c protein of interest, and a 
secondary antibody that is targeted to the primary antibody and 
that is conjugated to a  fl uorophore. The signal from the  fl uorophore 
is ampli fi ed because of the potential for at least two secondary anti-
bodies to bind to each primary antibody. The speci fi city conferred 
by the primary antibody and the signal ampli fi cation from the sec-
ondary antibody make this method the ideal choice for immuno-
histochemistry. Furthermore, a single secondary antibody can be 
used to detect different primary antibodies generated in a given 
species adding versatility to the method. Most primary antibodies 
work better with cryosections rather than paraf fi n-embedded sec-
tions mostly due to the dif fi culties in retrieving accessible antigen 
in the latter. Therefore this chapter focuses on immuno fl uorescence 
staining of retinal cryosections. The chapter also describes the 
method for labeling whole-mount retinas (Fig.  2 ), as many infor-
mative advantages are associated with studying whole-mount reti-
nas, such as the distribution of cell types or the differential 
expression level of proteins across the entire retina.  

 In addition, this chapter is directed towards the more widely 
used  fi xation and labeling methods. There are many more cell-speci fi c 
markers available than those described here; most of the markers 
used in this chapter are commercially available (Table  1 ). In general, 
a good marker should be speci fi c to only one cell type or a limited 
number of cell types, should be expressed over a de fi ned time of 
the development, should be relatively insensitive to common 
 fi xation, and should have known cross-species reactivity. A marker 
that possesses these qualities is hard to  fi nd, especially for bipolar 
cells, which have been shown to be very species speci fi c. A few 
molecular markers have been recognized for their cellular and sub-
cellular speci fi city and have been widely used as speci fi c markers. 
Examples include antibodies to rhodopsin (Rho1D4 and Rho4D2) 
as rod photoreceptor markers and more speci fi cally rod outer seg-
ment markers  (  10,   25  ) , blue opsin and red/green opsin for blue 
and red/green cone photoreceptors  (  11,   12  ) , postsynaptic density 

  Fig. 2.    Human ( a ,  b ) and mouse ( c ) retina whole mounts. ( a ) Fluorescence image of rhodopsin (Rho 1D4) labeling of rods 
surrounding unlabeled cones depicted as holes. ( b ) Fluorescence image of ABCA4 (Rim 3F4) labeling of cones surrounded 
by labeled rods  (  25  ) . ( c ) Fluorescence image of cone opsin (blue and red/green opsin) labeling of cone photoreceptors in a 
mouse retinal whole mount.       
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protein (PSD95) for cone and rod synaptic terminals  (  13,   14  ) , 
protein kinase C (PKC α ) for rod bipolar cells  (  7,   15  ) , calbindin for 
horizontal cells  (  7,   16  ) , choline acetyltransferase (ChAT) for ama-
crine cells  (  17  ) , Thy-1 for ganglion cells  (  18,   19  ) , and vimentin 
 (  20  )  and CRALBP  (  21  )  for Müller cells. A list of widely used cell-
speci fi c markers is given in Table  1 . Examples of mouse cryosec-
tions labeled with various cell-speci fi c markers for 
immuno fl uorescence microscopy are given in Figs.  2 – 4 .     

   Table 1 
  Examples of immunochemical markers for the identi fi cation of retinal cells 
and analysis of cellular and subcellular structures   

 Cell type  Antigen  Antibody  Source  References 

 RPE  Ezrin  Rabbit anti-ezrin  Abcam   (  26  )  

 Rod 
photoreceptor 

 Rhodopsin  Mouse anti-rhodopsin 
clone 1D4 or 4D2 

 Millipore or 
StressMarq 

  (  10,   25  )  

 Cone 
photoreceptor 

 Red/green-sensitive 
opsin 

 Rabbit anti-red/
green opsin 

 Chemicon   (  11  )  

 Cone 
photoreceptor 

 Blue-sensitive 
opsin 

 Rabbit anti-blue 
opsin 

 Chemicon   (  12  )  

 Cilium/axoneme  Retinitis pigmentosa 
1 protein (RP1) 

 Chicken anti-RP1 
clone EAP15A 

 Liu et al. 2004   (  27  )  

 Photoreceptor 
inner segment 

 Sodium/potassium 
ATPase  α 3 

 Mouse anti-Na/K 
ATPase clone 
XVIF9-G10 

 ABR   (  25  )  

 Synapses  Postsynaptic density 
protein (PSD95) 

 Mouse anti-PSD95 
clone 7E3-1B8 

 ABR   (  14  )  

 Synapses  Synaptophysin 
(SVP38) 

 Mouse anti-SVP38  Santa Cruz   (  28  )  

 Rod bipolar cell  Protein kinase 
C (PKC α ) 

 Mouse anti-PKC α  
clone MC5 

 Sigma   (  7,   15  )  

 Cone bipolar cell  Excitatory amino 
acid transporter 
(EAAT5) 

 Rabbit anti-EAAT5  Alpha 
Diagnostic 

  (  29,   30  )  

 Horizontal cell  Calbindin  Mouse anti-calbindin-
D-28 K clone 
CB955 

 Sigma   (  7  )  

 Amacrine cell  Syntaxin-1A  Rabbit anti-syntaxin 
1A 

 Synaptic 
Systems 

  (  31  )  

 Müller cell and 
RPE cell 

 Cellular retinaldehyde-
binding protein 

 Rabbit anti-CRALBP  Bunt-Milam 
and Saari 
1983 

  (  21  )  
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  Fig. 3.    Immuno fl uorescence of mouse retinal cryosections labeled with cellular markers for the outer retina. ( a ) DIC image 
of the retina stained with DAPI as a reference for the location of labeling in the following images. ( b ) Section Imunno- 
stained for ezrin. Apical microvilli of RPE that intercalate the photoreceptor outer segments are labeled. ( c ) Section immu-
nostained for rhodopsin (Rho 1D4). The outer segments of rod photoreceptors are labeled. ( d ) Section immunostained for 
red/green-sensitive opsin. Cone outer segments are intensely labeled and the cell body faintly labeled. ( e ) Section immu-
nostained for blue-sensitive opsin. Only the outer segments of blue cones are labeled. ( f ) Retinitis pigmentosa protein 1 
(RP1) immuno fl uorescence is localized to the axoneme of the photoreceptor outer segments. ( g ) Intense immunostaining 
of sodium/potassium (Na/K) ATPase is observed in photoreceptor inner segments, outer plexiform layer (OPL), and inner 
nuclear layer (bipolar cells) of the retina. ( h ) Intense immunolabeling of postsynaptic density protein 95 (PSD95) is detected 
in the upper portion of the OPL of the retina.       

 

       1.    Small curved scissors.  
    2.    Sorensen’s phosphate buffer (PB), 0.1 M, pH 7.4.  
    3.    16% Paraformaldehyde (PFA) (Electron Microscopy Sciences, 

Fort Washington, PA).  
    4.    4% PFA in PB, diluted from 16% PFA (see Note 1).  
    5.    Shallow  fl at-bottom dissecting dishes, preferably polyethylene.  

  2.  Materials

  2.1.  Labeling of Retinal 
Cryosections for 
Immuno fl uorescence 
Microscopy

  2.1.1.  Dissection 
and Fixation of Retina
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    6.    26 Gauge syringe needle.  
    7.    Medium curved and pointed forceps.  
    8.    Small spring scissors with narrow, sharp tips.  
    9.    Dissecting microscope with illuminator.      

      1.    Sucrose (Fisher Scienti fi c, Ottawa, ON).  
    2.    Sucrose solution (5, 8, 12, 16, 20% w/v) in PB.  
    3.    Embedding molds (Polysciences Inc., Warrington, PA).  
    4.    Polyfreeze Tissue Freezing Medium (Polysciences Inc., 

Warrington, PA).  
    5.    Liquid nitrogen.      

  2.1.2.  Cryo-Protection 
and Freezing of Retina

  Fig. 4.    Immuno fl uorescence of mouse retinal cryosections labeled with cellular markers for inner retina. ( a ) Intense punc-
tate immuno fl uorescence of synaptophysin (SVP38) is observed in both the outer and inner plexiform layers (IPLs). ( b ) 
Section immunostained for the  α  isoform of protein kinase C (PKC α ). Blue cones and rod bipolar cells are labeled. ( c ) 
Immunolabeling of the excitatory amino acid transporter 5 (EAAT5) is detected in two strata of processes in the IPL, with 
the OFF-cone bipolar cells in the upper strata and the ON-cone bipolar cells in the lower strata of the layer. ( d ) Calbindin 
immuno fl uorescence is prominent in the cell bodies of horizontal cells. ( e ) Syntaxin-1A immunoreactivity is found on ama-
crine cell processes of the IPL, horizontal cell processes in the outer plexiform layer, and in the inner segment of photore-
ceptors. ( f ) Cellular retinaldehyde binding protein (CRALBP) labeling is robust in RPE and Müller cells which span throughout 
the retina vertically.       
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      1.    Microscope glass slides, precleaned (Fisher Scienti fi c, 
Ottawa, ON).  

    2.    Cryostat.  
    3.    Slide boxes for storage (Evergreen Scienti fi c, Los Angeles, LA).      

      1.    Elite PAP pen (Diagnostic BioSystems, Pleasanton, CA).  
    2.    Moisture chamber for slides (Evergreen Scienti fi c, Los 

Angeles, LA).  
    3.    Sorensen’s phosphate buffer, 0.1 M, pH 7.4.  
    4.    Normal goat serum (NGS) (Sigma, St. Louis, MO).  
    5.    Triton X-100 (Sigma, St. Louis, MO).  
    6.    Blocking solution (10% NGS (see  Note 2 ), 0.2% Triton (see 

Note 3) in PB.  
    7.    Labeling solution (2.5% NGS, 0.1% Triton in PB).  
    8.    Primary antibodies (see  Note 4 ).  
    9.    Secondary antibodies (see  Note 5 ).  
    10.    Mowiol 4-88 mounting media (Polysciences Inc., 

Warrington, PA).  
    11.    Dihydrochloride DAPI (Invitrogen, Burlington, ON).  
    12.    Microscope cover glass, #1 (Fisher Scienti fi c, Ottawa, ON).  
    13.    Nail polish.       

       1.    Surgical small spring scissors with sharp tips.  
    2.    Medium curved and pointed forceps.  
    3.    Permanent marker.  
    4.    Small curved scissors with blunt tips.  
    5.    Dumont forceps.  
    6.    Small vials (labeled with Left eye or Right eye).  
    7.    4% PFA in PB.      

      1.    Very shallow  fl at-bottomed dissecting dishes, preferably 
polyethylene.  

    2.    Dissecting microscope with illuminator.  
    3.    Dumont forceps.  
    4.    No. 11 scalpel blade or 22 gauge syringe needles.  
    5.    Surgical small spring scissors with sharp tips.  
    6.    4% PFA in PB.  
    7.    No. 3 tapered tip synthetic  fi ber artist’s brush.      

      1.    Sorensen’s phosphate buffer, 0.1 M, pH 7.4.  
    2.    Blocking solution (10% NGS, 0.2% Triton X-100 in PB).  

  2.1.3.  Sectioning of Retina

  2.1.4.  Labeling of Retinal 
Cryosections

  2.2.  Labeling of Retinal 
Whole Mount for 
Immuno fl uorescence 
Microscopy

  2.2.1.  Dissection 
and Marking of Retinal 
Whole Mount

  2.2.2.  Separation of Retina 
from Eyecup

  2.2.3.  Labeling of Retinal 
Whole Mount
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    3.    Labeling solution (2.5% NGS, 0.1% Triton X-100, 0.01% 
Sodium Azide in PB).  

    4.    Primary antibodies.  
    5.    Secondary antibodies.      

      1.    Black electrician’s or clear tape (two or three layers).  
    2.    Single edged razor blade.  
    3.    No. 11 scalpel blade.  
    4.    Microscope glass slides.      

      1.    Tapered tip synthetic  fi ber artist’s brush (No. 0, 1, 3).  
    2.    No. 11 scalpel blade.  
    3.    Mowiol 4-88 mounting media (Polysciences Inc., 

Warrington, PA).  
    4.    Glass coverslips, 24 × 50, No. 1.5.  
    5.    Nail polish.        

 

       1.    Euthanize mice in compliance with institutional animal care 
committee protocols and guidelines (see  Note 6 ).  

    2.    Enucleate eyes. In order to prevent tearing of the optic nerve 
and damaging the retina, apply enough pressure with scissors 
around the eye so that the eye protrudes out of the socket for 
easy separation of the    eye.  

    3.    Immerse eyes in 4% PFA for 1–12 h (see  Note 7 ) at room 
temperature.  

    4.    Place the eye under a dissecting microscope. Remove anterior 
segments (cornea, lens, iris) of the eye by making one small 
puncture on the whitish ora serrata with a 26 gauge syringe 
needle while holding the eye in place with forceps.  

    5.    Start making small incisions along the ora serrata with a pair of 
surgical scissors, and cut all the way around to remove the cor-
nea, thus opening the eyecup.  

    6.    With a pair of forceps securing the eyecup, use another pair of 
forceps to remove the lens and iris carefully, without disturbing 
the underlying retina.      

      1.    Cryo-protect eyecups in graded sucrose solutions (5, 8, 12, 
16, 20%) (see  Note 8 ), 15 min each at room temperature.  

    2.    In a tissue holder  fi lled with Polyfreeze (see  Note 9 ), position 
eyecup with its opening facing either left or right in order to 
obtain tangential (longitudinal) sections of the retina.  

  2.2.4.  Making Support 
for Whole-Mounting Retina 
on Glass Slide

  2.2.5.  Whole-Mounting 
Retina on Glass Slide

  3.  Methods

  3.1.  Labeling of Retinal 
Cryosections for 
Immuno fl uorescence 
Microscopy

  3.1.1.  Dissection of Retina

  3.1.2.  Cryo-Protection 
and Freezing of Retina
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    3.    Once the eyecup is aligned perfectly straight with the side of 
the holder, dip the tissue holder in liquid nitrogen to freeze the 
tissue.  

    4.    Eyecups are now ready to be sectioned, or can be wrapped 
with aluminum foil and stored in an airtight bag at −30°C.      

      1.    Section eyecup vertically at 10–12  μ m on a cryostat set at 
−26°C.  

    2.    Place 2 or more sections in a group on a glass slide, and place 
2 groups with good separation between the groups on a slide; 
this will allow labeling with two different antibodies on the 
same slide.  

    3.    Once cut, retinal sections can also be stored at −30°C.      

      1.    Thaw retinal sections to room temperature.  
    2.    Using a PAP pen, draw around the groups of retinal sections. 

Let PAP pen marking dry.  
    3.    Rehydrate retinal sections with PB.  
    4.    Incubate sections in blocking solution for 30 min.  
    5.    Dilute primary antibody in labeling solution (see  Note 10 ).  
    6.    Incubate retinal sections with primary antibody (see  Note 11 ) 

overnight at room temperature in a moisture chamber.  
    7.    Wash sections with PB three times, minimally 15 min each.  
    8.    Incubate retinal sections with appropriate secondary antibody 

diluted in labeling solution containing DAPI (300 nM) for 1 h 
at room temperature in a moisture chamber.  

    9.    Wash sections with PB three times, minimum 15 min each.  
    10.    Place a small drop of mounting media on the sections.  
    11.    Cover sections with glass coverslips and secure coverslips by 

applying nail polish around the coverslip.  
    12.    Labeled retinal sections are ready for viewing by using a con-

ventional light or preferably a confocal scanning microscope 
with appropriate  fl uorescent  fi lters and imaging software.       

       1.    Euthanize mice in compliance with institutional animal care 
committee protocols and guidelines.  

    2.    Carefully cut away the eye lids, using the sharp tipped scissors 
and forceps, to expose the orbits.  

    3.    Mark the superior point of the eye globe using permanent 
marker.  

    4.    Using the small curved scissors, insert the tips of scissors into 
the conjunctiva between the eye and the orbit on the side 
closest to you.  

    5.    Cut the conjunctiva. Be careful not to cut the sclera of the eye.  

  3.1.3.  Sectioning of Retina

  3.1.4.  Labeling of Retinal 
Sections

  3.2.  Labeling of Retinal 
Whole Mount for 
Immuno fl uorescence 
Microscopy

  3.2.1.  Dissection 
and Marking of Retinal 
Whole Mount
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    6.    Using the Dumont forceps, grasp the loose conjunctiva and 
gently pull the eye slightly forward. Reinsert the scissors tips 
near the  fi rst cut under the eye, cutting the attachment around 
the eye until the back of the orbit is reached.  

    7.    Carefully cut the remaining conjunctiva around the limbus 
until the eye comes free.  

    8.    Place the eye in a vial  fi lled with 4% PFA. Incubate for 
10–15 min.      

      1.    Remove the eye from the vial to the dissection dish under the 
microscope.  

    2.    Using a No. 11 scalpel blade or 22 gauge needle, pierce the 
side of the eye just rearward (scleral side) of the limbus. Do not 
go any deeper than necessary to penetrate the eye wall in order 
to keep the lens intact.  

    3.    Using the spring scissors and the Dumont forceps, insert one 
of the scissor blades into the slit just created. First cut up into 
the cornea. Cut around the eye along the limbus until you 
return to the beginning. Again cut up over it into the cornea 
to meet your previous cut from the other direction in order to 
produce a corneal tab to be used for orientation.  

    4.    After removing the cornea and iris, carefully remove the lens 
from the inside of the eyecup.  

    5.    Fill the eyecup with a drop of  fi xative. Fix for ~20–30 min.  
    6.    After an eyecup has been  fi xed, place it under the microscope 

so that the interior is visible including the optic nerve head 
(white dot near the retinal center). Using the small spring scis-
sor or No. 11 blade, make a small cut to the right and left of 
the marker.  

    7.    Hold onto the sclera with the Dumont forceps while using the 
22 gauge needle to separate the retina from the sclera. Gently 
roll the sclera backward to separate the retina away from the 
back of the eyecup. If needed, use the spring scissor to cut the 
sclera; be very careful not to cut the retina.  

    8.    The retina will remain attached to the optic nerve head even 
when the retina is free from the cup edge. Carefully, using the 
No. 11 blade, reach into the cup between the loosened retina 
and the sclera, and sever the optic nerve head from the retina.  

    9.    Fix the retina suspended in 4% PFA for 2–4 h in total.      

      1.    Rinse retina with PB a few times.  
    2.    Incubate retina with blocking solution for 1 h at room 

temperature.  
    3.    Label retina with primary antibody diluted in labeling solution 

containing 0.01% sodium azide for 24 h at 4°C.  

  3.2.2.  Separation of Retina 
from Eyecup

  3.2.3.  Labeling of Retinal 
Whole Mount
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    4.    Wash retina gently with PB 3 times, minimum 20 min each.  
    5.    Label retina with appropriate secondary antibody diluted in 

labeling solution for 12 h at 4°C.  
    6.    Wash retina gently with PB 3 times, minimum 20 min each.      

      1.    In order to preserve the three-dimensional retina, a support 
can be made from electrician’s tape to prevent the coverslip 
from  fl attening the tissue.  

    2.    Cut out a 2–3 in. length of electrician’s tape. Apply it carefully 
to the viewing surface of a glass slide, being careful not to trap 
air bubbles beneath it.  

    3.    Using a single-edged razor blade, cut the tape off at both ends 
of the slide by scoring it.  

    4.    Apply a second layer of tape as the  fi rst.  
    5.    Using a single-edged razor blade, score through the tape layers 

near the slide’s center to form a diamond shape. Using the 
point of a No. 11 blade applied to one apex of the diamond, 
peel the tape up and out, leaving a diamond-shaped area of 
clear glass to mount the retina within.      

      1.    Decide the side of the retina that will present the best 
labeling.  

    2.    Using a No. 3 brush, carefully place a retina on a glass slide, 
with the desired side up.  

    3.    Using a No. 1 or 0 brush, unfold the retina.  
    4.    Using a No. 11 blade, make small cuts at the retina’s edge to 

allow it to lie  fl at. For proper orientation, rotate the retina so 
that the deep cut made during retinal removal is at the 12 
o’clock position relative to the glass slide.  

    5.    Place a drop of mounting media on the retina, and a drop on 
the glass coverslip to be used.  

    6.    Turn the cover glass over and combine the two drops of mount-
ing media as you place the glass coverslip on the slide.  

    7.    Seal the coverslip with nail polish.  
    8.    Examine retinal whole mount with a light or confocal micro-

scope (see  Note 12 ).        

 

     1.    Alternative  fi xatives are ice-cold absolute methanol or absolute 
ethanol. Alcohols do not penetrate as well and consequently 
do not preserve tissue morphology as well as formaldehyde-
based  fi xatives. Alcohols are primarily used to  fi x frozen tissue 

  3.2.4.  Making Support 
for Whole-Mounting Retina 
on Glass Slide

  3.2.5.  Whole-Mounting 
Retina on Glass Slide

  4.  Notes
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sections and are more suitable for membrane surface antigens. 
Another  fi xative is (4% 1-ethyl-3-(3-dimethylaminopropyl)) 
carbodiimide, which is used for labeling certain synapse- 
associated proteins  (  7  ) .  

    2.    For effective blocking of nonspeci fi c staining from the secondary 
antibody, choose a serum identical to the host animal of the sec-
ondary antibody or from an unrelated species. Addition of 1% 
bovine albumin serum may also enhance the blocking effect.  

    3.    Percentage of Triton X-100 needed varies depending on the 
localization and nature of targeted protein. For example, pro-
teins residing in the nucleus require higher percentage of 
Triton X-100 (0.5% for blocking and 0.3% for labeling of pri-
mary and secondary antibody). Triton X-100 is a nonionic 
detergent that permeabilizes cell membranes, and at high con-
centration it can destroy tissue morphology.  

    4.    Dilution of primary antibodies should be determined empiri-
cally by the investigator with the consideration of manufac-
turer’s recommendation.  

    5.    Secondary antibodies coupled to the Alexa family of dyes 
(Molecular Probes) give bright, nonfading  fl uorescent signal 
that is more superior to that of conventional FITC- or rhodamine-
coupled secondary    antibodies.  

    6.    The timing of tissue collection may in fl uence the localization 
of certain proteins. It has been shown that visual signaling pro-
teins such as arrestin  (  22  ) , recoverin  (  23  ) , and transducin  (  24  )  
undergo translocation between the outer and inner segments 
of the photoreceptors in a light-dependent manner. Therefore 
it is important to be consistent with the collection time.  

    7.    Length of  fi xation is dependent on the antibody. The ideal 
length of  fi xation would preserve tissue morphology and still 
retain the antigenicity of the target protein. In general, 15 min 
to 1 h is suf fi cient to  fi x the eyecup properly. However, there 
are proteins that require longer  fi xation, such as recoverin (3 h 
 (  7  ) ). When punctate staining is expected as in labeling synaptic 
vesicles and cilia, shorter  fi xation times should be employed.  

    8.    Some protocols cryo-protect the eyecup in 30% sucrose or 
higher but in our experience, we  fi nd 30% is too viscous and 
leaves residue in the eyecup during the embedding step. Any 
residual sucrose in the embedded eyecup can lead to tearing of 
the tissue during sectioning.  

    9.    Most protocols use OCT instead of Polyfreeze. We  fi nd that 
the use of Polyfreeze minimizes static during sectioning.  

    10.    It is critical to ensure that labeling of primary antibody is not a 
result of nonspeci fi c labeling or background staining; control 
experiment should be carried out in parallel. When using 
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antibodies whose speci fi city has been tested, it is still good 
practice to carry out simple labeling controls by omitting the 
primary antibody; this should reveal whether the secondary 
antibody is contributing to any nonspeci fi c background stain-
ing. If the antibody has yet to be tested, its speci fi city for the 
antigen of interest can be proven by the following ways:
   (a)    Pre-absorb the antibody with the antigen (puri fi ed pro-

teins or peptides). The antigen-to-antibody mixture should 
be made at a working dilution of 10:1 (molar ratio) and be 
pre-incubated overnight at 4°C. The pre-absorbed anti-
body can then be incubated with retinal section in place of 
the primary antibody. The staining intensity produced by 
the pre-absorbed antibody should be signi fi cantly lower 
compared to that of the primary antibody.  

   (b)    If a knockout mouse model is available for your protein of 
interest, the retinal sections of the knockout mouse can be 
labeled with the primary antibody. The absence of labeling 
would attest to the speci fi city of the antibody.      

    11.    Labeling of two or even three proteins can be carried out 
simultaneously by using a combination of primary antibodies 
generated in different host animals and secondary antibodies 
conjugated to different  fl uorophores.  

    12.    Thickness of the mouse retina and the densities of cells vary 
between central and peripheral retina; in order to achieve con-
sistency, make sure to take photomicrographs from sections of 
the same region.          
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    Chapter 13   

 A Method of Horizontally Sliced Preparation of the Retina       

     Ryosuke   Enoki       and    Amane   Koizumi      

  Abstract 

 Various types of retinal neurons, including amacrine, ganglion, and horizontal cells, expand neurites 
(dendrites or axons) in horizontal direction and make synaptic or electrical contacts with other cells to 
integrate the visual information. Many types of ion-channels and receptors are located along these neurites, 
and these horizontal connections critically contribute to the information processing in the retinal circuits. 
However, many of previous electrophysiological and immunocytochemical studies employed slice prepara-
tions cut by vertical direction in which most of these cells and their neurites were severely damaged and 
removed. This might lead to the underestimation of active and passive conductance in horizontally expand-
ing neurites, and also missing of morphological information of horizontal structures. Here, we describe an 
alternative slicing method of horizontally cut preparation of the retina. The slice is made horizontally at 
the inner layer of the retina using a vibratome slicer after the retina is embedded in the low-temperature 
melting agarose gel. This horizontal slice preparation enables us to directly access cells in the inner retina 
by patch-clamp recording, calcium imaging, single RT-PCR, and immunocytochemistry. The method 
described here would offer an alternative strategy for studying the functions of neurons and neural circuits 
in the retina.  

  Key words:   Retina ,  Amacrine cell ,  Ganglion cell ,  Horizontal cells ,  Patch-clamp recording ,  RT-PCR , 
 Immunocytochemistry ,  Slice    

 

 Many of previous electrophysiological and immunocytochemical 
studies on amacrine cells, horizontal cells, and ganglion cells used 
vertically sliced preparation or dissociated cells. This traditional 
preparation method enables us to study the many physiological 
and anatomical characteristics of the light-induced signaling in the 
retinal circuits. However, the neurites, such as dendrites and axons, 
of the horizontally expanding cells are severely damaged or even 
removed in the process of vertical cut or dissociation. A serious 
concern arises because dendrites and axons are known to have vari-
ous kinds of active and passive conductance in extensively enriched 

  1.  Introduction
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dendritic morphology  (  1  ) . The input resistance determined by 
passive or active conductance of the cells determines the spread of 
voltage changes in the dendrites and the integration of synaptic 
inputs, which  fi nally in fl uence the output of signals  (  2  ) . Also, rela-
tive horizontal locations and orientations of cell bodies and den-
drites determine characteristics of various types of visual information 
processing, such as directional selectivity of the moving stimuli  (  3  ) . 
Therefore, it was expected to establish an alternative slicing method 
to preserve horizontal structure of the retina for better understand-
ing of the retinal circuit. In the present chapter, we describe a pro-
tocol for alternative slicing method, horizontally sliced preparation 
of retina (Fig.  1 ).  

 There are several important advantages of the horizontal slice 
preparation.  First , the morphology of the cells that expand den-
drites and axons horizontally, such as amacrine cells and horizontal 
cells, is well preserved. It has been shown previously that there are 
over 20 types of amacrine cells in the retina and each subtype of 
amacrine cells has different functional properties  (  4  ) . To investi-
gate the functions of these amacrine cells, it is required to preserve 
their dendritic morphologies.  Second , in the whole-mount retina, 
the tight and extensive coverage of Mueller glial cell’s endfeets pre-
vents the access of patch pipettes to cells in the inner retina such as 
amacrine cells and horizontal    cells. In contrast, the soma of ama-
crine cells is exposed to the surface of the horizontal slice prepara-
tion  (  2,   5  ) .  Third , chemical reagents can easily reach targeted cells 
and their neurites. Because cell bodies and neurites are located on 
the surface of the slices, chemical drug application and its removal 
are fast and easy.  Fourth ,  fl uorescent ion imaging such as calcium 
imaging is performable  (  5  ) . In the traditional vertical slices or the 
whole-mount retina, excitation light for imaging itself activates 
photoreceptors. In the horizontal slice preparation, photorecep-
tors and photopigments are removed so that there is no excitation 
light-evoked artifact. In addition, the signal-to-noise ratio of imaging 
is much higher because the background activity of photoreceptors 

  Fig. 1.    Schematic procedures for making horizontal slice preparation of the retina. ( a ) The retina was isolated from the 
eyecup and attached to  fi lter paper, which was  fl attened on an agar block and covered by low-temperature melting aga-
rose gel. The retina was cut at the level of the inner nuclear layer with a vibratome. ( b ) Side and top view of the horizontal 
slice. Dendritic arbors of the cells are well preserved.       
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is eliminated.  Finally , the vertical connection between photoreceptors 
and ganglion cells is cut, so that light-evoked visual information 
processing is not intact in the slice. This is the advantage for inves-
tigating merely membrane properties and synaptic properties of 
these cells, although it could not be applied for the study of light-
evoked visual information processing. 

 This unique slice technique is applicable to the retina of any 
species such as gold fi sh, mouse, and rabbit. The method of the 
horizontal slice may offer an alternative way in investigating the 
function of neurons and neural circuits in the retina.  

 

      1.    Microwave for dissolving agar solution. 
 Hot water bath at 35°C.  

    2.    Vibratome slicer (Leica VT1000S).  
    3.    Membrane  fi lter paper with pore size 0.45  m m (Millipore, 

HAWP01300).  
    4.    Dissection tools: Forceps, blade, pinch, tweezers.  
    5.    50 ml Syringe and syringe  fi lter (Millipore, SX0001300).      

      1.    Agar for the block (Sigma, A-1296).  
    2.    Agarose L as low-temperature melting agarose (Wako, 317-

01182).  
    3.    Hyaluronidase Type I-S (300 units/mg, Sigma).  
    4.    Cutting solution: 102 mM NaCl, 3.1 mM KCl, 2.0 mM CaCl 2 , 

1.0 mM MgCl 2 , 23 mM NaHCO 3 , and 10 mM glucose, main-
tained at pH 7.8.  

    5.    Ames’ solution (Sigma).  
    6.    Instant glue (Alonalpha, Krazy Glu).       

 

     1.    Prepare a 3% agar with distilled water. Dissolve, microwave, 
and pour it into a glass dish. Keep the dish in a refrigerator at 
4°C (see  Note 1 ).  

    2.    Prepare a 2.5% low-temperature-melting agarose gel with 
medium. Dissolve using a microwave. Keep it in a water bath 
at 3°C (see  Note 2 ).  

    3.    Euthanize the animal by anesthesia or decapitation, enucleate 
an eyeball, and open it as an eyecup. To liquefy the vitreous 

  2.  Materials

  2.1.  Equipment

  2.2.  Reagents

  3.  Methods
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humor, the opened eyecup is soaked for 10 min in hyaluronidase 
in the medium (0.07 mg/ml) if necessary.  

    4.    Cut the agar into a 1 cm × 1.5 cm block for the mouse retina 
and  fi rmly attach it on a vibratome stage by instant glue. Keep 
the agar block wet by using cutting solution.  

    5.    Place the blade at 5–10° at the slicer. Gently cut the top surface 
of the agar block at approximately 50  m m/s speed with a fre-
quency of 50 Hz (see  Note 3 ).  

    6.    Rinse the eyecup with the medium without hyaluronidase. 
Isolate the retina from a pigment epithelium and place it pho-
toreceptor-side down on a piece of  fi lter paper. To  fi rmly attach 
the retina to the  fi lter paper, vacuum the retina on the  fi lter 
paper several times by using a 50 ml syringe (see  Note 4 ).  

    7.    Gently wipe and take out the excess medium on the agar block 
and carefully place the retina on the  fi lter paper on the agar 
block. To  fi rmly place the  fi lter paper on the agar block, attach 
instant glue on the edges of the  fi lter paper (see  Note 5 ).  

    8.    Gently pour the low-temperature-melting agarose gel over the 
retina. Wait for 1 min and gently pour the cold solution. The 
agarose gel becomes solidi fi ed quickly (see  Note 6 ).  

    9.    Lift the blade position to several hundred microns above the 
top surface of the agar block and gently cut the top of the 
solidi fi ed agarose gel.  

    10.    Lower down the blade position toward the preparation. Cut the 
retina at the level of the proximal one-third of the inner nuclear 
layer for amacrine cells (approximately between 200 and 250  m m 
above the top surface of the agar block) (see  Notes 7 and 8 ).  

    11.    Notice that the amacrine cells are now face-down position. 
Carefully pick up the slice of the retina together with the 
solidi fi ed agarose gel by forceps, and place it face-up in a cham-
ber or a dish.      

 

     1.    The agar block should be prepared in advance and kept in a 
refrigerator until use.  

    2.    Keep the agarose gel at appropriate temperature. Do not use a 
hot gel. If it is too hot, it takes a long time to be solidi fi ed, and 
the gel irreversibly destroys the retina.  

    3.    Ensure that the top surface of the agar block is completely 
smooth and  fl at. Making several cuts (at least three times) is 
needed to get a smooth and  fl at surface.  

  4.  Notes   
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    4.    Ensure that the retina is attached to the  fi lter paper completely 
 fl at. After placing the retina on the  fi lter paper, cut the excess 
portion of  fi lter paper surrounding the retina and make a mini-
mal preparation. The excess portion of paper often prevents a 
blade from going into the appropriate layer of the retina.  

    5.    To avoid unexpectable cracking of the tissue, place the retina 
as near as possible to the blade on the agar block.  

    6.    When it is too hot, the agarose gel kills the cells.  
    7.    A high-speed blade will damage the retina. Set the speed at 

approximately 50  m m/s (50 Hz). The appropriate location of 
the cut depends on the animal species and age.  

    8.    Because the mouse retina is tiny and wavy, it is dif fi cult to 
obtain a perfect horizontal slice at an appropriate layer. An 
“oblique” (tilted) slice may be an alternative method to get the 
relative  fl at slice of the retina. To do this, put another  fi lter 
paper in between the retina on the  fi lter paper at the corner 
and the agar block. Although you cannot expect a perfect hori-
zontal slice, there are always some areas where the soma of 
amacrine cells is on the surface of the slice.          
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    Chapter 14   

 Detection of DNA Fragmentation in Retinal 
Apoptosis by TUNEL       

     Francesca   Doonan    and    Thomas   G.   Cotter         

  Abstract 

 Terminal dUTP nick end labeling (TUNEL) is an invaluable technique used in the study of late-stage 
apoptosis. The technique is based upon detection of fragmented DNA, a well-recognized characteristic of 
apoptosis, usually with  fl uorescent markers. Here, we describe the TUNEL technique (1) employing two 
different detection techniques,  fl uorescence microscopy and  fl uorescence-activated cell sorting (2) which 
can be applied to the analysis of apoptosis in retinal tissues or retinal cell cultures, respectively.  

  Key words:   Retina ,  TUNEL ,  Fluorescence microscopy ,  Flow cytometry ,  Tissue ,  Adherent cell    

 

 Apoptosis is a process of programmed cell death occurring in 
multicellular organisms. It is characterized by cell shrinkage, con-
densation of chromatin, fragmentation of nuclei, blebbing of plasma 
membranes, formation of apoptotic bodies, and  fi nally phagocytosis 
 (  3  ) . Ideally, for the term apoptosis to be correctly applied, several of 
these hallmarks should be identi fi ed in dying cells. However, DNA 
fragmentation is considered as an acceptable marker for the diagno-
sis of apoptosis in vivo since many of the indicators of advanced or 
late-stage apoptosis are never visualized in tissues, as cells are often 
engulfed before these indicators are detected  (  4  ) . A method com-
monly used to detect DNA fragmentation is terminal dUTP nick 
end labeling (TUNEL). Exogenously applied terminal transferase 
labels the terminal ends of nucleic acids with dUTP  (  1  ) . The newly 
incorporated dUTP nucleotides are labeled, usually with  fl uorescent 
reporter molecules such as  fl uorescein isothiocyanate (FITC) or 
rhodamine, to allow visualization. TUNEL staining can be applied 
to  fi xed cells followed by  fl uorescence microscopy or  fl ow cytometry. 

  1.  Introduction
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Usually microscopy is the detection method of choice in tissues 
since it provides spatial and temporal information  (  5  ) . Furthermore 
it helps to distinguish individual cells which are likely engaged in an 
apoptotic death pathway from potentially necrotic tissue character-
ized by clusters of dying cells. One disadvantage of microscopy is 
that it can be very user dependent, relying on the classi fi cation tech-
nique used by each individual to de fi ne an apoptotic cell. 
Fluorescence-activated cell sorting (FACS), a specialized type of 
 fl ow cytometry, is more useful in cultures of retinal cells providing 
accurate, rapid quanti fi cation of TUNEL-positive cells in a given 
population and lacking the person-to-person bias of microscopy 
 (  6  ) . Therefore the choice of detection method will often depend on 
which of these factors is more important and whether the researcher 
is working with retinal tissue or retinal cell lines. As a  fi nal point, if 
it is crucial for the researcher to de fi nitively assign apoptosis as the 
particular type of cell death taking place, examining nuclear/cellular 
morphology in tandem with TUNEL analysis is quickly and easily 
achieved (see Note 1).  

 

 Store all reagents at −20°C unless otherwise stated. Prepare the 
TUNEL reaction mix just prior to use. 

      1.    Neutral buffered formalin.  
    2.    Phosphate-buffered saline (PBS), pH 7.4.  
    3.    Triton ®  X-100.  
    4.    Sucrose, 30% in dH 2 O, store at 4°C.  
    5.    Cryochrome.  
    6.    Super-frost plus slides.      

      1.    Terminal Deoxynucleotidyl Transferase (TdT).  
    2.    Recombinant (30 U/ m l) TdT reaction buffer: 500 mM caco-

dylate buffer (pH 6.8), 5 mM CoCl 2 , and 0.5 mM DTT.  
    3.    Fluorescein-12-2 ¢ -deoxy-uridine-5 ¢ -triphosphate (Fluorescein-

12-dUTP) (1 nmol/ m l) (see  Notes 2  and  3 ).  
    4.    Hoechst 33342 to counterstain: Stock solution 1 mg/ml in 

PBS, store at 4°C.      

  Mowiol mounting medium:

    1.    Add 2.4 g Mowiol 4-88 and 6 g glycerol to a 50 ml beaker.  
    2.    Add 6 ml of dH 2 O and stir for several hours at room 

temperature.  

  2.  Materials

  2.1.  Tissue/Cell 
Preparation

  2.2.  TUNEL Staining

  2.3.  Microscopy
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    3.    Add 12 ml 0.2 M Tris–HCl (pH 8.5) and incubate at ±53°C 
until the Mowiol has dissolved.  

    4.    Clarify by centrifugation of the solution at 500 ×  g  for 20 min.  
    5.    Carefully remove the supernatant and store aliquots at −20°C. 

These aliquots remain stable for 12 months, once thawed 
aliquots are stable for 1 month at 4°C.       

 

      1.    Fix whole eyes by immersion in 2 volumes of neutral buffered 
formalin overnight at 4°C (see  Note 4 ). Immersion of  fi xed 
tissues, especially those kept in  fi xative for an extended time, 
i.e., greater than a week, before the TUNEL assay is carried 
out can affect in situ end labeling  (  7  ) .  

    2.    Cryoprotect whole eyes by immersion in 2 volumes of 30% 
sucrose for 5–24 h at 4°C.  

    3.    Cut 7  m m sections and mount on super-frost plus slides.  
    4.    Allow the slides to air-dry for 5 min at room temperature (RT). 

Freeze at −20°C for later use or proceed with staining 
procedure.  

    5.    To remove residual cryochrome, wash the slides in 1× PBS for 
5 min on a rocking platform.  

    6.    Place the slides in a slide staining tray and when they are dry, 
draw around the section with a hydrophobic pen.  

    7.    Permeabilize sections with 0.1% Triton ®  X-100/1XPBS, 50  m l 
per slide for 2 min at RT.  

    8.    Wash the slides in 1× PBS, 3 washes 5 min each (see  Note 5 ).  
    9.    Make up the TUNEL solution as follows for 1 ml of reaction 

(50  m l per slide) (see  Notes 6  and  7 ): 200  m l TdT Buffer (5×), 
10  m l TdT Enzyme (30 U/ m l), 3  m l Fluorescein–dUTP 
(1 nmol/ m l), 1  m l Hoechst (1 mg/ml), and 786  m l dH 2 O.  

    10.    Pipette 50  m l of reaction mix onto each slide; position some 
damp tissue in the bottom of the staining tray to maintain 
humidity and place in a 37°C incubator for 1 h (see  Note 8 ).  

    11.    Wash the slides in the dark (black polyoxymethylene-poly-acetal 
plastic containers are recommended) in 1× PBS, 3 washes 
5 min each.  

    12.    Carefully dry the slides without touching the section.  
    13.    Pipette 7  m l Mowiol mounting media onto a coverslip (20 × 20) 

and gently place the coverslip over the section. Using a forceps 

  3.  Methods

  3.1.  TUNEL Staining 
of Retinal Sections 
for Microscopy
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push  fi rmly around but not on the section to remove air 
bubbles.  

    14.    Dry overnight at RT or for 1 h at 37°C before viewing under 
a  fl uorescence microscope (Fig.  1 ).       

      1.    Collect the medium from each well (assuming 6-well plates are 
used—see  Note 9 ) into separate 25 ml tubes to retain any cell 
apoptotic cells that have lifted from the plate.  

    2.    Harvest the remaining cells by gentle scraping or with 200  m l 
Trypsin for 1–2 min and add to the medium in the 25 ml tubes. 
The trypsin reaction will be stopped by adding the cells to the 
medium as long as it contains serum.  

    3.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min.  
    4.    Decant the supernatant and wash the cells in 1 ml of 1× PBS. 

Transfer to a 1.5 ml Eppendorf tube (see  Note 10 ).  
    5.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min.  
    6.    Fix the cells with neutral buffered formalin on ice for 20 min.  
    7.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min.  
    8.    Decant the supernatant and wash the cells in 1 ml of 1× PBS.  
    9.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min.  
    10.    Decant the supernatant and permeabilize the cells for 2 min on 

ice in 0.1% Triton ®  X-100/1× PBS.  
    11.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min.  

  3.2.  TUNEL Staining 
of Adherent Retinal 
Cell Cultures for FACS

  Fig. 1.    Detection of terminal dUTP nick end labeling (TUNEL) by microscopy. ( a ) Cells undergoing apoptosis during retinal 
development were detected using the TUNEL technique. TUNEL-positive cells are visible in the INL and ONL of the retina at 
postnatal day (P) 7. ( b ) P15 retinal explants were treated with 5  m M ionomycin for 24 h, inducing apoptosis primarily in the 
ONL. In both cases sections were counterstained with Hoechst dye and the areas highlighted in the box indicate dying cells 
exhibiting condensed chromatin, a morphological indicator of apoptosis ( INL  inner nuclear layer,  ONL  outer nuclear layer).       
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    12.    Decant the supernatant and wash the cells in 1 ml of 1× PBS.  
    13.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min and 

decant the supernatant.  
    14.    Make up the TUNEL reaction mix as in step 9 above and 

resuspend the cell pellet in 50  m l of TUNEL reaction per 
sample.  

    15.    Incubate for 1 h at 37°C with resuspension every 30 min (see 
Note 11).  

    16.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min and 
decant the supernatant (see  Note 12 ).  

    17.    Wash the cells in 1 ml of 1× PBS.  
    18.    Centrifuge the cells at 1,100 rpm (200 × g) for 5 min and resus-

pend in 300  m l of 1× PBS.  
    19.    Read the samples on the FACS, keeping them in the dark prior 

to analysis.  
    20.    Record the data as dot plots with forward scatter (FSC) on the 

 x -axis and FL-1 on the  y -axis (Fig.  2 ).        

  Fig. 2.    Detection of terminal dUTP nick end labeling (TUNEL) by FACS analysis. 661 W derived 
photoreceptor cells which had been allowed to adhere overnight were ( a ) untreated, 
( b ) treated with 600  m M H 2 O 2 , ( c ) treated with 0.3 mM sodium nitroprusside (SNP) for 
24 h. After TUNEL staining cells were analyzed by  fl ow cytometry. Increased  fl uorescence 
in FL1 indicating TUNEL labeling and therefore apoptosis was indicated by an upward shift 
in the cell population. The FL1 channel measures  fl uorescence from 515 to 545 nm and 
forward scatter (FSC) is a measure of cell volume. CellQuest Pro software was used to 
calculate the percentage of cells above and below the line.       
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     1.    One potential disadvantage of this assay is that TUNEL-positive 
cells can also be observed in cells undergoing necrosis  (  8  ) . 
Therefore this method alone does not de fi nitively establish apop-
tosis. As mentioned above it is desirable to identify at least one 
other characteristic of apoptosis to be sure that this is the mode 
of cell death. One way to address this problem is to co-stain reti-
nal sections with Hoechst dye alongside TUNEL and then ana-
lyze nuclear morphology (Fig.  1 ). Nuclei of cells undergoing 
apoptosis appear rounded due to condensation of chromatin  (  9  )  
and can therefore be distinguished from necrotic cells which do 
not exhibit condensed chromatin  (  10  ) . To con fi rm apoptosis in 
cultured retinal cells, look for cell shrinkage and rounding under 
the light microscope prior to FACS analysis  (  11  ) .  

    2.    If greater sensitivity is required Br-dUTP can be used as it is 
more readily incorporated into DNA strand breaks than larger 
ligands such as  fl uorescein. TUNEL-positive cells are then 
identi fi ed by a  fl uorescently labeled anti-BrdU monoclonal 
antibody.  

    3.    If the user does not have access to a  fl uorescence microscope a 
colorimetric staining protocol can be used. A biotinylated 
nucleotide is incorporated instead of a  fl uorescently labeled one. 
Streptavidin–HRP is added which reacts with the biotinylated 
nucleotides and the HRP enzymes of the streptavidin complex 
catalyze the chromogen reaction to form a colored complex, 
brown in the case of diaminobenzidine which can be viewed 
under a light microscope.  

    4.    TUNEL-positive cells stain particularly well in formalin- fi xed 
tissue compared to other  fi xatives. Formaldehyde prevents the 
loss of the fragmented DNA by cross-linking the low-molecular-
weight DNA fragments to other cell constituents. Omission of 
this step decreases the incorporation of dUTP.  

    5.    For a positive control treat cells or tissue sections with 10 U/
ml of DNaseI for 10 min at RT. Wash these slides separately as 
residual DNaseI activity may contribute to false positives.  

    6.    Keep the TdT enzyme out of the freezer for the minimum 
amount of time it takes to add it to the reaction mix.  

    7.    The suppliers of TdT (Promega) recommend using the enzyme 
at a concentration of 1/50  m l/slide. We have optimized this 
further and use only 0.5/50  m l/slide. Once the TUNEL mix 
has been applied keep the slides/samples in the dark for all 
steps thereafter.  

    8.    To obtain minimal background, do not let the sections dry out 
at any point after the TUNEL reaction has been applied; ensure 

  4.  Notes
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that the expiry date of the FITC-dUTP has not passed and use 
Mowiol aliquots for a maximum of 1 month.  

    9.    Due to loss of cells during the many washing steps it is advis-
able to pool three 6-well plates or use a small  fl ask for each 
sample so that there are enough cells to read on the FACS at 
the end of the experiment.  

    10.    Take care when decanting the supernatant, as the cell pellet 
can be quite small and loosely attached.  

    11.    A 1-h incubation time with the TUNEL mix is suf fi cient for 
661 W cells but some cultured cells require a longer incubation. 
If using a longer incubation time pay particular attention to the 
untreated samples to ensure that the length of the incubation in 
TdT buffer does not start to affect the integrity of the cells.  

    12.    The cells do not pellet easily after the TUNEL staining step. 
Con fi rm the presence of a pellet before decanting the superna-
tant. If there is no visible pellet spin the samples again. If there 
is still no visible pellet increase the rpm.          
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    Chapter 15   

 High-Throughput RNA In Situ Hybridization 
in Mouse Retina       

     Seth   Blackshaw         

  Abstract 

 The introduction of large-scale gene expression pro fi ling studies has greatly increased the need to rapidly 
obtain high-quality cellular expression patterns of genes found to exhibit differential expression. The use 
of large-scale nonradioactive RNA in situ hybridization makes this possible, and greatly increases the 
general usefulness of this data. Here, we describe protocols for parallel analysis of up to 50 different gene-
speci fi c probes in mouse retinal sections.  

  Key words:   RNA ,  Gene expression ,  Cellular resolution ,  Hybridization ,  Digoxigenin ,  Riboprobe , 
 Chromogenic ,  Retina ,  Photoreceptor ,  Development    

 

 RNA in situ hybridization  (  1,   2  )  can be used to characterize the 
cellular expression pattern of any RNA species. By designing anti-
sense probes that can undergo complementary base pairing with a 
target sequence of interest, one can readily design a probe that can 
strongly and selectively bind to virtually any target RNA, whether 
or not it codes for protein. The high stability of RNA–RNA hybrids 
means that hybridization conditions can be made especially strin-
gent, thus resulting in both low background signal and high sensi-
tivity. Complementary RNA (cRNA) probes are typically generated 
from linear DNA templates, using recombinant viral RNA poly-
merases to directly incorporate modi fi ed bases that contain a label 
of choice to allow detection of probe–target hybrids. Radioactive 
nucleotide triphosphates can be used to allow for direct detection 
of bound probe. Alternatively, chemically modi fi ed bases can be 
used, allowing indirect probe detection using immunodetection. 
Critical improvements came with the use of bases conjugated to 
the highly antigenic small molecule digoxigenin for probe labeling, 

  1.  Introduction
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which allowed the use of highly speci fi c alkaline phosphatase- 
conjugated antibodies for immunohistochemistry  (  2,   3  ) . These 
modi fi cations improved the speci fi city and sensitivity of the proto-
col to the point where it could be used to analyze many different 
probes in parallel. One of the most spectacular uses of this approach 
has been the effort of the Allen Brain Atlas consortium to map the 
expression of all annotated mouse genes in the adult brain  (  4  ) . 

 In the retina, large-scale in situ hybridization has been instru-
mental in analyzing the results of SAGE  (  5,   6  )  and microarray 
 (  7,   8  )  data obtained by pro fi ling different developmental stages, or 
mutant animals exhibiting developmental defects or retinal degen-
eration. While global expression pro fi ling of this sort generates vast 
amounts of data, it is very hard to interpret meaningfully unless 
one also knows the cellular expression pattern of any differentially 
expressed genes. Even in cases where isolated cell subtypes or even 
individual cells are pro fi led  (  9,   10  ) , it is important to use a different 
experimental approach to con fi rm the validity of any results 
obtained. The regular structure of the retina enables the major cell 
types that express a given gene to be identi fi ed on the basis of their 
laminar position, making this data particularly useful. Since up to 
50 different cRNA probes can be run in parallel by a single inves-
tigator, with results obtained within 3–5 days, it is now feasible to 
rapidly sort through all of the most potentially interesting hits 
obtained in such experiments.  

 

      1.    DEPC-treated water: Add DEPC to 0.1%  fi nal concentration 
in MilliQ ddH 2 O. Shake solution to mix, and leave overnight 
at room temperature. Inactivate DEPC by autoclaving (15–
25 min at 15 psi) prior to use (see  Note 1 ).  

    2.    DEPC-treated PBS, SSC, EDTA, LiCl: Prepare these as 
described above for DEPC-treated water. Do not treat any 
buffer containing amines (e.g., triethanolamine, Tris, etc.) 
with DEPC (see  Note 2 ).      

      1.    10× RNA polymerase buffer (Roche).  
    2.    10× DIG NTP mix (Roche).  
    3.    RNAse-free ddH 2 O (not DEPC treated).  
    4.    RNAse inhibitor (Roche).  
    5.    RNA polymerase (T7, T3, or Sp6).  
    6.    RNAse-free DNAse to degrade probe.  
    7.    RNAse-free 1.5 ml Eppendorf tubes or RNAse-free 96-well 

plates.  

  2.  Materials

  2.1.  RNAse-Free 
Solutions

  2.2.  Probe Preparation
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    8.    DEPC-treated 3 M NaOAC.  
    9.    RNAse-free 100% EtOH.  
    10.    70% EtOH prepared with DEPC ddH 2 O.      

      1.    4% Paraformaldehyde (PFA): 45 ml ddH 2 O, 4 g PFA. 
 To prepare, heat to 60–70°C, add 1 drop 10 N NaOH, stir to 
dissolve. Once PFA has fully dissolved, add 5 ml 10× PBS, 
pH 7.5. Sterile  fi lter and store on ice. Use PFA solution on the 
day of preparation. Alternatively, stocks of 20% PFA in water 
(dissolve as above) can be prepared ahead of time. These can 
be thawed, and brought to 4% in 1× PBS prior to use.  

    2.    Hybridization buffer (50 ml volume): 25 ml 100% ultrapure 
formamide, 12.5 ml 20× SSC, pH 6.0, 5 ml 50× Denhardt’s 
solution, 250  m g/ml  fi nal yeast tRNA in DEPC water (store 
resuspended aliquots at −80°C), 500  m g/ml  fi nal salmon sperm 
DNA, DEPC ddH 2 O (to 50 ml).  

    3.    20× SSC, pH 6.0 (1 l): Add 175.9 g NaCl and 88.2 g 
Na 3 (C 3 H 5 O(COO)·2H 2 O) to 800 ml of ddH 2 O. Adjust pH to 
6.0 with concentrated HCl. Adjust volume to 1,000 ml  fi nal.  

    4.    50× Denhardt’s solution (1 l): 900 ml ddH 2 O, 5 g Ficoll 400, 
5 g polyvinylpyrolidone, 5 g BSA (Fraction V), adjust volume 
to 1,000 ml with ddH 2 O. Filter through a 0.2  m m  fi lter. Store 
in aliquots at −20°C.  

    5.    Protease K solution: Dissolve at 0.5 mg/ml in DEPC-treated 
water. Freeze in aliquots and store at −20°C. Do not reuse 
aliquots.  

    6.    RNAse buffer: 0.5 M NaCl, 10 mM Tris pH 7.5, 5 mM 
EDTA.  

    7.    B1 buffer: 0.1 M Tris pH 7.5, 0.15 M NaCl.  
    8.    B2 buffer: B1 + 5% heat-inactivated normal sheep serum (HISS). 

 Place serum in a water bath at 56°C, 30 min to heat inactivate. 
Store HISS at −20°C in aliquots.  

    9.    B3 buffer: 0.1 M Tris–Cl pH 9.5, 0.1 M NaCl, 50 mM 
MgCl 2 . 
 Filter through a 0.45  m m  fi lter (see  Note 3 ).  

    10.    B4 buffer: 3.375  m l/ml NBT (100 mg/ml in 70% dimethyl-
formamide), 3.5  m l/ml BCIP (50 mg/ml in ddH 2 O), 0.24 mg/
ml levamisole in B3 buffer.  

    11.    Gelvatol mounting media: 21 g PVA, 42 ml, 52 ml, 0.2 M 
Tris, pH 8.5, 3–5 crystals of NaN 3 , ddH 2 O. 
 Preparation of Gelvatol: Add PVA to glycerol followed by 
ddH 2 O. Add 3–5 crystals of NaN 3 . Stir with low heat for a few 
hours or until reagents dissolved. Clarify the mixture by 

  2.3.  Tissue 
Pretreatment, Probe 
Hybridization, and 
Washes
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centrifugation at 5,000 ×  g  for 15 min. Aliquot and store at 
4°C. See  Note 4  for details on Gelvatol preparation.  

    12.    3 M NaOH.  
    13.    1% SDS in ddH 2 O.  
    14.    Tissue-Tek plastic slide boxes and slide holders (Fisher).  
    15.    Siliconized 24 × 60 mm coverslips. 

 To prepare, load coverslips onto 24-slot Tissue-Tek slide 
holder. In a fume hood, dip twice into 3% Sigmacote (Sigma) 
in chloroform (dip 2×), then dip twice into 100% EtOH. Air-
dry coverslips in hood. Prepare several hours in advance to 
allow suf fi cient time for drying.       

 

 Carry out all procedures at room temperature unless otherwise 
speci fi ed. 

      1.    Prepare plasmid DNA using Qiagen miniprep kit or equiva-
lent. Digest 5–10  m g of template DNA to completion using 
restriction enzyme of choice. Con fi rm completeness of diges-
tion using gel electrophoresis.  

    2.    Following digestion, add 0.5  m g protease K to the enzyme 
digestion buffer and incubate at 37°C for 15 min.  

    3.    Increase volume to 200  m l with DEPC-treated TE.  
    4.    Extract once with 200  m l TE-buffered phenol, and then once 

with 200  m l chloroform.  
    5.    Precipitate with 600  m l volumes of EtOH and 20  m l DEPC-

treated 3 M NaOAc.  
    6.    Spin for 15 min at maximum speed to collect pellet, and then 

wash twice in 200  m l 70% EtOH prepared with DEPC-treated 
water.  

    7.    Air-dry the pellet and resuspend at 1  m g/ m l in TE.      

      1.    Amplify the probe template using primers that include the pro-
moter sequence for the RNA polymerase used for probe gen-
eration. Primers commonly used for this include M13 forward 
and reverse, and primers targeting the T7, T3, and Sp6 RNA 
polymerase promoter sequences (see  Note 6 ). Use approxi-
mately 0.1 ng of plasmid template, running 25–30 cycles of 
ampli fi cation.  

    2.    Con fi rm that a correctly sized band is ampli fi ed using agarose 
gel electrophoresis.  

  3.  Methods

  3.1.  Probe Preparation 
for Linearized 
Templates 
( See   Note 5 )

  3.2.  Alternative 
Protocol: Probe 
Preparation 
for PCR-Generated 
Templates
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    3.    Purify ampli fi ed DNA using a Qiagen spin column, eluting 
in TE.  

    4.    Following puri fi cation of template DNA, synthesize probe by 
mixing the following components in the order indicated. Use 
RNAse-free aerosol tips for all procedures: 2  m l 10× RNA poly-
merase buffer, 2  m l 10× DIG NTP mix, RNAse-free ddH 2 O 
(to 17  m l  fi nal), 1  m l RNAse inhibitor, and 1  m l RNA poly-
merase (T7, T3, or Sp6) to 19  m l  fi nal volume. Generate a 
master mix using these speci fi cations when screening multiple 
probes. Finally, add 0.5–1  m g of template in l  m l TE. This reac-
tion can be performed in RNAse-free Eppendorf tubes or in 
96-well RNAse-free PCR plates.  

    5.    Incubate for 60 min at 37°C.  
    6.    Add 2  m l RNAse-free DNAse. Incubate for 15 min at 37°C to 

degrade probe template.  
    7.    Run denaturing gel with RNA size marker to check probe yield 

and integrity.  
    8.    If probe yield and integrity are satisfactory, add 2.5  m l 4 M 

DEPC-treated LiCl and 75  m l 100% EtOH to precipitate. 
Vortex at maximum speed for 5 s. If probe synthesis is per-
formed in 96-well plate format, transfer the product to RNAse-
free Eppendorf tubes prior to precipitation.  

    9.    Store at −80°C for at least 2 h. Precipitate by centrifuging at 
maximum speed.  

    10.    Wash twice in 200  m l 70% EtOH prepared with DEPC-treated 
water. Air-dry the pellet and resuspend at 1  m g/ m l in TE. The 
probe can be stored in EtOH inde fi nitely, or in TE for at least 
2 years at −80°C.      

      1.    Remove eyes and embed directly in O.C.T. compound (VWR) 
in Peel-A-Way disposable plastic mold (Polysciences) and snap 
freeze on dry ice. Store block at −80°C prior to sectioning.  

    2.    Allow block to warm to cutting temperature for a minimum of 
20 min.  

    3.    Cut 15–20  m m sections using a cryostat or freezing microtome 
onto Superfrost Plus slides (VWR, 48311-703) (see  Note 8 ).  

    4.    Air-dry sections for at least 20 min. Slides can be dried for sev-
eral hours if necessary. Do not allow to dry overnight, how-
ever. Use dried slides immediately for in situ hybridization 
analysis or store at −70°C in sealed slide box (can store for 
1–2 years without appreciable loss of signal). If using stored 
sections for analysis, allow them to equilibrate to room tem-
perature in a closed slide box.      

  3.3.  Preparation 
of Fresh-Frozen 
Tissue Sections 
( See   Note 7 )
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      1.    Remove cornea, lens, and sclera from dissected eyes to create 
eyecup preparation. Fix tissue by overnight immersion at 4°C 
in 4% PFA in 1× PBS.  

    2.    Transfer to 30% sucrose in 1× PBS for 24 h at 4°C.  
    3.    Mount in O.C.T. compound and section as described for 

Method 1.  
    4.    Air-dry for at least 20 min. Slides can be dried overnight 

if needed. Use immediately or freeze at −20°C as described 
above.      

      1.    Before beginning: Remove all RNAse contamination from slide 
racks and chambers by rinsing with 0.3 M NaOH, rinsing with 
MilliQ water, treating with RNAseZap or 1% SDS in MilliQ 
water, and then rinsing once again with MilliQ water. Wipe 
clean with Kimwipes (see  Note 9 ). Use DEPC-treated solutions 
for all treatments prior to hybridization (see  Note 10 ).  

    2.    Fix in fresh 4% PFA in 1× PBS for 10 min.  
    3.    Wash 3× with PBS, 5 min each (see  Note 11 ).  
    4.    If tissue was  fi xed in 4% PFA before embedding, treat with 

2  m g Protease K in PBS for 10 min, followed by 2× 5-min 
washes in PBS, a 5-min re fi x in 4% PFA/PBS (see  Note 12 ), 
and 2× 5-min PBS washes.  

    5.    Incubate for 10 min in a mixture of 270 ml DEPC-treated 
water/30 ml l M triethanolamine, pH 8.0/0.75 ml acetic anhy-
dride. Mix solution in an RNAse-free glass bottle and mix well 
by shaking after addition of acetic anhydride (see  Note 13 ).  

    6.    Wash 3× 5 min with PBS.      

  MilliQ water is adequate for this and all subsequent steps.

    1.    Place slides in a chamber constructed from a 245 × 245 mm 
BD Falcon* Square BioDish XL (Fisher, 02-667-21) square 
Petri dish on a raised platform constructed from two 2 ml 
polystyrene pipettes taped to the surface of the chamber with 
waterproof tape. Alternatively, these can be bonded directly to 
the surface of the dish using chloroform (see  Note 14 ).  

    2.    Place 500–1,000  m l of hybridization buffer on slide. Cover sec-
tions completely (see  Note 15 ).  

    3.    Leave in humidi fi ed chamber (keep moist with strips of gel 
blot paper soaked in 5× SSC) for at least 90 min.  

    4.    Prepare siliconized 24 × 60 mm coverslips several hours in 
advance to allow suf fi cient time for drying.  

    5.    Pour off prehybridization solution and blot off edges by direct 
touching to bench paper. To reduce costs, prehybridization 
solution can be saved, stored at –20°C, and reused 3–4 addi-
tional times. Add 75–100   m  l hybridization solution containing 

  3.4.  Alternative 
Protocol: Preparation 
of Immersion Fixed 
Sections

  3.5.  Pretreatment 
of Sections

  3.6.  Riboprobe 
Hybridization
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200–300 ng/ml DIG RNA which has been heated at 80°C for 
5 min, vortexed for 5 s, and then snap-chilled on ice. Add probe 
along bottom, long edge of the slide.  

    6.    Clean coverslips using blown compressed air or manual tapping 
if visible dust is present.  

    7.    Coverslip slides by slowly lowering down a siliconized coverslip. 
Place long edge, in contact with probe, down  fi rst and lower the 
rest slowly using  fi ngers or a bent needle. Go slowly, to avoid 
trapping of air bubbles. Once on the slide, raise and lower the 
coverslip a couple of times to mix the probe with the prehybrid-
ization solution that remains on the slide (see  Note 16 ).  

    8.    Place slides horizontally in a humidi fi ed chamber (use 20 slide 
capacity microslide boxes) (VWR). If possible, place slides with 
different probes in separate boxes. However, if running many 
probes in one experiment, place abundant probes at the bot-
tom. Make sure that long edge of slides is not in contact with 
the back of the box, as this can promote capillary transfer of 
the hybridization buffer away from the slide. Insert at least 
four blank slides (pushed all the way to the back of the box) to 
avoid this problem (see  Note 17 ). Place a couple of Kimwipes 
(VWR) soaked in 5–10 ml 50% formamide/5× SSC in the 
bottom of the box to ensure that slides do not dry out.  

    9.    Seal with waterproof tape (incubate at 65–72°C overnight) 
(see Note 18).      

      1.    Place slides in rack, submerged in 5× SSC to remove coverslips. 
If coverslips are slow in falling off, the solution temperature 
can be increased to 65–70°C. Carefully remove slides from 
solution with forceps, grasping the frosted end. Coverslips 
should fall off into the solution when slides are lifted up (see 
Note 19).  

    2.    Transfer slides with forceps into metal racks.  
    3.    Incubate in 0.2× SSC at 65°C for 1 h in a water bath. After 

30 min, jostle the slides a bit to remove bubbles that may have 
accumulated on the slides. Slides can be washed longer if 
needed, but not longer than 3 h total (sections will often fall 
off the slide if heated longer) (see  Note 20 ).  

    4.    Wash with RNAse buffer for 5 min at 37°C.  
    5.    Wash in RNAse buffer containing 10  m g/ml RNAse A for 

30 min at 37°C (see  Note 21 ).  
    6.    Wash in RNAse buffer for 5 min at room temperature.  
    7.    Wash 2× for 30 min in 0.2× SSC, 65°C.  
    8.    Wash in 0.2× SSC for 5 min.  
    9.    Wash in B1 for 5 min.  

  3.7.  Washes, Antibody 
Binding, and Signal 
Detection
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    10.    Place 1 ml buffer B2 on horizontal slides for 1 h (see  Note 22 ).  
    11.    Place 0.5 ml anti-DIG Ab (1:5,000 in buffer B2) on each slide. 

Incubate in humidi fi ed chamber at 4°C overnight (see 
 Note 23 ).  

    12.    Wash with buffer B1 3× for 5 min.  
    13.    Wash with buffer B3 for 5 min, keeping slides horizontal in 

humidi fi ed chamber (use the same prehyb chamber), puddle 
on buffer B4. Keep in the dark (reaction is photosensitive) at 
RT (cover chamber with foil). Check color after 15 min, 1 h, 
and then again after 3 h and 6 h using a low-power microscope 
(see  Note 24 ). Can leave reaction for up to 3 days at either 
room temperature or 4°C, and for even longer if background 
is low.      

      1.    Rinse slides in TE.  
    2.    Rinse slides in ddH 2 O.  
    3.    Mount in 4 drops Gelvatol per slide, using 24 × 60 mm cover-

slips. Leave overnight before examining. Once dry, wash away 
excess Gelvatol with tap water, and then air-dry (see Note 25).       

 

     1.    DEPC is highly toxic. Use caution when preparing solutions, 
and do not breathe vapor. Autoclaving will fully inactivate 0.1% 
DEPC, and the faint smell detectable after autoclaving re fl ects 
residual ethanol contamination.  

    2.    DEPC reacts with amine, hydroxyl, and thiol groups of pro-
teins, thus inactivating RNAse, as well as any other protein 
with which it comes into contact. As a result, it is highly toxic 
and should be handled with great care.  

    3.    The  fi lter unit used to prepare B3 can be wrapped with para fi lm 
and reused.  

    4.    The viscosity of the Gelvatol requires optimization for each 
batch prepared. When making the solution, add PVA in step 4 
until the solution is clear and is slightly less viscous than molas-
ses. Then refrigerate the beaker of Gelvatol overnight at 4°C 
(after step 5 and before step 6), and check it the next morning 
to be sure that the viscosity is that of molasses. If it is, continue 
on to step 6. If it is too viscous, add a little more glycerol to 
lower the viscosity and then go on to step 6. If it is not viscous 
enough, add more PVA with heat and refrigerate for a few more 
hours, again checking the viscosity before going on to step 6. 
Continue until viscosity is optimal. Gelvatol can be stored at 
4°C inde fi nitely, or at room temperature for 1 month.  

  3.8.  Coverslipping 
and Mounting

  4.  Notes
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    5.    DNA templates used for cRNA probe synthesis should be 
between 300 and 2,000 bp in length, with 700–1,000 bp being 
optimal. Probe sequences should lack any repeat sequences 
longer than 40 bp, and should not show more than 90% iden-
tity over any continuous stretch of 150 bp or more, or cross-
reactivity will result. Probe templates must be cloned into 
vectors (such as pBluescript) in which the insert is  fl anked by 
T7, T3, or Sp6 RNA polymerase promoters, so as to allow 
generation of labeled cRNAs. Many 3 ¢  directed ESTs, such as 
those from the BMAP project or other large-scale cDNA 
sequencing efforts, work very well as ISH probes, and can be 
easily ordered from companies such as Thermo-Fisher. 
Alternatively, PCR ampli fi cation followed by cloning into an 
appropriate vector (such as the TOPO-TA vector) can be used 
if repeat-free ESTs are not already available as probe templates. 
Only cloned sequences should be used as templates for probe 
generation. While PCR can be used to simultaneously amplify 
template sequences from complex target preparations (e.g., 
reverse-transcribed cDNA), this introduces a strong possibility 
of contamination. Once a clone containing the probe sequence 
has been obtained, a linearized template must be generated in 
order to conduct run-off transcription for cRNA synthesis. All 
experiments should include both a positive and a negative con-
trol sample. Positive control probes should robustly recognize 
target mRNAs in retina, but not be so abundant that contami-
nation of other slides is a real risk. Good negative control 
probes should target transcripts that are not detectably 
expressed in retina (such as albumin, cardiac albumin, GFP, 
etc.). Use of sense control probes is not usually recommended, 
as a sizeable minority of mammalian genes have associated 
antisense transcripts  (  11  ) .  

    6.    When using PCR primers that target an RNA polymerase pro-
moter sequence (i.e., T3, T7, or Sp6), it is important to include 
2–3 bases of 5 ¢  overhang outside the primer sequence. This 
substantially improves the ef fi ciency of cRNA synthesis.  

    7.    Fixed tissue generally produces weaker signal intensity than 
fresh-frozen, though use produces superior morphology and 
better overall signal–noise ratio. Fresh-frozen tissue is often 
easier to section consistently than  fi xed tissue, and is particu-
larly useful for analyzing embryonic samples.  

    8.    It is advantageous to  fi ll as much as the slide as possible with 
sectioned samples (although make sure that O.C.T. from other 
sections does not overlap your tissue). The more sections pres-
ent on a slide, the greater the likelihood of obtaining high-
quality data in a given experiment. It is also the best way to 
directly compare results from different samples, since placing 
them on the same slide effectively eliminates slide-to-slide vari-
ation in signal intensity and probe spreading.  
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    9.    RNAses are very resistant to inactivation, so pretreatment is 
designed to simply denature and remove any proteins that 
might come into contact with the slides. In this step, this is 
accomplished by treatment with detergent and a strong base.  

    10.    Avoiding RNAse contamination during the  fi rst day of the 
procedure is critical. RNAses can come from human and ani-
mal skin and hair, or very often as contamination from other 
experimental procedures, particularly plasmid DNA prepara-
tion. The danger is greater to the probe than to the sample, as 
target RNA sequences in  fi xed tissue are much less accessible to 
RNAses than are cRNAs in solution. Do everything possible to 
avoid these sources of contamination. Wear a clean lab coat 
to cover arms, tie back long hair, and avoid working in lab 
areas where animals are sacri fi ced. Use aerosol tips for all solu-
tions that require pipetting. Put down fresh bench paper before 
beginning the procedure, and change gloves whenever the 
possibility of contamination arises. We have often used a fume 
hood to conduct all the steps up until the prehybridization 
step, which both protects your sample from airborne debris 
and removes any PFA vapors from the work area.  

    11.    Dunk sections several times during each wash to ensure good 
mixing.  

    12.    This re fi xation is important to maintain tissue integrity follow-
ing the protease K treatment.  

    13.    Acetic anhydride modi fi es positively charged amine groups in 
proteins and lipids, greatly reducing nonspeci fi c binding by the 
negatively charged cRNA probe. However, acetic anhydride 
hydrolyzes rapidly in aqueous solution, and it is extremely 
important that the solution be applied immediately to the 
slides once mixed.  

    14.    It is important that slides rest above the surface of the box so as 
to avoid capillary transfer of solution away from the sections.  

    15.    Do not allow the tissue to dry out at this or any other succes-
sive stage. This will result in a loss of signal in the affected area. 
Chill prehybridization solution on ice prior to applying to 
reduce surface tension and ensure an even spread. Solution 
used for prehybridization can be reused 3–4 times. Pour into 
50 ml conical tubes prior to adding probe and store at −80°C 
(reused solution should not be mixed with probe and used for 
hybridization).  

    16.    Probe must be well mixed to ensure even signal intensity across 
the slide.  

    17.    It is critically important to change gloves between probes. 
Failure to do so will result in cross-contamination.  

    18.    70–72°C is an optimal hybridization temperature for perfect 
match probes that are longer than 300 bases. 65°C is better for 
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shorter probes or an imperfect match (i.e., rat probe used on 
mouse tissue).  

    19.    Do not use any force or pressure to remove the coverslip. 
Doing so will result in damage to the tissue.  

    20.    In this and every subsequent step, preheat solutions in a water 
bath prior to washing.  

    21.    The RNAse treatment degrades the single-stranded cRNA 
probe while leaving double-stranded RNA–RNA hybrids 
intact. This results in a considerable reduction in background 
signal. However, it requires great caution, as the RNAse used 
in this step can contaminate materials used prior to the hybrid-
ization step. Every effort should be made to prevent this. Make 
sure that slide boxes and racks used for RNAse treatment are 
treated with 0.3 M NaOH and RNAseZap after use. Change 
gloves after handling slides during this step.  

    22.    To ensure even spread of solution across the slide and to reduce 
the amount of serum used, chill B2 solution on ice prior to 
application.  

    23.    For abundant RNA a 1-h incubation is suf fi cient, but over-
night incubation greatly enhances the signal and reduces color 
reaction    time.  

    24.    Optimizing the ratio of target to background signal is crucial 
for obtaining high-quality data using this procedure. To this 
end, it is essential to vigilantly track the progress of the color 
reaction so as to assess when it should be terminated. The most 
ef fi cient way to do this is to directly view the slides in their 
chamber against a white background using a dissecting micro-
scope such as a Leica Stemi 2000-C or an Olympus BH-2 at 
roughly 10× magni fi cation. Stop the reaction before any obvi-
ous background is visible, but slightly past the point at which 
the color exposure appears optimal to the eye, as the cellular 
signal intensity will look weaker at the 200× magni fi cation usu-
ally used for photographing retinal    sections.  

    25.    Gelvatol automatically seals the slide once it dries, which 
reduces labor substantially when running large number of 
slides. One can also use Aquamount (Fisher, 14-390-5) or an 
equivalent water-based solution to mount the slides, but they 
must then be sealed with clear nail polish to prevent drying 
during long-term storage.          
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    Chapter 16   

 Assessment of Mitochondrial Damage in Retinal Cells 
and Tissues Using Quantitative Polymerase Chain Reaction 
for Mitochondrial DNA Damage and Extracellular Flux 
Assay for Mitochondrial Respiration Activity       

     Stuart   G.   Jarrett*   ,    Bärbel   Rohrer*   ,    Nathan   R.   Perron   ,    Craig   Beeson   , 
and    Michael   E.   Boulton            

  Abstract 

 Mitochondrial dysfunction and genomic instability are associated with a number of retinal pathologies 
including age-related macular degeneration, diabetic retinopathy, and glaucoma. Consequences of mito-
chondrial dysfunction within cells include elevation of the rate of ROS production due to damage of 
electron transport chain proteins, mitochondrial DNA (mtDNA) damage, and loss of metabolic capacity. 
Here we introduce the quantitative polymerase chain reaction assay (QPCR) and extracellular  fl ux assay 
(XF) as powerful techniques to study mitochondrial behavior. The QPCR technique is a gene-speci fi c assay 
developed to analyze the DNA damage repair response in mitochondrial and nuclear genomes. QPCR has 
proved particularly valuable for the measurement of oxidative-induced mtDNA damage and kinetics of 
mtDNA repair. To assess the functional consequence of mitochondrial oxidative damage, real-time changes 
in cellular bioenergetics of cell monolayers can be measured with a Seahorse Biosciences XF24 analyzer. 
The advantages and limitations of these procedures will be discussed and detailed methodologies provided 
with particular emphasis on retinal oxidative stress.  

  Key words:   Mitochondria ,  Retinal pigment epithelium ,  Photoreceptor cell, Oxidative stress , 
 Quantitative polymerase chain reaction ,  Extracellular  fl ux assay  

    

 Mitochondria are critical organelles for cell function and survival 
with principal functions including provision of chemical energy 
through ATP production, modulation of cellular metabolism, and 
regulation of cell death  (  1  ) . Since mitochondria are vital components 

  1.  Introduction

 * Authors Stuart G. Jarrett and Bärbel Rohrer contributed equally to this work. 
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in cellular metabolism and function, it is not surprising that 
dysfunction of this organelle impacts severely on tissue homeosta-
sis. A major theory of aging and disease is that oxidative damage 
can result in mitochondrial dysfunction and ultimately tissue mal-
function. Damage to the mitochondrial DNA appears to have more 
relevance to mitochondrial impairment due to the fact that it 
encodes components of the electron transport chain (ETC) and 
thus controls the entire cells’ metabolic capacity. Numerous retinal 
pathologies are associated with oxidative stress, mitochondrial 
DNA (mtDNA) damage, and changes in mitochondrial metabolic 
capacity, in part, due to the retina’s highly oxidizing microenviron-
ment  (  2–  5  ) . Chronic mitochondrial dysfunction is associated with 
a number of age-related degenerative diseases including age-related 
macular degeneration (AMD), diabetic retinopathy, and glaucoma 
 (  6  ) . In this article, we describe two powerful techniques that will 
help readers design experiments to aid in the investigation of mito-
chondrial genomic injury and metabolic alterations in the patho-
genesis of retinal degenerations. 

  Over the past decade the Quantitative polymerase chain reaction 
(QPCR) assay technique has been utilized to analyze genomic 
injury in multiple species and cell types  (  2,   5,   7–  15  ) . The QPCR 
assay has the ability to detect multiple classes of DNA damage and 
include oxidative stress-generated mtDNA damage (blue light, 
decarbomoyl mitomycin, menadione, hydrogen peroxide (H 2 O 2 )) 
 (  2,   15,   16  ) , methylation (methyl methanesulfonate)  (  2,   15–  17  ) , 
helical distorting adducts (UV)  (  17  ) , DNA cross-links (cisplatin), 
and double-strand breaks (etoposide)  (  2,   15,   17  ) . The QPCR assay 
works on the simple premise that DNA damages (i.e., strand breaks, 
base modi fi cations, bulky adducts, cross-links (cisplatin), and 
apurinic sites) are all capable of blocking the progression of a DNA 
polymerase  (  18  ) . Therefore, only the DNA templates that do not 
contain blocking lesions will be ampli fi ed. As a result, the amount 
of PCR product is inversely proportional to the amount of tem-
plate DNA damage. The major strength of the QPCR assay is that 
it is based on genome-speci fi c primers, thus negating the necessity 
to isolate mitochondria prior to analysis, a procedure which is asso-
ciated with extensive artifactual mtDNA damage  (  19  ) . Furthermore, 
the genome-speci fi c primers allow a direct comparison between 
the mtDNA and nuclear DNA (nDNA) damage response simulta-
neously  (  20  ) . Defects in DNA repair pathways have been impli-
cated in retinal aging and degeneration; thus this assay has the 
unique potential to provide a greater understanding of the contri-
bution of mtDNA repair in retinal cell dysfunction  (  2  ) . In addi-
tion, a particular gene or region of interest can be speci fi cally 
investigated via the use of speci fi c primer sets, i.e., transcribed vs. 
non-transcribed genes  (  7  ) . Another major bene fi t of QPCR is the 
detection of a wide array of endogenously and exogenously induced 

  1.1.  Analysis of 
Mitochondrial DNA 
Damage and Repair: 
Quantitative 
Polymerase Chain 
Reaction Assay
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DNA damage  (  18  ) . Finally, only very low amounts of input DNA 
(~10–100 ng) are required, making this assay suitable for limited 
or small-scale samples, e.g., RPE isolated from either human and 
mouse donors  (  5  ) . A limitation of QPCR, however, is that it is 
unable to distinguish between the different types of DNA lesions 
generated due to the nondiscriminatory nature of QPCR (how-
ever, this property may be advantageous depending on the experi-
mental outcomes required). Further, QPCR only provides relative 
quanti fi cation of DNA damage and not an absolute level, as all 
lesion measurements are expressed using a control sample that is 
de fi ned as “undamaged,” even though the extent of endogenously 
generated DNA lesions is unknown.  

  Although genetic and environmental factors contribute to retinal 
degenerative disease, the underlying etiology common to many 
retinal diseases arises from the extremely high energy demand of 
the retina and surrounding microenvironment. Signi fi cant energy 
is required in the retina, particularly in the outer retina. The retina 
consumes ATP in both the presence and absence of light. In the 
dark-adapted photoreceptors, the main energy consumption is 
driven by ion pumps to maintain homeostasis and synaptic trans-
mitter release; light-adapted photoreceptors require energy for 
phototransduction and light adaptation  (  21  ) . The RPE on the 
other hand requires energy for maintaining ion homeostasis of the 
subretinal space, which rapidly changes in response to light, in 
addition to its other functions that include epithelial transport of 
molecules; re-isomerization of the chromophore 11- cis- retinal; 
daily removal of photoreceptor outer segments by phagocytosis; 
and production and secretion of molecules  (  22  ) . The production 
of ATP in the outer retina is primarily dependent upon glucose and 
oxygen  (  23  ) . However, since the outer-retina environment is highly 
nutrient- and oxygen-rich, together with the presence of light and 
high levels of poly-unsaturated fatty acids, the high metabolic 
demands may cause persistent mitochondrial damage in the retina. 
Since ATP utilization and these biochemical processes are inti-
mately linked, changes in energy metabolism are among the earli-
est and most informative markers of cellular stress and evidence of 
mtDNA damage. 

 Traditionally, metabolic  fl uxes associated with energy metabo-
lism have been determined by time-dependent accumulation of 
radionuclide-labeled metabolites. For example, accumulation of 
 3 HOH water from 3- 3 H- D -glucose is a measure of glycolytic  fl ux 
through glyceraldehyde-phosphate dehydrogenase (GAPDH). 
These radiometric assays are highly speci fi c but are also labor inten-
sive and require substantial quantities of tissue or cells. Recent 
work shows that measurement of metabolite  fl uxes like O 2 , lactate, 
and total acid can estimate intracellular  fl uxes with accuracies 
comparable to radiometric assays  (  24,   25  ) . The advantages of 

  1.2.  Measurement 
of Mitochondrial 
Respiration Activity: 
Extracellular Flux 
Assay
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extracellular  fl ux assays include higher throughput, reduced sample 
size, and substantially improved kinetic resolution. These extracel-
lular  fl ux assays recapitulate the classical methods used to study 
isolated mitochondria with the added advantage of using whole 
cells or tissues that retain intact cellular processes and signaling. 

 Until recently, methods for measuring energy metabolism by 
extracellular  fl ux analysis relied on Clark electrode chambers or the 
Cytosensor ®  microphysiometer. The Clark electrode is an electrode 
that measures oxygen on a catalytic platinum surface, measuring 
electron  fl ow in response to oxidative phosphorylation. While 
the readouts are highly reproducible, the measurements require 
large amounts of tissue or cells suspended in solution that needs 
to be stirred constantly, and only one sample can be examined at 
a time. The Cytosensor ®  microphysiometer on the other hand is a 
device that measures extracellular acidi fi cation (rate of acid ef fl ux) 
for four samples in parallel. It uses an ~10  m l sensor perfusion 
chamber to provide sensitive rate measurements for a small num-
ber of cells (e.g., 10 4 –10 5  per chamber). During a rate measure-
ment,  fl ow is momentarily stopped to measure speci fi c changes of 
extracellular pH as the cells respire within the small volume. After 
such measurements,  fl ow is restored to prevent oxygen depletion 
and accumulation of metabolic wastes. 

 More recently, a multiwell plate-based assay platform was 
developed, the Seahorse Biosciences Extracellular Flux (XF) 
Analyzer, that uses  fl uorescent optode detectors to combine mea-
surements of oxygen consumption rates (OCR) and extracellular 
acid release (ECAR) from cells plated in multiwell plates. The 
instruments are available in 24- and 96-well plate-based formats, 
using the same basic technology  (  26  ) . The three technologies have 
been developed to either address basic physiological questions or 
to assess oxygen consumption in large tissue (Clark electrode); 
for basic drug screening in cell-based assays before the advent of 
higher throughput instruments (Cytosensor ®  microphysiometer); 
or for high-throughput screening and combined oxygen and extra-
cellular acid release (XF analyzer).   

 

 All solutions are prepared using ultrapure water (prepared by puri-
fying deionized water to attain a sensitivity of 18 MW cm at 25°C) 
and cell culture and molecular biology grade reagents. 

       1.    RPE growth media: Ham’s F10 medium (Invitrogen) (500 ml) 
supplemented with 10% heat inactivated fetal calf serum 
(Invitrogen) (40 ml). The serum is heat-inactivated by incuba-
tion at 65°C for 2 h. Growth media is supplemented with 
100  m l/ml streptomycin, 100  m l/ml kanamycin, and 60  m l/ml 

  2.  Materials

  2.1.  QPCR Assay

  2.1.1.  Cell Culture and 
Induction of DNA Damage
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penicillin (Invitrogen). All media are  fi ltered (0.2  m m) and 
stored at 4°C and warmed to 37°C for 30 min before the start 
of a QPCR experiment.  

    2.    RPE cell lines (transformed and primary cultures;    see 
Subheading  3.1.1 ) are maintained using standard cell culture 
procedures. For routine cell expansion, RPE cells are grown 
until ~80% con fl uence is achieved followed by a 1:3 split. For 
QPCR analysis, RPE are grown to con fl uence followed by 
withdrawal of serum- containing  Ham’s F10 media and replace-
ment with serum- free  Ham’s F10 media for 24 h before the 
DNA damage treatment. This step promotes cellular quies-
cence and mimics the in vivo RPE microenvironment  (  15  ) .  

    3.    Hydrogen peroxide (H 2 O 2 ) is diluted in Hams’s F10 media 
without the addition of fetal calf serum and other supplements. 
H 2 O 2  is prepared in the dark to prevent degradation using ster-
ile tubes covered in aluminum foil. In addition, H 2 O 2  is stored 
at 4°C until the day of the experiment and added to pre-
warmed serum-free Ham’s F10 media to give the desired 
molarity to generate detectable DNA damage. To initiate RPE 
mtDNA damage  fi nal H 2 O 2  concentrations of 100–500  m M 
are recommended. Please note that if long-term studies are to 
be performed, H 2 O 2  should be  fi ltered with 0.2  m m  fi lters to 
ensure sterility.      

      1.    DNA isolation is performed using a DNeasy Blood and Tissue 
kit (Qiagen). This kit contains buffers that enable optimal 
DNA binding conditions, removal of contaminants, and pure 
DNA elution. All reagents should be handled with gloves to 
avoid the introduction of contaminants that can cause degra-
dation of template DNA (see  Note 1 ). The isolation procedure 
is designed for rapid DNA puri fi cation that does not require 
phenol/chloroform extraction or alcohol precipitation, thus 
limiting artifactual DNA oxidation. DNA is quanti fi ed using 
Quant-iT Picogreen dsDNA kit (Molecular Probes), contain-
ing PicoGreen dissolved in DMSO, 20× TE (200 mM Tris–
HCl, 20 mM EDTA, pH 7.5) and Lambda DNA standard 
(100  m g/ml in TE). The  fl uorescence is measured using a 
microplate reader and standard  fl uorescein wavelengths (exci-
tation ~480 nm, emission ~520 nm) (see  Note 2 ). All reagents 
required and detailed protocols are supplied by the manufac-
turers of the kits.      

  For QPCR analysis the GeneAmp XL PCR Kit (Applied Biosystems) 
is used and contains all reagents (except primers) to carry out 
QPCR. The kit contains rTth DNA polymerase XL (400 U), 3.3× 
XL PCR buffer, Mg(OAc) 2  (25 mM), dNTPs (10 mM).   

  2.1.2.  DNA Isolation 
and Quanti fi cation

  2.1.3.  QPCR Analysis
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       1.    The 661W cell line described here was generously provided by 
Dr. Muayyad Al-Ubaidi (University of Oklahoma). Cells are 
grown and expanded in Dulbecco’s modi fi ed Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS). 
They are allowed to grow to 90% con fl uence before harvesting 
and replating for use in experiments. Alternatively, RPE cells 
can be cultured as discussed earlier in Subheading  2.1.2 .  

    2.    For XF experiments, cells are plated on 24-well custom plates 
designed for use in the XF24 (20,000 cells/well) and grown to 
~90% con fl uence in DMEM + 5% FBS (48 h).  

    3.    Treatment with the phosphodiesterase inhibitor, IBMX, induces 
cell death in 661W cells mediated by calpain and caspase-3. 
IBMX treatment results in the rapid increase in intracellular 
calcium, the generation of reactive oxygen species (ROS), and 
the activation of oxidative stress enzymes  (  22  ) . Cell death 
involves mitochondrial damage as documented by Bid cleav-
age, mitochondrial depolarization, and cytochrome  c  release 
 (  27  ) . IBMX is made as a 100 mM stock solution in DMSO plus 
20% pluronic F-127 (w/v) and added to cells at 300–600  m M 
to initiate oxidative stress; corresponding DMSO plus 20% 
pluronic F-127 concentrations are added as controls.        

 

       1.    To analyze the mtDNA damage response, we have routinely 
used primary human RPE isolated from human eyes obtained 
from donors up till the age of 70 years and processed within 
48 h following death. All human eyes  must be  obtained from a 
registered eye bank or alternative authorized source and 
researchers  must  have the appropriate institutional approval for 
their use in laboratory research. A spontaneously transformed 
RPE cell line, derived from a 19-year-old male donor (ARPE-
19, American Type Culture Collection; Accession No. CRC-
23021), has also been used extensively in QPCR studies  (  4  ) . 
All cultures are maintained at 37°C in a humidi fi ed incubator 
at 5% CO 2 /95% during DNA damage and repair experiments. 
In addition, it is vital to carry out the three procedures of the 
QPCR protocol, i.e., (1) oxidative stress exposure; (2) DNA 
isolation and quanti fi cation; and (3) QPCR, in a separate area 
of the laboratory to avoid cross-contamination during the 
QPCR process.  

    2.    RPE cells are cultured in Ham’s F10 medium supplemented 
with heat-inactivated fetal calf serum (10%), 100  m l/ml strep-
tomycin, 100  m l/ml kanamycin, and 60  m l/ml penicillin and 
allowed to grow to form a con fl uent monolayer. Cells are 

  2.2.  Extracellular Flux 
Assay

  2.2.1.  Cell Culture and 
Induction of Oxidative 
Stress

  3.  Methods

  3.1.  QPCR Analysis

  3.1.1.  Oxidative 
Stress Exposure and 
Mitochondrial DNA 
Damage and Repair
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maintained in serum-free Ham’s F10 growth media for 24 h 
before treatment with the DNA-damaging agent.  

    3.    Oxidative stress should be initiated with H 2 O 2  diluted in 
serum-free Hams’s F10 media to give a  fi nal concentration of 
250  m M for 1 h. The concentration of H 2 O 2  and length of 
exposure, however, depend on the oxidative sensitivity of the 
particular cell type and need to be optimized (see  Note 3 ).  

    4.    After the DNA damage exposure, H 2 O 2  is aspirated and the 
cells washed twice with sterile PBS. For DNA damage studies, 
genomic DNA should be extracted at this point (see 
Subheading  3.1.2 ). For DNA repair assessment, serum-free 
medium is to be added with the cultures maintained at 37°C 
and allowed to recover for various time points. We suggest a 
starting point for RPE DNA repair analysis of 0.5, 1, 3, 6, and 
12 h repair time-points. It is important to always include 
control cultures in the QPCR that are mock treated.      

  All procedures involving isolated DNA should be carried out on 
ice and all reagents maintained at 4°C throughout the experimen-
tal protocol unless otherwise speci fi ed (see  Note 4 ).

    1.    At the appropriate repair time point, serum-free Ham’s F10 
media should be aspirated and the cells washed twice with PBS 
followed by trypsinization (0.05% trypsin–EDTA, Invitrogen) 
to detach the cells. The cell pellet obtained by centrifugation at 
500 ×  g  for 5 min is used for DNA isolation according to the 
instructions provided by the manufacturer of the DNeasy 
Blood and Tissue kit (see Subheading  2.1.2 ). DNA purity 
should be con fi rmed prior to QPCR, determined by the 
 A  260 / A  280  ratio. Only continue with QPCR if the ratios are 
between 1.7 and 1.9, con fi rming high purity. It is important to 
note to use less than 2 × 10 6  cells per DNA isolation to allow 
optimal nucleic acid yields.  

    2.    The Quant-iT PicoGreen dsDNA quanti fi cation method is 
used to determine the amount of DNA in each sample as 
described in the manufacturer’s protocol with minor 
modi fi cations. Ten microliters of the sample DNA stock is 
reconstituted with TE buffer (10 mM Tris–HCl, 1 mM EDTA, 
pH 7.5) and further diluted to give 1:10, 1:50, and 1:100 ali-
quots. In addition, a standard curve (using Lambda DNA) is 
generated using a 2  m g/ml stock solution to give  fi nal DNA 
concentrations of 1, 0.5, 0.25, 0.125, 0.0625, 0.031, and 
0  m g/ml in TE buffer. DNA is analyzed using a  fl uorescence 
plate reader (excitation 480 nm/emission 520 nm). The isola-
tion procedure using 1 × 10 6  ARPE-19 cells should give ~15  m g 
DNA dissolved in 100  m l of TE buffer.  

  3.1.2.  DNA Isolation 
and Quanti fi cation
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    3.    At this point, the isolated DNA should be stored in separate 
aliquots at −80°C for long-term storage. It is recommended, 
however, that fresh DNA that has not been frozen is used for 
QPCR to limit any effect of nucleic acid degradation in the 
QPCR analysis      

      1.    For QPCR, the GeneAmp XL PCR kit has been successfully 
utilized by multiple laboratories (Applied Biosystems). The kit 
contains all the components required to amplify large DNA 
fragments (>20 kb) including the rTth DNA polymerase XL 
(2 U/ m l), 3.3 XL PCR buffer (containing potassium acetate, 
glycerol, and DMSO), Mg (OAc) 2  (25 mM), and dNTPs 
(10 mM).  

    2.    It is important to use a large PCR reaction volume of at least 
100  m l which facilitates the ampli fi cation of >10 kb DNA frag-
ments. Table  1  shows a standard protocol used to amplify a 
>10 kb DNA fragment.  X  refers to a variable volume depend-
ing on the quantity of DNA to be used in QPCR. Please note 
that each speci fi c set of primers will involve optimization of 
QPCR conditions (see  Notes 5–14  and Table  1 ).   

    3.    PCR fragments are ampli fi ed using the following thermocycling 
pro fi le: The PCR is initiated with a hot-start with the addition 
of the 1 U of XL r Tth  polymerase when samples have reached a 
temperature of 75°C. This is followed by an initial denaturation 
for 1 min at 94°C, cycles of denaturation at 94°C for 30 s, and 
primer extension at  X  °C for 12 min for a total of  X  cycles. After 
the PCR cycles have been completed, a  fi nal extension at 72°C 
for 10 min is performed. Please note that the annealing 

  3.1.3.  QPCR Analysis

   Table 1 
  QPCR components and concentrations   

 Component  Volume ( m l)  Final concentration 

 Sterile water   X   – 

 XL PCR buffer  31  1× 

 dNTP mix (10 mM)  8  800  m M 

 Primer 1 (10  m M)  1  0.1  m M 

 Primer 2 (10  m M)  1  0.1  m M 

 Mg(OAc) 2  (25 mM)  4  1 mM 

 rTth DNA polymerase  1  2 U 

 DNA   X   15–100 ng 

 Total volume  100 
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temperatures and cycle numbers will need to be optimized for 
each set of primers used in this assay (see  Notes 5–8 ).  

    4.    It is necessary to normalize QPCR results for endogenous 
damage and copy number to make sure that changes in 
ampli fi cation levels are due to DNA damage. Normalization is 
performed by amplifying a small mitochondrial DNA fragment 
(~100–800 bp). It is also bene fi cial to compare the ampli fi cation 
of a short nuclear DNA fragment between samples to verify 
identical starting amounts between samples. Primers for the 
generation of short products have been presented previously 
 (  2  )  (see  Notes 9–14 ).  

    5.    After the completion of QPCR, the extent of PCR product 
ampli fi ed can be determined via two methods, either agarose 
gel electrophoresis or Picogreen analysis. For agarose gel elec-
trophoresis, 18  m l of reaction sample is mixed with 6× loading 
dye (0.4% orange G, 0.03% bromophenol blue, 0.03% xylene 
cyanol FF, 15% Ficoll ®  400, 10 mM Tris–HCl (pH 7.5), and 
50 mM EDTA (pH 8.0); Promega) and DNA fragments 
resolved on a 0.7% agarose gel (Invitrogen) dissolved in Tris–
borate–EDTA (45 mM Tris–borate, 1 mM EDTA, pH 8.0) 
with ethidium bromide added to the gel ( fi nal concentration 
0.5  m g/ml; Sigma). The intensity of the PCR product bands 
can be quanti fi ed with Scion Image analysis software (Scion 
Corp). For Picogreen analysis, product DNA is analyzed using 
a  fl uorescence plate reader (excitation 480 nm/emission 
520 nm) as described previously (see Subheading  3.1.2 ).  

    6.    The QPCR assay measures the average lesion frequency and a 
detailed data analysis protocol has been previously described in 
detail  (  2  ) . Brie fl y, the resulting DNA ampli fi cation values are 
converted to relative lesion frequency by assuming a random 
distribution of damage. The lesion frequency (  l  ) is calculated 
as the amount of ampli fi cation of damaged DNA samples ( A  d ) 
relative to the ampli fi cation of control ( A  0 ) (no damage).       

   The XF analyzer uses two light sources, to excite hydrogel optodes 
deposited on the plunger heads of the sensor plates. One optode is 
a pH-sensitive  fl uorophore and the second contains an oxygen-
sensitive,  fl uorescent metal complex. The plungers normally reside 
about 5 mm above the cells within about 1 ml of buffer. During a 
rate measurement, the plungers descend to ~300  m m above the 
surface of the plates to entrap ~7  m l of buffer immediately overly-
ing with limited diffusion to create a “virtual chamber.” 

 As the plunger entraps cells in a limited diffusion region, ana-
lyte concentrations in each well are measured over a period of 
~1 min. The initial changes of concentrations, such as the decrease 
of O 2 , are calculated to give a rate. After rate measurements, 
the plungers return to their original position and vibrate to mix the 
buffer and re-equilibrate the formerly entrapped region with the 

  3.2.  XF Analysis

  3.2.1.  The Seahorse 
Biosciences Extracellular 
Flux Analyzer
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bulk medium. Also above each well of the Seahorse plate are 
cylindrical reagent reservoirs, which can be used to eject reagents 
into the wells. Thus, each well can be injected with four different 
reagents during an experiment. Rate measurements can be made 
every few minutes without signi fi cant depression of oxygen tension 
or acidi fi cation of the medium. In this way, the Extracellular Flux 
Analyzer achieves sensitivities comparable to those of the micro-
physiometer without the need for cumbersome perfusion 
micro fl uidics.  

      1.    OCR and ECAR measurements of 661W cells are performed 
using a Seahorse Bioscience XF24 instrument (Seahorse 
Bioscience, Billerica, MD). O 2  leak through the plastic sides 
and bottom of the plate is accounted for using the Akos algo-
rithm in the XF24 software package.  

    2.    Cells are plated (see Subheading  2.2.1  and Note 15). Prior to 
running the experiment, the growth medium is removed and 
the cells are washed with PBS containing Ca 2+ /Mg 2+  (pH 7.4), 
which is then aspirated and replaced with 700  m l of RS buffer.  

    3.    The buffer used for testing is a reduced serum (RS) buffer. The 
RS buffer contains CaCl 2  (1.8 mM), MgCl 2  (0.6 mM), KH 2 PO 4  
(0.5 mM), KCl (5.33 mM), Na 2 HPO 4  (0.5 mM), NaCl 
(130 mM), glucose (5.6 mM), glutamax, minimum essential 
medium (MEM) amino acids solution, MEM nonessential 
amino acids, MEM vitamin solution, penicillin/streptomycin, 
1% bovine serum albumin (BSA, factor V fatty acid free), 1% 
FBS, and insulin (100 nM). All components except FBS and 
insulin are combined prior to  fi lter sterilization. Following addi-
tion of FBS and insulin (usually 24–48 h pre-experiment), the 
RS buffer is warmed to 37°C and the pH is adjusted to 7.4.  

    4.    A typical experiment to evaluate the cellular metabolic capacity 
and mitochondrial coupling includes testing ECAR and OCR in 
the presence of the following agents: a protonophore that depo-
larizes the inner mitochondrial membrane potential (FCCP), 
and a mitochondrial inhibitor of cytrochrome c oxidase (sodium 
azide) or complex I (rotenone) or ATP-synthase (oligomycin).  

    5.    The template for testing is set up as follows. Measurements will 
be performed every 5 min, repeating metabolic measurements 
3–4 times per condition for averaging purposes. The 5-min 
cycle includes a 2-min mix period, 1-min wait, and a 2-min 
measuring time. After measurements of baseline activity, FCCP 
is injected, rates are measured, and  fi nally rotenone (a Complex 
I inhibitor) is injected followed by a  fi nal measuring of the 
rates (see  Notes 16–18 ).      

  Extracellular O 2 , pH, and lactate  fl uxes provide estimates of glu-
cose utilization in cells and tissues that are comparable to those 
obtained with radiometric assays  (  24,   25  ) . When glucose is the 

  3.2.2.  OCR and ECAR 
Measurements

  3.2.3.  Interpretation 
of Fluxes
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primary metabolic substrate, O 2   fl ux is a good estimate of glucose 
oxidation, whereas lactate  fl ux is a good measure of the Embden–
Meyerhof pathway  fl ux, which is particularly useful for the study of 
cancer cell metabolism (e.g., the Warburg effect) (see  Note 19 ).   

   As an illustration of QPCR, we present data from an experiment, 
simultaneously analyzing mitochondrial and nuclear DNA repair 
capacities in RPE cells following oxidative stress. Cells were exposed 
to H 2 O 2  (250  m M) and allowed to repair for 1, 3, 6, and 12 h 
(see Subheading  3.1 ), DNA isolated and quanti fi ed (see 
Subheading  3.2 ), and QPCR performed (see Subheading  3.3 ). As 
shown in Fig.  1a, b , both the nDNA and mtDNA showed equal 
susceptibility to H 2 O 2 -induced DNA damage by sustaining ~1.1–
1.3 lesions/10 kb. However, mtDNA showed a reduced capacity 
to repair H 2 O 2 -induced lesions compared to nDNA up to 3 h post 
H 2 O 2  exposure ( P  < 0.05).   

  A representative example in Fig.  2  shows the effects of a typical exper-
iment, analyzing baseline, and effects of FCCP and rotenone on both 
OCR (Fig.  2a , closed symbols) and ECAR (Fig.  2a , open symbols). 

  3.3.  Results

  3.3.1.  Example 
of QPCR Data

  3.3.2.  Example of XF Data
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  Fig. 1.    A comparison of nDNA and mtDNA damage and repair in a primary human RPE cell 
culture following H 2 O 2  exposure. Cells were treated with 250  m M H 2 O 2  for 1 h and allowed 
to recover for 1, 3, 6, and 12 h. The cells were harvested, the DNA was extracted, and 
QPCR was performed. DNA damage was quanti fi ed by comparing the relative ef fi ciency of 
ampli fi cation of large fragments of DNA (16.2 kb for the mtDNA and 10.4 kb for the  hprt  
gene) and normalizing this to the ampli fi cation of smaller 100 bp fragment, which have a 
statistically negligible likelihood of containing damaged bases  (  1  ) . ( a ) The nDNA and 
mtDNA lesion repair after H 2 O 2 -induced oxidative stress. ( b ) Agarose gels (0.7%) derived 
from QPCR analysis of nDNA and mtDNA ampli fi cation. Signi fi cantly different number of 
lesions per 10 kb between nDNA and mtDNA: * P  < 0.05. The data are expressed as the 
means ± SEM from three separate experiments and were performed in duplicate.       
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As indicated in Subheadings  2  and  3 , treatment with FCCP (1  m M) 
collapses the proton gradient across the inner mitochondrial mem-
brane. In response, the mitochondria increase their  fl ux through the 
ETC in order to restore the proton gradient. In the presence of 

  Fig. 2.    Mitochondrial respiration and glycolytic capacity of 661W cells. ( a ) Typical O 2  
consumption rates (OCR) and extracellular acidi fi cation rates (ECAR) of 661W cells as 
measured with an XF24 Seahorse Biosciences instrument are shown. After measuring 
four basal rates, the cells are sequentially treated with FCCP (1  m M) and rotenone 
(500 nM). ( b ) OCR rates in response to increasing doses of IBMX are shown. While basal 
respiration rates are slightly reduced after 24 h of IBMX treatment, a signi fi cant dose-
dependent decrease is measured in the FCCP uncoupled rates. The average rates 
(mean ± SEM for  n  = 3–4 wells) are plotted.       
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suf fi cient substrates for production of NADH (e.g., pyruvate or 
palmitic acid) this increase in OCR represents the maximal respira-
tory capacity of the mitochondria  (  24,   25  ) . In 661 W cells, the maxi-
mal FCCP-uncoupled OCR response ranges from 1.5- to 3.5-fold 
higher than the basal OCR (Fig.  2a ). Rotenone (500 nM), which is 
a complex I inhibitor, causes an immediate decrease in OCR. The 
response that can be blocked by rotenone corresponds to the fraction 
of measured respiration that is entirely mitochondrial. Here, rote-
none decreased OCR by 90% (Fig.  2a ), indicating that other oxygen-
dependent processes (peroxisome, NAD(P)H-oxidases, etc.) only 
contribute ~10% to the overall oxygen consumption of these cells. 
When analyzing the ECAR responses, it is observed that FCCP causes 
a rapid increase in ECAR (Fig.  2a , open symbols). This increase in 
ECAR is due to a shift towards glycolysis and increased lactic acid 
extrusion—or the Pasteur effect as has previously been described by 
Winkler and colleagues using retinal cells (2003).  

 Second, we provide representative data for the mitochondrial 
oxygen consumption of 661W cells as they are exposed to IBMX 
for 24 h (Fig.  2b ). Previous work in our lab has shown that IBMX 
damages 661W cells via a mitochondrial oxidative dysfunction (see 
above). IBMX at all four concentrations (300–600  m M) causes a 
small decrease in basal respiration rates. But, when the mitochon-
dria are uncoupled (FCCP treatment), the untreated cells show an 
almost fourfold increase in respiration (i.e., their capacity is about 
fourfold of their basal) (open symbols); in contrast, the cells that 
had been treated with different concentrations of IBMX for 24 h 
show up to a 50% loss in metabolic capacity as measured from the 
FCCP responses (closed symbols).    

 

     1.    To limit the chance of DNA contamination during the QPCR 
process, it is vital to set up all the reaction mixes for this part of 
the protocol in a separate area in the laboratory that has not 
been used for DNA isolation or PCR product analysis. In addi-
tion, it is important to use dedicated pipettes for each stage of 
the protocol, i.e., DNA preparation, reaction mixing/PCR, 
and DNA fragment analysis.  

    2.    To ensure that the DNA sample readings are in the detectable 
range of the microplate reader, the gain settings should be 
adjusted to the DNA sample containing the highest DNA con-
centration to yield a  fl uorescence intensity near, but below, the 
 fl uorometer’s maximum. In addition, to prevent photobleach-
ing, the time taken for  fl uorescence measurement should be 
constant for all samples.  

  4.  Notes
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    3.    The QPCR assay has the ability to detect multiple classes of 
DNA damage. However, to investigate oxidative stress, H 2 O 2  
is an excellent model compound that can be used as a starting 
point for mtDNA damage studies. We and others have deter-
mined a cell type- and donor-speci fi c sensitivity to H 2 O 2  expo-
sure. Thereby, the appropriate H 2 O 2  dose used in a particular 
study must be determined from a dose–response curve.  

    4.    It is critical to isolate high-molecular-weight, high-quality 
DNA suitable for PCR ampli fi cation. In order to prevent any 
artifactual damage during (e.g., strand breaks and oxidative 
damage) the DNA isolation procedure we use the DNeasy 
Blood and Tissue Kit (Qiagen). Harsh methods of DNA isola-
tion using phenol and chloroform should be avoided.  

    5.    The hot start procedure is highly recommended for QPCR, as 
it improves the procedure by reducing any initial mis-priming 
and primer oligomerization    by-reactions.  

    6.    The optimum amount of DNA polymerase enzyme to use will 
depend on the DNA fragment length and source of template 
DNA. For most samples 2 U of rTth DNA polymerase should 
suf fi ce; however, if fragments >20 kb are ampli fi ed 4 U of rTth 
DNA polymerase should be used (one unit of rTth DNA poly-
merase is de fi ned as the amount that will incorporate 10 nmol 
of dNTPs into acid-insoluble material per 30 min in a 10-min 
incubation at 74°C).  

    7.    The optimum annealing temperature can be determined 
empirically by analyzing 2–3°C increments until maximum 
product yield is reached. The rTth polymerase has the greatest 
activity between 60 and 70°C. Thereby, it is recommended 
that primers designed are suitable for this temperature range. 
In addition, two-temperature rather than three-temperature 
cycling should be used if the QPCR is employing annealing 
temperatures over 60°C.  

    8.    Special care must be taken to ensure that the QPCR cycle con-
ditions are quantitative, thus ensuring that any reduction in 
DNA fragment ampli fi cation is due to DNA damage. Thereby, 
cycle test analyses must be performed to determine quantita-
tive QPCR conditions, e.g., 23, 26, 29, 31, 33, and 36. The 
DNA fragment of interest should be ampli fi ed within the expo-
nential range of QPCR.  

    9.    The optimal primer concentrations for QPCR will need to be 
determined as concentrations that are too low will result in 
suboptimal levels of PCR product, whereas concentrations that 
are too high will result in the ampli fi cation of nontarget 
sequences. It will be necessary to test primer concentrations in 
the range of 20–100 pmol/run in 5 pmol/run increments.  
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    10.    Primers for the generation of small and long fragments (10–21 kb) 
are described in detail for human, mice, rat, yeast, melano-
gaster, adenovirus, killi fi sh, and zebra fi sh  (  1,   16  ) .  

    11.    The optimal magnesium concentration for each set of QPCR 
primers should be determined. The ampli fi cation of the DNA 
fragment should be analyzed using magnesium concentrations 
ranging from 0.8 to 1.5 mM in 0.1 mM increments.  

    12.    It is recommended that a 50% undamaged template (contain-
ing half the DNA content, but equal reaction volume) always 
be included in QPCR. This is an internal control and thus gives 
a 50% reduction of the DNA product ampli fi cation. If a 50% 
reduction in PCR product is not observed then the reaction 
cannot be considered as quantitative in nature.  

    13.    It is important that no nonspeci fi c ampli fi cation products are 
observed following QPCR. If they are observed, QPCR condi-
tions need to be re-optimized (see  Notes 5–11 ).  

    14.    It is useful to always include a positive control in QPCR. 
A model DNA-damaging agent that generates bulky helical 
distorting adducts is UVC. This geno-toxic agent is a well-
established substrate for QPCR  (  2  ) . However, if access to UVC 
is not available, compounds such as etoposide (Sigma) are also 
excellent positive controls for DNA damage detection as they 
generate polymerase stalling double-strand breaks  (  12  ) .  

    15.    It is critical to establish an optimal plating density for the XF 
plates prior to running experiments. Typical seeding densities 
are 10–20,000 cells/well and these are typically grown over 
24–48 h. We recommend then testing the cells on the XF 
instrument measuring four basal rates followed by injection of 
0.5  m M FCCP and measuring an additional four rates. An ideal 
plating density will give robust basal and FCCP-uncoupled 
rates. If the cells are too dense, the basal rates might be low 
and the uncoupled rate will often be unstable.  

    16.    For most cells an ~5-min XF cycle time is adequate with 2 min 
for measurement, 1-min mix, and 2-min wait but these times 
might need to be adjusted to accommodate cells that have 
unusually high rates (lower measure times, longer mixing 
times) or unusually low rates (longer measure times).  

    17.    The medium used here is DMEM modi fi ed to use low phos-
phate (1 mM) to accommodate ECAR changes. The manufac-
turer also provides a low buffer DMEM but many other buffers 
can be used as long as they do not contain bicarbonate, as 
there is no CO 2  atmosphere control in the instrument. Other 
media will typically have higher buffer capacity that will lower 
sensitivity of the ECAR measurements but the  fi nal calculation 
of proton production rates is unchanged as this takes into 
account the buffer capacity.  
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    18.    Pharmacological agents used to perturb bioenergetic metabolism, 
such as the ATPsynthase inhibitor oligomycin, uncouplers such 
as FCCP, and ETC inhibitors such as rotenone should be 
titrated with new cell lines to determine the concentration that 
gives maximum effect without killing the cells outright. 
Although the instrument enables four different injections per 
well, the effect of one drug on the response to a subsequent 
drug treatment should be separately evaluated.  

    19.    Normalization of data is often done via cell number, protein 
content, or to the basal OCR and ECAR rates. Alternatively, 
each well can be gently washed, lysed with detergent, and ana-
lyzed for protein content with a BCA assay. Care should be 
taken in doing so as after treatments, and the plunging of the 
sensor, some cells are prone to lifting up easily during the wash 
step. The use of sulforhodamine B staining of cells directly in 
the wells and then measuring of absorbance exhibit artifacts 
and are not    reliable. Fixing the cells with paraformaldehyde 
and then staining with a nuclear dye, such as DAPI, enable 
very reliable cell counts via automated imaging.          
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    Chapter 17   

 Analysis of Photoreceptor Rod Outer Segment 
Phagocytosis by RPE Cells In Situ       

     Saumil   Sethna    and    Silvia   C.   Finnemann        

  Abstract 

 Counting rhodopsin-positive phagosomes residing in the retinal pigment epithelium (RPE) in the eye at 
different times of day allows a quantitative assessment of engulfment and digestion phases of diurnal RPE 
phagocytosis, which ef fi ciently clears shed photoreceptor outer segment fragments (POS) from the neural 
retina. Comparing such activities among age- and background-matched experimental wild-type and 
mutant mice or rats serves to identify roles for speci fi c proteins in the phagocytic process. Here, we 
describe experimental procedures for mouse eye harvest, embedding, sectioning, immuno fl uorescence 
labeling of rod POS phagosomes in RPE cells in sagittal eye sections, imaging of POS phagosomes in the 
RPE by laser scanning confocal microscopy, and POS quanti fi cation.  

  Key words:   Mouse eye ,  Retina ,  Retinal pigment epithelium ,  Diurnal photoreceptor outer segment 
phagocytosis ,  Rhodopsin-positive phagosome quanti fi cation ,  Immuno fl uorescence microscopy , 
 Paraf fi n sectioning    

 

 Prompt and complete clearance by phagocytosis of shed photore-
ceptor outer segment fragments (POS) by the underlying retinal 
pigment epithelium (RPE) is essential for life-long visual function 
 (  1,   2  ) . In mammals, rod POS shedding and RPE phagocytosis are 
regulated and coordinated by the circadian rhythm such that they 
occur in a daily peak at light onset  (  3  ) . Quanti fi cation of POS pha-
gosome load of the RPE in eyes derived from experimental animals 
sacri fi ced at precise times before and after light onset therefore 
allows analysis of kinetics and capacity of POS phagocytosis of RPE 
cells in situ. Quanti fi cation of POS numbers per length of RPE in 
sagittal sections of  fi xed, paraf fi n-embedded eyecups has proven to 
be a reliable method to assess RPE phagosome load in individual 
eyes. Comparing POS load of the RPE in wild-type mice with POS 

  1.  Introduction
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load of RPE in age-matched mutant mice of the same genetic 
background is an ef fi cient method to identify components and 
pathways relevant to POS uptake or digestion. 

 Transmission electron microcopy can identify engulfed POS in 
the RPE based on their morphological appearance  (  4,   5  ) . This 
method is powerful but cost- and labor-intensive. Light micros-
copy can demonstrate POS in the RPE in frozen or paraf fi n eyecup 
sections stained with histological dyes  (  6  ) . This method is fast and 
economical but it is only appropriate for eyes derived from albino 
animals because RPE melanosomes may obscure phagosomes. 
Here, we describe the use of immuno fl uorescence laser scanning 
confocal microscopy to rapidly and unambiguously identify POS 
phagosomes in RPE in cross sections of paraf fi n-embedded mouse 
or rat eyes  (  7  ) . We further discuss methodology to reliably quantify 
POS phagosome load per length of retina.  

 

 Prepare all solutions using double-distilled water (ddH 2 O) or a 
similar quality water and analytical grade reagents. Prepare and 
store all reagents at room temperature unless indicated otherwise. 

      1.    Mice maintained in a strict 12-h dark/light cycle—at least four 
animals for each time point (see  Note 1 ).  

    2.    Curved forceps, No.11 blade, sharp edged forceps, microdis-
section scissors.  

    3.    Davidson’s  fi xative (for 100 mL): Mix in this order: 33.5 mL 
H 2 O, 33 mL 95% ethanol, 22 mL formaldehyde 37%, 11.5 mL 
glacial acetic acid (see  Note 2 ).      

  Make ethanol dilutions using 95% ethanol and ddH 2 O. Use 2 L 
plastic cylinders to make alcohol dilutions.

    1.    Automatic Tissue Processer (e.g., Leica TP1020).  
    2.    Plastic processing cassettes and  fi tting metal molds.  
    3.    50% Ethanol.  
    4.    85% Ethanol.  
    5.    95% Ethanol.  
    6.    100% Ethanol (200 proof).  
    7.    Histoclear II (Electron Microscopy Sciences).  
    8.    Paraf fi n (e.g., Peel-A-Way ®  Micro-Cut Paraf fi n (Polysciences, 

Warrington, PA)).  
    9.    Paraf fi n Embedding Center (e.g., Thermo fi sher Histostar).      

  2.  Materials

  2.1.  Materials for 
Enucleation, Fixation, 
and Lens Removal of 
Mouse Eyes

  2.2.  Materials and 
Equipment for Eyecup 
Processing and 
Paraf fi n Embedding



24717 Analysis of Photoreceptor Rod Outer Segment Phagocytosis by RPE Cells In Situ 

      1.    Water bath set to 50°C, incubator set to 45°C, and hot plate 
set to 62°C.  

    2.    Microtome (e.g., Thermo fi sher HM325) with low pro fi le micro-
tome blades (e. g. Accu-Edge, Sakura Finetek, Torrance, CA).  

    3.    Superfrost ®  Plus slides and slide staining jars with slide rack 
(e.g., EasyDip Slide Staining System, Simport Plastics).  

    4.    Histoclear II, 100% ethanol, 95% ethanol, 70% ethanol, pre-
pared as in Subheading  2.2 .  

    5.    PBS: Make a 5× PBS stock: Dissolve 40 g NaCl, 1 g KCl, 1 g 
KH 2 PO 4 , 10.8 g Na 2 HPO 4  in 500 mL dH 2 O. Adjust pH to 
7.2 and  fi ll to 1 L with ddH 2 O. Dilute  fi vefold with ddH 2 O to 
make a 1× PBS working solution.  

    6.    Pigment bleaching solution: Weigh 1 g sodium borohydrate 
and dissolve in 100 mL ddH 2 O, prepare fresh daily.  

    7.    Pap pen, kimwipes, slide staining chamber.  
    8.    1% Bovine serum albumin in PBS: Add 1 mL 30% BSA stock 

to 29 mL PBS. Store at 4°C, bring to room temperature 
before use.  

    9.    Mouse anti-rhodopsin antibody (see  Note 3 ).  
    10.    AlexaFluor488-conjugated donkey anti-mouse IgG.  
    11.    DAPI nuclei staining solution: 10  m g/mL 4 ¢ ,6-diamidino-2-

phenylindole DAPI in PBS.  
    12.    Cover glasses    (24 mm × 50 mm size).  
    13.    Vectashield (Vector Laboratories, Burlingame, CA).  
    14.    Nail polish.      

      1.    Laser scanning confocal microscope.  
    2.    Image J Software (NIH—  http://rsb.info.nih.gov/ij/download.

html    ).       

 

 Carry out all procedures at room temperature unless otherwise 
speci fi ed. 

      1.    For each mouse to be sacri fi ced, prepare two 2 mL  fl at-bottom 
microtubes with 1.5 mL each Davidson’s  fi xative. Assign num-
bers or codes to mice and label tubes accordingly. Record gen-
otype, precise time of sacri fi ce, and other relevant information.  

    2.    At selected times of day (e.g., 1 h before, 30 min and 8 h after 
light onset), sacri fi ce mice using a CO 2  chamber or other suit-
able and approved method (see  Notes 4  and  5 ).  

  2.3.  Materials and 
Equipment for Paraf fi n 
Sectioning, 
Deparaf fi nization, RPE 
Pigment Bleaching, 
and 
Immuno fl uorescence 
Staining

  2.4.  Equipment and 
Software for POS 
Phagosome Imaging 
and Counting

  3.  Methods

  3.1.  Enucleation, 
Fixation, and Lens 
Removal of Mouse 
Eyes

http://rsb.info.nih.gov/ij/download.html
http://rsb.info.nih.gov/ij/download.html
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    3.    Promptly following sacri fi ce, enucleate eyes using a curved 
forceps and place into separate tubes  fi lled with  fi xative. Make 
sure that eyes are completely immersed in  fi xative (see  Note 6 ).  

    4.    Leave eyes at room temperature for 30 min to 12 h before 
storing  fi xed eyes at 4°C for at least another 12 h.  

    5.    24–48 h after sacri fi ce, dissect cornea and lens from  fi xed eyes 
one at a time: Carefully transfer eye into 3 cm tissue culture 
dish  fi lled with  fi xative. Under a dissecting microscope, use a 
sharp-edged forceps to hold the eye in place via the optic nerve, 
and with the other hand use a No.11 blade to create a 3–5 mm 
incision in the cornea. Use microdissection scissors to enlarge 
the incision by cutting in the shape of a cross, ultimately gen-
erating an opening in the cornea that is large enough to allow 
the lens to  fl oat out of the eyeball (see  Note 7 ). Place the eye-
cup back in its tube with  fi xative for at least 30 min or until all 
eyes are processed.      

      1.    Place each eyecup into a separate plastic cassette labeled clearly 
with pencil and close with plastic lid (see  Note 8 ).  

    2.    Incubate eyecups with solutions in a tissue processor with vac-
uum using the following protocol:
   (a)    50% Ethanol—1 h.  
   (b)    50% Ethanol—1.30 h.  
   (c)    85% Ethanol—1.30 h.  
   (d)    2 × 95% Ethanol—1.30 h each.  
   (e)    2 × 100% Ethanol—1.30 h each.  
   (f)    2 × Histoclear II—1.30 h each.  
   (g)    2 × Paraf fi n—2 h each.      

    3.    Remove plastic cassettes from the tissue processor container 
and place them in the designated preheated area of the Tissue 
Embedding Center.  

    4.    Embed each eyecup individually as follows. Pour just enough 
liquid paraf fi n to cover the bottom of a preheated metal mold 
(see  Note 9 ). Move mold to cold area of processor. As paraf fi n 
hardens, use sharp-tipped forceps to place the eyecup in the 
center of the mold. Handle the eyecup using the optic nerve 
only. The eyecup should be placed such that the optic nerve is 
parallel to the bottom of the mold. Move the mold to the 
heated area, and wait for the hardened paraf fi n in the mold to 
melt slightly before adding more liquid paraf fi n until the mold 
is  fi lled completely. Move the mold to the cold area and imme-
diately remove any bubbles that may be trapped in or around 
the eyecup using the forceps. Place the numbered plastic cas-
sette on top of the metal mold before the paraf fi n solidi fi es. 
Add more paraf fi n until the plastic cassette is  fi lled completely. 
Place the entire assembly in the cooling area. Once the paraf fi n 

  3.2.  Tissue Processing 
and Paraf fi n 
Embedding



24917 Analysis of Photoreceptor Rod Outer Segment Phagocytosis by RPE Cells In Situ 

has hardened completely, remove the paraf fi n block containing 
the embedded eye along with the plastic mold and store at 
room temperature.      

      1.    Bring water bath temperature to 50°C. Label eight slides with 
the coded number for each eyecup to be sectioned and con-
secutive slide numbers.  

    2.    With a razor blade remove excess paraf fi n surrounding the eye-
cup, such that a ~1 cm × 1 cm cube is left around the eyecup. 
Securely mount one paraf fi n block with eyecup embedded with 
plastic cassette attached to the microtome. Set section thick-
ness to 25  m m and cut the block until excess paraf fi n is trimmed. 
Once the sectioning reaches eyecup tissue reduce section thick-
ness to 7  m m and cut sections as a ribbon and transfer ribbons 
consisting of 3–4 sections onto the water surface with a paint-
brush (No. 6 or smaller) (see  Note 10 ). Collect ribbons on 
labeled slides. Check under a light microscope for proper align-
ment after completing two slides (see  Note 11 ). If tissue orien-
tation is correct (Fig.  1 ), continue sectioning to generate 
ribbons of 5–7 sections, completing eight slides per eyecup. If not, 
adjust orientation of tissue block on the microtome, cut one 
slide, and check again. Repeat checking until orientation is 
correct, and then cut eight slides.   

    3.    Dry slides at 45°C for 1 h.  
    4.    For phagosome count, use slides numbered 1, 4, and 7.  
    5.    Heat slides on a hot plate set to 62°C for 30 min immediately 

before tissue deparaf fi nization.  
    6.    Deparaf fi nize slides by sequential incubation in slide staining 

boxes in the following: Histoclear II, 3 × 3 min, 100% ethanol 
3 × 1 min, 95% ethanol 2 × 1 min, 70% ethanol 1 × 1 min, 
ddH 2 O 1 × 1 min, and PBS 1 × 1 min.  

  3.3.  Paraf fi n 
Sectioning, 
Deparaf fi nization, 
Pigment Removal, and 
Immuno fl uorescence 
Staining

  Fig. 1.    Bright  fi eld image of a 7- m m thick section of a paraf fi n embedded eyecup of a 
2-month-old mouse at the correct orientation.  Arrows  indicate the apical side of the thin, 
pigmented RPE layer. Note the uniform thickness and appearance of the RPE layer 
throughout the section.  Inset  shows a magni fi ed image showing the RPE cell layer residing 
on Bruch’s membrane, which is visible as a clear line. Note that most pigment granules 
localize to the apical aspect of RPE cells.  Scale bars  are 100  m m.       
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    7.    Let PBS run off slides, dry areas far away from tissue with 
Kimwipe, and mark tissue  fi elds to be stained with Pap pen. 
Transfer slides to humidi fi ed chamber and cover sections with 
PBS. Keep tissue sections covered with solutions at all times for 
the rest of the procedure. Change solutions by carefully aspi-
rating one solution, immediately replacing it with the next.  

    8.    To remove RPE pigment, incubate in fresh 1% sodium borohy-
drate solution for 2 min. Rinse with PBS 4 × 1 min (see  Note 12 ).  

    9.    To block the sections, incubate with 1% BSA in PBS for 20 min 
(see  Note 13 ).  

    10.    Incubate sections in opsin monoclonal antibody in PBS over-
night at 4°C (see  Note 14 ).  

    11.    Wash with PBS 2 × 5 min and with 1% BSA–PBS 1 × 5 min.  
    12.    Incubate sections in freshly diluted secondary antibody 

AlexaFluor488-conjugated donkey anti-mouse IgG (1:250 in 
PBS) for 2 h.  

    13.    Wash with PBS 2 × 5 min.  
    14.    Counterstain with DAPI nuclear stain for 30 min. Wash with 

PBS for 5 min.  
    15.    Mount in Vectashield, cover with cover glass, aspirate excess 

Vectashield, and seal with nail polish. Store slides in the dark at 
room temperature for up to 1 week or at 4°C for up to 1 month.      

      1.    Set up a sequential scan with  fi rst scan acquisition parameters 
excitation being at 488 nm, emission at 490–540 nm, and sec-
ond scan parameters excitation being at 405 nm, emission at 
410–480 nm (see  Note 15 ). Use a 40× objective and set zoom 
such that about half of the length of RPE in a section is visible 
in the  fi eld. Image the central 50% of each eye section.  

    2.    For the 488 scan, increase gain, offset, and laser power until 
RPE phagosomes are clearly distinguishable. This setting will 
result in overexposing the opsin signal of the intact outer seg-
ment area. Adjust 403 nm scan setting similarly such that RPE 
nuclei are visible. For each  fi eld, acquire an  x – y  image stack of 
exactly 5  m m height with 0.25  m m distance between individual 
 x – y  scans (see  Note 16 ). Acquire at least two 5  m m-stacks per 
slide, for a total for at least six stacks per sample. Once stacks 
are acquired, add 100  m m scale bars and save maximal projec-
tions of channel overlays (see Fig.  2  for example of maximal 
projection of opsin stain only). Export maximal projections as 
“tiff” format  fi les.   

    3.    For measuring the length of RPE surveyed in each scan, use 
Image J software. Open the image, click on “line” tool, and 
draw a line exactly over the scale bar. Under the “Analyze” 
menu, click on “set scale.” Change “known distance” to 100 
and “unit of length” to “ m m.” Click “OK.”  

  3.4.  Microscopy 
and Quanti fi cation 
of POS Phagosomes
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    4.    Draw another line covering at least 100  m m, just above the 
RPE layer from which phagosomes will be counted. Under the 
analyze menu, click on “Measure.” The software will give out 
readout in  m m. If there is no continuous area of 100  m m of 
intact RPE to count, measure and count two smaller stretches 
totaling at least 100  m m. Count phagosomes under the line 
and transfer values to an excel  fi le along with the length mea-
surement. Divide phagosome count by length and multiply by 
100 to obtain phagosome count per 100  m m length of RPE. 
Count phagosomes of all images acquired for a total for six 
times per mouse eyecup sample. Average the six values to 
obtain the mean number of POS phagosomes residing in 
100  m m RPE for that eyecup. Repeat for all eyecup samples.  

    5.    For each sample type (identical age, genotype, and time col-
lected) analyze at least one eye each of four different mice. 
Calculate average ± SD to obtain average phagosome count for 
each sample.       

 

     1.    All animal procedures need to be reviewed and approved by 
authorities as appropriate. The procedure requires postmor-
tem tissue harvest.  

    2.    Davidson’s  fi xative maintains structural integrity of the retina 
very well and is hence the preferred  fi xative for this procedure. 
Use gloves while preparing and handling Davidson’s  fi xative. 
White,  fi ne precipitate may form after mixing or with time. This 
does not inactivate the solution. Remove precipitate by paper 
 fi ltration before using.  

  4.  Notes

  Fig. 2.    Maximum projection of a 5- m m stack of  x – y  images acquired at 0.25- m m interval 
of a paraf fi n section of an eyecup of a 2-month-old mouse stained with monoclonal opsin 
antibody clone B6-30  (  8  ) . The overexposed, white tissue area is the rod outer segment 
layer of the mouse retina, while the  arrows  indicate individual POS phagosomes in the 
RPE.  Scale bar  is 20  m m.       
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    3.    A number of rhodopsin monoclonal antibodies are commercially 
available and many can be used to label early POS phagosomes 
that still contain intact opsin protein. However, depending on 
the epitope recognized, antibodies may differ in their recogni-
tion of partially digested opsin that is present in phagosomes at 
later time points. Choice of the appropriate opsin antibody 
therefore depends on the scienti fi c objective of the experiment.  

    4.    It is imperative to maintain the dark/light cycle precisely for at 
least 3 weeks before the experiment to ensure that mice are 
entrained to a speci fi c rhythm. RPE phagocytosis is regulated 
by the circadian rhythm and in fl uenced by the light cycle in 
mice and other higher vertebrates. If the light cycle is not 
maintained precisely, results will be ambiguous. Aspects to 
consider include access of personnel to animal rooms at dark 
times, which may cause light on/off at inappropriate times, 
and changes associated with daylight savings time.  

    5.    If testing mice at time points before light onset, place the 
required mice in a cage and into an open cardboard box near 
the door of the animal room the night before the experiment. 
The day of the experiment, enter the animal room in the dark 
and place a black photography cloth over the box before mov-
ing the box to where euthanization and tissue harvest take place. 
Sacri fi ce the mice and remove eyes in the dark under dim red 
light provided by a darkroom red lamp and/or a red  fl ashlight.  

    6.    Keep the optic nerve intact. Handle the eye grasping only the optic 
nerve to prevent distorting and damaging the retina. The optic 
nerve will also be useful to orient the eye during embedding.  

    7.    Make a large enough incision such that the lens  fl oats out. Do 
not squeeze the eye to remove the lens; this may damage the 
retina. Trim off any excess connective tissue and muscles on 
the outside of the eyeball.  

    8.    Write clearly and with a pencil as subsequent alcohol treat-
ments will not have an effect on pencil but will remove perma-
nent markers and ball pen writing.  

    9.    Make sure that there is no paraf fi n in the mold from previous 
use. If there is any paraf fi n, use a Kimwipe to clean it off.  

    10.    If the blade is no longer sharp, sections bunch up or wrinkle, 
which should be avoided. If the mounted blade fails to cut sec-
tions properly, move it sideways to use a different blade area or, 
eventually, replace blade. Use the paintbrush to smooth out 
minor wrinkles before placing section ribbons in water bath. 
Smooth out wrinkles further there if needed, but beware of 
sections sticking to bristles.  

    11.    Check the tissue for proper orientation where speci fi cally RPE 
cells are cut perpendicular to Bruch’s membrane. The RPE 
should be visible as a pigmented layer of uniform thickness where 
pigment is oriented mostly toward the outer segments while the 
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basal aspect of the RPE faces Bruch’s membrane, which should 
appear as a thin, clear, shiny line (Fig.  1 ). Incorrect orientation 
of the section will result in incorrect POS phagosome counts. If 
needed, adjust the orientation of the paraf fi n tissue block and 
repeat checking the orientation until it is correct and a uniform 
RPE layer can be seen under light microscope.  

    12.    Omitting this step will increase the immuno fl uorescence stain-
ing. However, pigment interference may make phagosome 
counts unreliable.  

    13.    5% Normal donkey or goat serum in PBS can be substituted 
for blocking.  

    14.    Some primary antibodies will yield stronger staining if they are 
incubated in the presence of 0.1% Triton X-100.  

    15.    The exact acquisition parameters will differ depending on the 
instrumentation and quality of immuno fl uorescence staining. 
It is imperative to only compare samples obtained following 
identical experimental procedures.  

    16.    Laser scanning confocal microscopy and collapsing image 
stacks representing a precise tissue volume are imperative. 
Acquiring POS phagosome signals from an  x – y  image stack of 
precise thickness that is identical for all samples is necessary to 
ensure that sample counts represent load of phagosomes in the 
same tissue volume. Individual  x – y  scans or images obtained by 
epi fl uorescence (wide- fi eld) microscopy cannot yield such nor-
malized phagosome counts that represent POS phagosome 
load in the same volume of    RPE.          
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    Chapter 18   

 Ca 2+  Micro fl uorimetry in Retinal Müller Glial Cells       

     Antje   Wurm   ,    Thomas   Pannicke   , and    Andreas   Reichenbach         

  Abstract 

 Calcium acts as a prominent second messenger in virtually every cell type and modulates a plethora of cell 
functions. Thus, Ca 2+  micro fl uorimetry became a valuable tool to assess information about mechanisms 
involved in the regulation of the intracellular calcium level in research on living tissues. Here we offer 
insight into distinct approaches to detect changes in calcium levels speci fi cally in Müller cells, the principal 
macroglial cells of the retina.  

  Key words:   Calcium imaging ,  Müller glial cells ,  Neuro-glial signal exchanges ,  Retinal slice ,  Retinal 
wholemount ,  Cell isolation    

 

 Second messengers are important components of signal transduc-
tion cascades. They play a decisive role in transducing the signal of 
extracellular primary messengers (e.g., hormones, neurotransmit-
ters) into an intracellular response. Typical second messengers are 
small organic molecules (e.g., cyclic nucleotides) and calcium ions. 
Under normal conditions there is a large difference between intra-
cellular (about 100 nM) and extracellular calcium concentrations 
(low millimolar range)  (  1  ) . Therefore, increases in the intracellular 
calcium concentration can serve as a valuable signal of cellular acti-
vation. A calcium increase can be mediated on one hand by an 
in fl ux of calcium ions from the external medium through plasma 
membrane channels, such as voltage-dependent calcium channels 
in electrically excitable cells. On the other hand, calcium can be 
released from intracellular stores (e.g., the endoplasmic reticulum). 

  1.  Introduction
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This intracellular release is mediated by intracellular calcium channels. 
These channels can be activated by calcium ions themselves or by 
other messengers (such as inositol 1,4,5-triphosphate, IP 3 ) acting 
on ryanodine receptors or on IP 3  receptors, respectively  (  2  ) . 
Alterations of the intracellular calcium concentration then regulate 
a wide variety of cellular functions  (  3  ) . Regarding the brain these 
functions include exocytosis (particularly neurotransmitter release), 
synaptic plasticity, activation of transcription factors, or sprouting 
of neurites. Calcium overload by any dysregulation can cause neu-
ronal cell death  (  1  ) . To regulate the intracellular calcium concen-
tration, cells express not only calcium channels but also a variety of 
calcium-controlling components, the so-called calcium signaling 
toolkit  (  2  ) , among these components are calcium pumps and 
exchangers as well as calcium-binding proteins  (  3  ) . The versatility 
of calcium signaling is the precondition for its universal role in 
regulating a variety of cellular processes  (  4  ) . Moreover, the 
signi fi cance of calcium-regulated processes has turned them into 
an object of research in many  fi elds of life sciences. Therefore, 
methods of investigation of calcium-signaling processes are of 
broad interest and widely in use. 

 In this chapter, we will describe the method of calcium 
micro fl uorimetry also known as calcium imaging  (  5  ) . By loading 
cells with dyes that change their spectral properties in the absence 
or presence of calcium, it is possible to record the intracellular cal-
cium concentration (or at least, alterations of intracellular calcium 
concentration) in living cells. One major advantage of the calcium 
imaging method is a high temporal and spatial resolution of the 
measurements of calcium signals within the cell. This is of extreme 
importance for understanding cell physiology because the spa-
tiotemporal pattern of calcium signaling determines a wealth of 
cellular processes. To give only one example, the correct function 
of synaptic transmission in neurons depends on the increase of the 
calcium concentration within a few microseconds in a minute cel-
lular domain, the presynaptic ending. 

 Within the  fi eld of neurobiology, physiological research was 
focused on the neurons for a long time. Since the 1980s it turned 
out that also the second element of the nervous tissue, the glial 
cells, may play an active functional role. The focus of research in 
our lab is on the retinal Müller glial cell which will therefore serve 
as the object in the following description of the calcium imaging 
method. Calcium channels in Müller cells were described for the 
 fi rst time by Newman  (  6  ) . Ten years later, calcium waves were 
recorded in isolated Müller cells from the tiger salamander  (  7  ) . 
Since then, the importance of calcium signaling in Müller cells for 
retinal function has been elucidated in a large number of articles, 
many of them based on the calcium imaging technique.  
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 A number of factors determine the methodical details in calcium 
imaging experiments. Here we concentrate on investigation of the 
retina and the Müller cells in particular. Howsoever, the protocols 
might be modi fi ed and adapted to work with other tissues and cell 
types. 

      1.    Two pairs of  fi ne forceps (i.e., Dumont #5 Forceps, Fine 
Science Tools GmbH (FST), Heidelberg, Germany).  

    2.    Adequately sized scissors, i.e., spring scissors (8 mm blades, 
sharp, from FST) for small eyes from mouse or standard scis-
sors (11 mm blades, sharp, from FST) for bigger eyes such as 
from rat or guinea pig.  

    3.    Curved self-closing forceps.  
    4.    Nitrocellulose  fi lter: pore width, 0.45  m m; diameter, 50 mm; 

Schleicher & Schuell Microscience; Dassel, Germany.      

  Fluo-4/AM is the calcium indicator most commonly used to detect 
changes of the intracellular calcium concentration in Müller cells. 
A more sensitive, but easily saturated alternative is Oregon Green ®  
488 BAPTA-1. For more detailed information about the choice of 
the appropriate calcium-sensitive dye see  Note 1 .  

      1.    Oxygenated extracellular solution (ECS): 110 mM NaCl, 
3 mM KCl, 1 mM MgCl 2 , 1 mM Na 2 HPO 4 , 10 mM HEPES, 
2 mM CaCl 2 , 10 mM glucose, 25 mM NaHCO 3 . It is possible 
to generate a  fi vefold concentrated stock solution which con-
tains all the before mentioned substances except glucose and 
NaHCO 3 . This can be stored at 4°C for maximally 1 month 
until usage. At the day of the experiment the working concen-
tration is adjusted by dilution with deionized water (electrical 
conductivity of 18 M W  cm at 25°C) and addition of glucose. 
Subsequently, adjust the pH to 7.4 with Tris-(hydroxymethyl)-
aminomethane hydrochloride (Tris) and only thereafter add 
NaHCO 3  (see  Note 2 ). Finally, bubble the solution with car-
bogen (95% O 2 , 5% CO 2 ) for at least 30 min.  

    2.    ECS without oxygenation: 138 mM NaCl, 3 mM KCl, 1 mM 
MgCl 2 , 10 mM HEPES, 2 mM CaCl 2 , 10 mM glucose. A stock 
solution can be prepared and used as described for the oxygen-
ated ECS. At the day of the experiment the working concen-
tration is adjusted by dilution with deionized water (electrical 
conductivity of 18 M W  cm at 25°C) and addition of glucose. 
Subsequently, adjust the pH to 7.4 with Tris.  

    3.    Staining solution: Dissolve the calcium-sensitive dye in 2% 
Pluronic F-127 in dimethylsulfoxide and then further dilute in 

  2.  Materials

  2.1.  Microsurgical 
Instruments/Materials 
for Tissue Preparation

  2.2.  Calcium-Sensitive 
Dye

  2.3.  Solutions
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ECS (with or without oxygenation depending on the tissue 
preparation) to the  fi nal working concentration (see  Note 3 ).  

    4.    ECS containing 50  m M adenosine-5 ¢ -triphosphate (ATP, Sigma 
Aldrich, Deisenhofen, Germany) (see  Note 4 ).  

    5.    Calcium- and magnesium-free phosphate-buffered saline 
(PBS), pH 7.4 (Biochrom, Berlin, Germany).      

        1.     First, it should be checked whether the setup at the microscope 
allows convenient imaging of the  fl uorescence signal with the 
chosen calcium-sensitive dye. This includes appropriate means 
to excite the dye as well as to  fi lter and to detect the signal at a 
suf fi cient spatial and temporal resolution to address your 
experimental question.   

   2.    Recording chamber depending on the tissue preparation you 
chose (Fig.  1 ).   

    3.    Perfusion system: (1) The simplest solution is a gravity-fed 
perfusion system consisting of several reservoirs that are con-
nected with tubes to one common main tube (see  Note 5 ). 
Plug opening/closing of the respective tube enables a fast 
exchange of different test solutions. The velocity of the perfu-
sion can be modulated by hose clamps and should be adapted 
to the volume of the respective measuring chamber. (2) The 
perfusion system might also be driven by a pump system. The 
principal is the same—it should be possible to initiate applica-
tion of test substances by rapid substitution of the chamber 
volume. Assure removal of excess of  fl uid, i.e., by drainage with 
a vacuum pump-based system.  

    4.    Suitable software that enables the online imaging of calcium 
responses (in our case—Zeiss LSM Image Examiner Version 
3.2.0.70 or the Till Vision software, both adapted to the 
respective setup) and subsequent evaluation of the gathered 
data (by programs such as SigmaPlot 2000, SPSS, Inc., Illinois, 
USA or Prism, Graphpad Software, San Diego, CA).       

  2.4.  Technical 
Prerequisites 
for Imaging

  Fig. 1.    Schematic drawings of recording chambers for measurements on Müller cells in 
different tissue preparations. ( a ) A chamber for measurements on isolated Müller cells is 
shown. ( b ) To image Müller cells in the retinal wholemounts, the tissue should be kept in 
place by a grid with nylon strings. ( c ) Retinal slice preparations need to be  fi xed on a 
nitrocellulose  fi lter ( black stripe ), to orient them properly in the measuring chamber.       
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 All experimental procedures are carried out at room temperature 
unless otherwise stated. 

      1.    Cautiously enucleate eyes immediately after the animal was 
sacri fi ced avoid rupture of the eye ball.  

    2.    Use a scalpel to make a small incision approximately 1 mm 
from the corneal-scleral junction.  

    3.    Get hold of the cornea with a pair of  fi ne forceps and insert a 
spring scissor to do a circumferential cut to remove the cornea 
at the plane of the ora serrata (Fig.  2a ) (see  Note 6 ).   

    4.    After the eye has been opened, the lens can easily be taken out 
from the eye cup (see  Note 7 ).  

    5.    Transfer the opened eye cup into a petri dish  fi lled with ECS.  
    6.    Gently pull out the vitreous body with  fi ne forceps (see  Note 8 ).  
    7.    Use curved self-closing forceps to gently scratch the retina out 

of the eye cup. To this end,  fi x the eye cup by grabbing the 
sclera (without touching the retina) with forceps. Subsequently 
place the curved self-closing forceps underneath the retina 
and scratch it out (thereby cutting the optic nerve as the last 
tight contact of the retina with the residual eye structures) 
(Fig.  2b ).      

  Please note that all detailed descriptions and notes in the following 
sections refer to experiments done with the calcium indicator men-
tioned therein. Application of alternative dyes is possible, but dif-
ferences in loading properties and response pattern are probable  
and should be tested comprehensively. 

  3.  Methods

  3.1.  Preparation 
of Vital Retina

  3.2.  Dye Loading 
of Müller Cells

  Fig. 2.    Key steps during the preparation process to obtain an isolated vital retina. ( a ) Schematic drawing depicting the 
location of the circumferential cut to remove the cornea and to open the eye cup. ( b ) Orientation of the forceps to gently 
scratch the retina out of the eye cup after the lens and vitreous have been removed.       
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      1.    After the retinal tissue has been removed from the eye cup (see 
Subheading  3.1 ), transfer it into an adequate volume of PBS 
containing papain (2 mg/ml, Roche, crystal suspension of 
100 mg in 10 ml).  

    2.    Incubate for 30 min at 37°C to digest components of the 
extracellular matrix.  

    3.    Freshly prepare the  fl uo-4/AM (Molecular Probes) staining 
solution from the stock by diluting it into ECS ( without oxy-
genation ) to a concentration of 1  m M.  

    4.    Carefully wash the tissue  fi ve times in PBS by removing the 
supernatant. Avoid that tissue is sucked into the pipette tip, as 
this would result into damaging of the cells.  

    5.    Incubate the retinal pieces in 500  m l PBS containing DNase 
(200 U/ml, Sigma, D-5025) at room temperature for 2 min. 
This is important to avoid clumping of the cells by sticky DNA 
set free from cell debris.  

    6.    Discard the supernatant and replace it with staining solution. 
Only thereafter, dissociate the cells by gently sucking the reti-
nal tissue up and down with a pipette for 2–3 times (use blue 
1 ml pipette tips) (see  Note 9 ).  

    7.    Transfer the cell suspension into the recording chamber 
(Fig.  1a ) (approximately 150  m l, if you use 24 × 32 mm glass 
slides) (see  Note 10 ). Allow the cells to settle and to load with 
the dye for at least 15 min at 37°C in the dark.      

      1.    Always prepare stock solutions of  fl uo-4/AM (180  m M, 
Molecular Probes, Leiden, Netherlands) or x-rhod-1/AM 
(1.2 mM) in 2% Pluronic F-127 in dimethylsulfoxide directly 
at the day of the planned experiment and protect them from 
light during the whole course of the experiment. Dilute them 
to the  fi nal concentration of 40 and 1.2  m M, respectively, in 
oxygenated ECS. Vortex thoroughly for 10 s to assure ef fi cient 
dispersion of the stock solution.  

    2.    Cut the freshly isolated retinal wholemount into pieces 
(approximately 2 × 2 mm) and transfer them into the staining 
solution (see  Note 11 ). Incubate at room temperature in the 
dark for 30–45 min (see  Note 12 ).  

    3.    To image calcium responses in Müller cell endfeet in the retinal 
wholemount preparation, place the retina into the recording 
chamber with the photoreceptors down (see  Note 13 ). To 
avoid drifting of the sample during active perfusion, the tissue 
should be kept in place by a grid with nylon strings (Fig.  1b ).  

    4.    Place the loaded recording chamber onto the microscope stage 
and adjust the perfusion to a velocity of 1.5 ml/min to wash 
out excess dye with oxygenated ECS.      

  3.2.1.  Staining of Isolated 
Müller Cells

  3.2.2.  Staining of Retinal 
Wholemount Preparations
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      1.    Prepare the staining solution by diluting  fl uo-4/AM (40  m M) 
in oxygenated ECS as described in Subheading  2.3 .  

    2.    Cut freshly isolated retina into halves.  
    3.    Use forceps to pin down the tissue onto a nitrocellulose  fi lter. 

To assure  fi rm attachment of the tissue, put the  fi lter—with the 
retina on top—onto a paper towel and let excess  fl uid be sucked 
by the towel. Place the retina/ fi lter back into a petri dish  fi lled 
with staining solution.  

    4.    Incubate for 30–45 min at room temperature in the dark.  
    5.    To obtain even retinal slices cut the  fi lter with the attached 

retina by hand with a common razor blade.  
    6.    Only cut one slice at once and immediately transfer it into the 

measuring chamber (Fig.  1c )  fi lled with ECS (see  Note 14 ).  
    7.    The velocity of the perfusion should be adjusted to 3 ml/min 

to assure rapid exchange of the chamber volume. Wash out 
excess dye with oxygenated ECS.       

  Changes of intracellular calcium levels in Müller cells occur in the 
context of information processing in the retina during light stimu-
lation  (  8,   9  ) . Alternatively, the intracellular calcium concentration 
can be directly modi fi ed by administration of substances that act as 
agonists on calcium channels or on G q11 -coupled receptors. 
Adenosine-5 ¢ -triphosphate (ATP) certainly is the most compre-
hensively studied agonist eliciting calcium responses in Müller cells 
 (  10–  12  ) . In the following sections, several experimental designs 
are brie fl y introduced as examples of how calcium responses in 
Müller cells can be studied. 

      1.    Prepare solutions and isolate Müller cells as described in 
Subheadings  2.3  and  3.2.3 .  

    2.    After dye loading, place the recording chamber onto the micro-
scope and start the perfusion (1.5 ml/min) with ECS ( without 
oxygenation ) to wash out excess dye.  

    3.    Use an Achroplan 63×/0.9 long distance water immersion objec-
tive (Zeiss) and focus on single Müller cells (Fig.  3a ) (see  Note 
15 ) without residual photoreceptors attached, and as few as pos-
sible neurons located in their vicinity. This ensures that indirect 
activation effects, due to agonist induced substance release from 
neurons, are kept as small as possible (see  Note 16 ).   

    4.    Use the experimental setup described in Subheading  3.3.3 .  
    5.    Record one picture every second with a spatial resolution of 

512 × 512 pixels over the whole time course of the experiment.  
    6.    As described for imaging on retinal slices (Subheading  3.3.2 ), 

record the calcium levels of the cells for several minutes to 

  3.2.3.  Staining of Retinal 
Slices

  3.3.  Imaging 
of Calcium Signals 
in Müller Cells

  3.3.1.  Detection of Calcium 
Responses in Isolated 
Müller Cells from Rat 
Retina with Fluo-4/AM
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gather reference values before you apply the test substance 
(i.e., 50  m M ATP, Fig.  3b ) by fast exchange of the perfusate.  

    7.    Wash out the test substance for several minutes to test the 
recovery of the intracellular calcium level in the absence of the 
stimulus.      

      1.    For this experiment x-rhod-1/AM is suitable, as it has been 
shown that it highly selectively stain Müller cells in the guinea 
pig retina, while other dyes such as fura-2/AM, though prefer-
entially labeling Müller cells, also stain retinal neurons  (  9  ) .  

    2.    The setup to image x-rhod-1/AM  fl uorescence includes the 
following components: an upright microscope (Axioskop, 
Zeiss, Jena, Germany) equipped with a 40×/0.75 water immer-
sion objective (Zeiss), Till-Photonics imaging system including 
a conventional mercury arc lamp, a monochromator (Polychrom 
IV) to selectively allow light of the desired wavelength to pass 
for excitation, a dichroic mirror (590 nm, Omega Optical), an 
emission  fi lter (600 nm, Omega Optical), an Imago-VGA 
camera (PCO, Kehlheim, Germany) to detect the emitted 
light, and Till Vision software for data processing.  

  3.3.2.  Calcium Responses 
in Müller Cells in Retinal 
Wholemount Preparations 
from Guinea Pig During 
Full-Field Light Stimulation

  Fig. 3.    Calcium imaging on Müller cells in different tissue preparations from rat retina. ( a ) Exemplary image of an isolated 
Müller cell from a adult rat loaded with  fl uo-4/AM before and during stimulation with ATP (50  m M). The  circle  marks the 
area, also called region of interest (ROI), wherein the  fl uorescence intensity of  fl uo-4/AM was measured for further data 
analysis as described in Subheading  3.4 . The resulting trace is shown in ( b ). ( c ) A retinal slice from a P15 animal where the 
typical morphology of Müller cells (endfeet in the ganglion cell layer (GCL), inner stem process spanning the inner plexiform 
layer (IPL) and a soma in the inner nuclear layer (INL)) is visualized by loading the cells with  fl uo-4/AM. Single cells show 
an enhanced  fl uo-4/AM-signal during ATP application indicating an intracellular calcium increase. A representative trace 
for a measurement on a Müller cell soma is shown in ( d ).  Scale bars , 20  m m.       
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    3.    Prepare solutions and retinal wholemounts as described in 
Subheadings  2.3  and  3.2.1  with one major amendment: All 
tissue preparation steps need to be accomplished under dim 
light conditions (i.e., low intensity deep red light). Before each 
single measurement the tissue should be allowed to dark-adapt 
for at least 15 min after the desired focus plane was set (i.e., 
onto Müller cell somata in the inner nuclear layer).  

    4.    Stimulate the tissue and excite x-rhod-1/AM with a 200 ms 
light pulse (590 nm), record one picture every second over a 
time course of 10 min.  

    5.    Depending on the test substance, preincubation, if necessary, 
might be performed during the dark adaptation step, other-
wise the substance can be acutely administered during light 
stimulation by fast exchange of the perfusate.      

      1.    Prepare solutions and retinal slices as described in 
Subheadings  2.3  and  3.2.2 .  

    2.    The setup includes the following components: Confocal laser 
scanning microscope LSM 510 Meta (Zeiss, Oberkochen, 
Germany) equipped with an argon laser (488 nm), a main 
dichroic beam splitter (488 nm), a long pass emission  fi lter 
(505 nm), and the LSM 510 META software.  

    3.    Place the measuring chamber loaded with a retinal slice in ECS 
onto the microscope stage and connect it with the perfusion 
system to wash the slice for at least 10 min in oxygenated ECS.  

    4.    Use a 63×/0.9 long distance water immersion objective (Zeiss) 
and adjust the focus plane such as that Müller cells can clearly 
be identi fi ed in the slice (Fig.  3c ) (see  Note 17 ).  

    5.    Use the “time series” function to scan a picture every second 
with a spatial resolution of 512 × 512 pixels, over the whole 
time course of the experiment (see  Note 18 ).  

    6.    After all settings are  fi xed, start the measurement and image 
the tissue in oxygenated ECS (but still in the absence of any 
test substance) for several minutes, to obtain data about base-
line calcium levels in the cells.  

    7.    Thereafter, wash in ATP (50  m M) for 60 s.  
    8.    Wash out ATP for at several minutes to test the reversibility of 

the response (Fig.  3d ).       

      1.    De fi ne an area (also called region of interest, ROI, Fig.  3a, c ) 
from which changes in the intensity pattern of the  fl uorescence 
of the calcium-sensitive dye should be quanti fi ed (i.e., a single 
Müller cell soma or endfoot).  

    2.    Export numerical raw data into a suitable statistics program 
(i.e., SigmaPlot 2000, SPSS, Inc., Illinois, USA).  

  3.3.3.  Response Induction 
by Activation of Purinergic 
Receptors with Adenosine-
5’-Triphosphate in Retinal 
Slice Preparations from 
Rat Retina

  3.4.  Data Analysis
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    3.    De fi ne the baseline  fl uorescence  F  0  of the calcium-sensitive dye 
in the unexcited cell by calculation of the mean value measured 
before onset of the stimulation.  

    4.    Divide each single value measured during the experiment by 
the baseline intensity, according to  F / F  0 .  

    5.    To minimize the unwarranted effects of unequal dye-loading 
(which may occur in different individual experiments) it is highly 
recommended to normalize the absolute numbers (see  Note 19 ).       

 

     1.    Due to proceeding development of calcium-sensitive dyes to 
improve their usability in terms of speci fi c cell loading, mainte-
nance within the cell, sensitivity, signal intensity, and 
 fl uorescence pattern, the decision which of the numerous pos-
sibilities will optimally meet the needs of one’s research inter-
est might be challenging. So, how to choose the right 
calcium-sensitive dye? Since there is already lots of comprehen-
sive literature referring this issue (i.e., see information material 
from Molecular Probes  (  13  ) ), we advert to only few general 
points you should consider:

   (a)    What kind of technical devices you have access to (light source 
to excite the dye, speci fi c  fi lters, sensitive detection system)?  

   (b)    Do you expect the calcium response to be large scale or 
only localized and rather small? Especially if you expect 
only minor calcium changes to occur, you should consider 
the application of a ratiometric calcium-sensitive dye such 
as fura-2/AM, which shows a spectral shift in excitation or 
emission upon binding of calcium ions. As an example, 
fura-2/AM is excited successively at two distinct wave-
lengths (340 and 380 nm). The emission (~550 nm) in 
response to intracellular calcium increases is enhanced at 
one wavelength, while it decreases at the other. Formation 
of an emission intensity ratio from both excitation wave-
lengths yields data about changes in calcium levels inde-
pendent from dye loading, photobleaching, or unequal 
thickness of the cells. Additionally, you ef fi ciently eradicate 
any unspeci fi c noise signals. Additionally, if you need to 
assess data about calcium concentrations in absolute num-
bers, you have to choose ratiometric dyes since they allow 
the application of calibration protocols and, thus, allow to 
estimate absolute calcium concentrations  (  14–  17  ) . 

 However, please note that the protocols described 
in the following sections primarily refer to the use of 

  4.  Notes
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 non-ratiometric dyes. Like the most commonly used dye 
 fl uo-4, these dyes are optimized for fast cell-loading and 
high emission intensity which makes them optimal for 
more qualitative measurements and fast screening for cal-
cium responses; however the calcium responses can hardly 
be quanti fi ed with this method. 

 Beyond the ratiometric properties of a dye, its  K  D  value 
is of importance and may vary remarkably between differ-
ent probes. Again, it depends on whether you need to 
detect small alterations of the calcium level and saturation 
of the probe is of less importance (preferably chose dyes 
with a low  K  D  value), or you decide to apply a dye which 
allows detection of a broad range of calcium concentra-
tions, but is rather insensitive to small calcium changes.  

   (c)    Do you intend to co-stain the cells with other vital dyes 
which might interfere with the signal from the calcium-
sensitive dye? To date there exists a huge palette of cal-
cium-sensitive dyes which strongly differ in their excitation/
emission spectra. If you plan to identify a speci fi c cell pop-
ulation via co-labeling with an additional vital dye, you 
should consequently choose a calcium indicator with a 
nonoverlapping excitation/emission pattern. In our expe-
rience, Müller cells tend to take up virtually every dye. In 
contrast, there are remarkable cell type-speci fi c differences 
in how the dye is incorperated into retinal neurons.      

    2.    Resolution of NaHCO 3  causes a successive increase of pH 
which is only balanced by suf fi cient bubbling with carbogen.  

    3.    Co-application of Pluronic F-127 helps to prevent unwanted 
compartmentalization of the dye into distinct subcellular struc-
tures, and thereby assures an even distribution of the dye all 
over the cytoplasm.  

    4.    Always prepare the ATP-containing solution freshly as ATP is 
prone to enzymatic hydrolysis and rapidly becomes degraded 
to adenosine-5 ¢ -diphosphate and other derivatives.  

    5.    It is important to keep the common tube section of the perfu-
sion system as short as possible, since its  fl uid content adds to 
the chamber volume which has to be exchanged to successfully 
apply test substances after the initial control measurements.  

    6.    Note that it is important to cut not directly at the junction 
between cornea and sclera, but approximately 1 mm towards 
the scleral tissue. This assures a neat separation of the lens 
including lens  fi bers from the retina. Otherwise often the ret-
ina may stay attached to the lens, and subsequent separation by 
pulling with forceps causes an undesirable stretching of the tis-
sue which might lead to a partial dysfunction of the normal 
Müller cell physiology  (  18  ) .  
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    7.    Especially in rat eyes, it is possible to slowly extricate the lens 
from the eye cup (still laying on the work space and not yet in 
ECS) such as that the vitreous body stays attached to it. This 
eradicates the subsequent step of removal of the vitreous by pull-
ing it out with  fi ne forceps, which is much more complicated.  

    8.    Complete removal of the vitreous body is essential for successful 
dye loading of Müller cells. However, depending on the species, 
it might be dif fi cult to assure complete extraction. In mice, we 
strongly recommend to include an intermediate digestion step 
of the vitreous as follows. After eye opening and lens extraction, 
the eye cup is transferred into ECS containing 2 mg/ml 
Collagenase/Dispase (Roche). Incubate for 10–15 min at room 
temperature. After three short washing steps with ECS, proceed 
as described in Step 7 of Subheading  3.1 .  

    9.    Dissociation of the cells with the pipette is a crucial step and 
should be done with care. The tissue falls into pieces and this 
process should be observed under the microscope, because the 
number of dissociated cells may vary between experiments. 
Normally, after a  fi rst dissociation procedure a lot of destroyed 
cells (often photoreceptors) are visible, whereas the Müller 
cells are still hidden in the larger pieces. After additional suck-
ing of the retina, more and more Müller cells (partly with 
adhering photoreceptors) appear. Microscopic control helps to 
optimize the procedure, because too many dissociation steps 
do severely stress the cells. Cell swelling indicates such stress.  

    10.    Chambers for measurements on isolated Müller cells can easily 
be self-made. Just cut 5 mm stripes from a 24 × 50 mm sized 
coverslip with a diamond knife, and glue it onto an object slide 
as space holders. Place a 24 × 32 mm sized coverslip on top 
such as that the cell suspension can be pipetted underneath.  

    11.    Use a large-pore (2 mm in diameter) plastic or even better 
glass Pasteur pipette (retinal tissue sometimes tends to stick to 
plastic) to transfer retinal pieces. This avoids additional tissue 
damage due to grabbing it with forceps.  

    12.    The time for optimal tissue loading depends on the dye and the 
species used. We approved an incubation time of 45 min for 
 fl uo-4/AM to be suf fi cient for retinal wholemounts of mouse, 
rat, guinea pig, rabbit, pig, and cynomolgus monkey ( Macaca 
fascicularis ) and 90 min for x-rhod-1/AM in guinea pig.  

    13.    Generally it is rather simple to identify the orientation of the 
retinal tissue. As it lines the eye bulb, it tends to coil up even 
when removed from the eye cup such that the photoreceptors 
are lying outside and the ganglion cell layer faces the interior. 
The easiest way to  fl at-mount the retina is to get hold of one 
edge of the tissue. Afterwards remove almost the complete 
ECS from the chamber (e.g., with a plastic Pasteur pipette) 
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and unfold the retinal tissue by gently smoothening it with a 
second pair of forceps. The advantage of a low  fl uid level in the 
chamber is that the retina does not continuously curl up again, 
as it would do if the chamber was completely  fi lled with ECS. 
Place a nylon grid on top of the retina and only thereafter re fi ll 
the chamber with ECS.  

    14.    Always cut the slice directly before the measurement and image 
the freshly cut surface. This assures that predominantly Müller 
cells are stained and, hence, can easily be identi fi ed in the slice.  

    15.    Müller cells are easily identi fi ed owing to their distinct mor-
phology, including their prominent, thick stem processes and a 
“rough” surface texture. In contrast, retinal neurons display a 
“smooth” super fi cial structure and very  fi ne axonal and den-
dritic structures. Of course, a partial shortening of the cells, or 
even a rupture of one stem process (most often the outer stem 
process gets lost together with the attached photoreceptors) 
may occur as a consequence of the isolation procedure. To our 
experience this does not signi fi cantly comprise the Müller cell 
physiology (in respect to electrophysiology, volume regulation, 
or calcium responses). However, if the cells appear extremely 
swollen and have lost their elongated morphology, you should 
consider to adjust the conditions of cell isolation (such as to 
lower the enzyme concentration or to accomplish less tritura-
tion steps).  

    16.    To design your experiment, consider that some agonists (aside 
from their effect on Müller cells) might also trigger transmitter 
release from neurons. On the other hand, these same sub-
stances might elicit calcium responses in the Müller cells proper, 
via alternative receptors. Thus, it is recommended to block the 
respective receptors on Müller cells (which would respond to 
the substance released from the neurons) to avoid indirect 
effects and unmask the direct action of the original agonist on 
Müller cells.  

    17.    To allow neat imaging of Müller cells it is absolutely manda-
tory to cut the tissue exactly in the plane parallel to their pro-
cesses. Otherwise it is almost impossible to trace individual 
cells from endfoot to soma.  

    18.    Of course, the choice of image resolution, scan speed, and 
interval to acquire pictures depends on your research interest 
and on the characteristics of the calcium response you want to 
measure (duration, amplitude, and intended spatial resolu-
tion). These parameters thus should be adjusted to your needs. 
In principal, you lose spatial resolution with faster picture 
acquisition, but you gain an increased temporal resolution and 
vice versa.  

    19.    Note that normalization of the data does not exclude changes 
in the  fl uorescence intensity of the dye due to cell volume 
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alterations (and the resulting dilution or accumulation of the 
calcium-sensitive dye) in response to the applied stimulus. Such 
“side effects” can only unequivocally be delineated from the 
actual changes in the calcium levels by the use of ratiometric 
dyes such as fura-2/AM.          
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    Chapter 19   

 Functional Analysis of Retinal Microglia 
and Their Effects on Progenitors       

     Debra   A.   Carter   ,    Balini   Balasubramaniam   , and    Andrew   D.   Dick         

  Abstract 

 The identi fi cation of stem/progenitor cells within the retinal neural environment has opened up the 
possibility of therapy via cellular replacement and/or reprogramming of resident cell populations (1–4). 
Within the neuro-retinal niche, following injury or in disease states (including in fl ammation and degenera-
tion), cellular responses affect tissue homeostasis, reduce cell density, disrupt tissue architecture, and produce 
scar formation. Microglia (resident retinal immune cell tissue macrophage) are key to the maintenance of 
retinal homeostasis and are implicated in responses that may in fl uence the control and behavior of retinal 
progenitors (5, 6). Factors to consider in the generation of a transplantable cell resource with good migra-
tory and integrative capacity include their yield, purity, and functional viability. Utilizing human postmor-
tem retina, we have created a research platform to isolate, culture, and characterize adult retinal microglia 
as well as analyze their effect on retinal progenitors. Here, we describe techniques using magnetic labeled 
bead cell separation to isolate pure populations of retinal CD133 +  precursor cells and CD11b +  microglia 
from primary adult retinal cell suspensions (RCSs), enabling  fl ow cytometric cell phenotypic and qPCR 
genotypic analysis, as well as functional analysis by real-time ratiometric calcium imaging.  

  Key words:   Primary retinal cells ,  CD133 ,  CD11b ,  Magnetic labeled cell separation ,  Flow cytometry , 
 RNA isolation ,  qPCR ,  Calcium imaging    

 

 To achieve a greater understanding of retinal microglia and their 
effects on retinal precursor cells, assessment of pure cell popula-
tions are required to elucidate the microenvironmental signals 
associated with in fl ammation, injury, and/or proliferation. Within 
the adult human retina we have demonstrated a successful 
puri fi cation protocol (to 95%) for adult retinal precursor cells, via 
magnetic separation from primary retinal cell suspensions (RCSs), 
using a stem cell marker CD133  (  7  ) . Puri fi ed retinal CD133 +  cul-
tures, examined in the presence of speci fi ed growth factors and 

  1.  Introduction



272 D.A. Carter et al.

cytokines (including FGF2 and LIF) demonstrated proliferative 
capacity by BrdU incorporation and positive phenotypic expres-
sion of Ki67 and cyclin D  (  8  ) . Differentiation potential of estab-
lished neurospheres from retinal precursor cell suspension cultures 
(in the absence of LIF) was con fi rmed by positive  fl ow cytometric 
as well as immunocytochemical expression pro fi les of retinal cell 
lineage markers  (  8,   9  ) . Altered gene expression pro fi les observed in 
CD133 +  cells under varied culture conditions included upregula-
tion of genes associated with cell proliferation and cell cycling 
(Ki67 and Cyclin D1) in addition to other stem cell markers includ-
ing Nestin, CD135, Pax-6, and Notch (Affymetrix, data deposited 
in NCBI’s Gene Expression Omnibus GSE14733)  (  8  ) . Utilizing 
the myeloid-derived macrophage marker CD11b, expressed by 
human microglia and a modi fi ed magnetic cell separation tech-
nique, we have isolated a suf fi cient yield of primary retinal micro-
glia (60%) to enable phenotyping (via  fl ow cytometry), genotyping 
(by qPCR), and functional studies (using ratiometric calcium imag-
ing)  (  9  ) . Puri fi ed retinal cell isolates of CD133 +  progenitor cells 
and CD11b +  microglia generated using magnetic separation of pri-
mary RCS has allowed further analysis of the effect of retinal 
microglia on retinal progenitor cell proliferation and differentia-
tion. Here, we demonstrate methods we have developed and 
modi fi ed to isolate CD133 +  and CD11b +  cells from primary human 
retinal explants, as well as perform  fl ow cytometric phenotyping, 
and ratiometric functional analysis of puri fi ed cell populations.  

 

      1.    Dissociation enzyme solution: 50 ml of MEM, 2.5 ml Trypsin 
(0.5%)—EDTA (0.2%), 1 ml Collagenase III (10 mg/ml), and 
1 ml DNAase I IV  (1 mg/ml). Aliquot into working volumes 
and store at −80°C for up to 3 months.  

    2.    Trypsin Deactivation Wash Buffer: On the day of cell isolation, 
add 1 ml of fetal bovine serum (FBS) to 9 ml of DMEM/RPMI 
to make a 10% solution. Keep incubated at 35°C until needed.  

    3.    Isolation buffer: To 100 ml of phosphate-buffered saline add 
2 mM of EDTA. Allow the EDTA to dissolve completely using 
a beaker stirrer. Adjust the pH to 7.2 and then add 0.5 g of 
bovine serum albumin (BSA) and mix to dissolve using a beaker 
stirrer. Recheck pH of solution to ensure a pH of 7.2 is achieved. 
Store at 4–8°C until needed. Make up fresh each week.  

    4.    Retinal microglia culture media: To 100 ml of RPMI-glutamax, 
add 5 ml FBS, 1 ml sodium pyruvate, 1 ml nonessential amino 
acids (NEAA), 1 ml of Glucose, 10 ng/ml macrophage colony 

  2.  Materials

  2.1.  Reagents 
and Supplies
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stimulating factor (M-CSF). Store at 4–8°C until needed. 
Make up fresh each week.  

    5.    Progenitor cell media: To 100 ml of DMEM-glutamax add 1 ml 
of Neural 2 Supplement (N2), 5 ng/ml of basic  fi broblast 
growth factor (bFGF), 10 ng/ml of epidermal growth factor 
(EGF). Store at 4–8°C until needed. Make up fresh each week.  

    6.    Retinal Microglia Culture Conditions for Calcium Imaging 
Studies: CD11b + MG cells are cultured post-magnetic sorting 
on uncoated 13 mm diameter glass coverslips (aliquot approx 
100  μ l/well) within a 24-well plate at a standard density from 
initial sort (approximately 0.11 × 10 6  per 2 globes). Microglia 
are cultured in 1 ml of RPMI (GIBCO-Invitrogen Ltd, Paisley, 
UK) supplemented with 5% FCS, 1% PSA (Sigma-Aldrich, 
Missouri, USA), and 10 ng/ml recombinant human (rhu) 
M-CSF (R&D Systems, Abingdon, UK) per well.  

    7.    Fura-2AM and HEPES constituents for calcium ratiometric 
imaging: To enable measurements of intracellular Ca 2+  concen-
tration ((Ca 2+ ) i ), preload the cells with 2  μ M (2  μ l/1 ml) of 
Fura-2 acetoxymethylester (Fura-2AM, Molecular Probes), 
25  μ l of 20% DMSO, and 0.02% (25  μ l of 10%) Pluoronic F-127 
(Molecular Probes). Allow to stand for 30 min in culture media 
at 37°C, prior to mounting the glass coverslip loaded cells into 
the low volume perfusion chamber. To facilitate calcium imag-
ing, the cells are maintained under continuous perfusion in an 
extracellular solution containing 135 mM NaCl, 5 mM KCl, 
1 mM MgCl 2 , 2 mM CaCl 2 , 30 mM  d -glucose, 10 mM HEPES–
NaOH, with a pH of 7.3 and 310 mOsm osmolarity.  

    8.    Tools and settings for radiometric calcium imaging: Fura-2AM 
loaded CD11b +  microglia cells on glass coverslips are mounted 
onto a low-volume chamber (Warner, RC21) and maintained 
under continuous perfusion using a peristaltic pump at a rate 
of ~1 ml/min. The perfused chamber is then placed on an 
inverted microscope (Nikon, TE2000) connected to a charge 
coupled device (CCD) camera (Hamamatsu, ORCA 12AG, 
Japan) with capacity to capture emitted  fl uorescence light. The 
time-lapse ratiometric calcium images acquired are recorded 
on a personal computer (PC) using “Velocity 5” software 
(Improvision, UK) that permits further qualitative and quanti-
tative data analysis of individual cell pro fi les. All images are 
performed using the 40×  fl uorescence objective and recorded 
in time-lapse every 5 s as the Fura-2AM loaded microglia are 
exposed to 200 ms duration pulses of 340 nm wavelength UV 
light, immediately followed by an identical exposure period of 
380 nm wavelength light (from a Xenon light source). Calcium 
mobilization within microglia cells is re fl ected as Fura-2AM is 
excited at wavelengths of 340 nm (calcium bound) and 380 nm 
(calcium unbound).       
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  Dissection of eye globes (acquired for example from an Eye Bank 
following their removal and storage of the corneas for transplant, 
with ethical and research permission) is performed within 24 h 
postmortem as outlined below.

    1.    Using sharp sterile scissors, cut around the iris and remove 
from the eyecup. The lens should be removed easily at the 
same time as the iris (see  Note 1 ).  

    2.    Using one pair of rounded forceps and one pair of straight 
sharp pointed forceps (sterile),  fi rstly take hold of the vitreous 
using the rounded forceps (see  Note 2 ).  

    3.    Begin to lift the vitreous out of the eyecup by pulling gently. 
When the edge of the retina is recognized, use the sharp 
pointed forceps to detach the retina from the vitreous. Keeping 
hold of the vitreous gently pull from the eyecup allowing the 
retina to slide off and remain in the eye cup (see  Note 3 ).  

    4.    Using the rounded forceps cut the retina at the optic nerve and 
remove the neurosensory retina from the eyecup.  

    5.    Place the retinal tissue in a Petri dish and wash with warm 
media to remove any retinal pigment epithelial cells that may 
remain attached.  

    6.    Transfer the washed whole retinal explant into a clean Petri 
dish, now you are ready to generate adult human RCS.      

      1.    Using forceps and a curved blade, the dissected retina is cut up 
into very small pieces.  

    2.    Pipette pre-warmed dissociation enzyme mix into the Petri 
dish and collect both  fl uid and retinal pieces into a 15 ml cen-
trifuge tube.  

    3.    Place centrifuge tube into a tube rotator inside an incubator 
heated to 35°. Incubate while spinning for 20 min (see  Note 4 ).  

    4.    Centrifuge retinal enzyme mix for 5 min at 337 ́  g, following 
which remove supernatant.  

    5.    Flick cell pellet into suspension and add 2 ml of Trypsin deac-
tivator washing buffer to the tube (see  Note 4 ).  

    6.    Transfer retinal suspension into a 7 ml Bijou.  
    7.    Using a 19 gauge (G) needle and sterile syringe, pass the reti-

nal suspension through the needle three times. Repeat process 
using 21G needle (see  Note 5 ).  

    8.    Add a further 2 ml of Trypsin deactivation wash buffer to the 
7 ml Bijou. Now pass the cell suspension through a 0.4  μ m 

  3.  Methods
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sieve into the remaining 6 ml of Trypsin deactivation wash 
buffer. This will remove any retinal tissue that has not been 
digested properly (see  Note 6 ).  

    9.    Centrifuge the cell suspension for 5 min at 1,500 rpm, then 
remove supernatant.  

    10.    Flick cell pellet into suspension, you are now ready to isolate 
speci fi c cell types from your cell suspension.      

  The cell separation protocol outlined below may be used to isolate 
either retinal progenitor cells using the CD133 Micro Beads or 
retinal microglia cells using the CD11b Micro Beads.

    1.    Add 1 ml of isolation buffer to the cell suspension, then pass 
through a 0.4  μ m sieve to promote single cells and remove any 
cell aggregates (see  Note 7 ). Determine cell number.  

    2.    Firstly isolate CD11b microglia cells (see  Note 8 ). CD11b 
Micro Beads (Miltenyi Biotec) are used for the positive selec-
tion of microglia cells from cell suspensions. For 10 7  cells/ml 
of RCS (achieved using a pair of globes) add 100  μ l of CD11b 
micro beads. If cell numbers are higher, scale up accordingly. 
Mix well and then incubate at 2–8°C for 30 min (see  Note 9 ).  

    3.    Wash the cells by adding up to 10 ml of isolation buffer for 
5 min at 1,500 rpm. Remove the supernatant completely leav-
ing only the cell pellet. Flick the cell pellet into suspension and 
add 3 ml of isolation buffer and mix well using a pipette.  

    4.    Set up an MACS column in an MACS separator by placing a 
30 ml sterile tube underneath to catch the  fl ow through cells. 
To prepare the column pass 1 ml of isolation buffer through 
the column to rinse before adding the cell suspension.  

    5.    Place a 0.4  μ m sieve on top of the MACS column, then pass 
the 3 ml of cell suspension through the sieve and onto the 
column. Cells within the buffer will drip slowly through the 
column. Labeled cells will stay within the column and unla-
beled cells pass through the column and into the collection 
tube (see  Note 10 ).  

    6.    When the whole volume of cell suspension has passed through 
the column, remove and place in a new sterile 15 ml tube. 
Collect the unlabelled cells in a separate clean tube to use later 
for CD133 progenitor cell removal.  

    7.    Add 3 ml of isolation buffer to the top of the column and 
using the plunger supplied push with force the liquid through 
the column into the new sterile 15 ml tube. Labeled cells will 
be  fl ushed from the column into the tube. To improve purity 
pass the labeled cells through a new column and repeat the 
process to collect the CD11b cells. Finally wash cells by add-
ing up to 10 ml of isolation buffer into the 15 ml tube and 

  3.3.  Magnetic Cell 
Separation of 
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Retinal Cell 
Suspension
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centrifuging for 5 min at 1,500 rpm. Determine cell numbers 
then seed into 3 ml of microglia media within a 25 ml tissue 
culture  fl ask. Microglia will adhere to the plastic within 3–5 
days and can be maintained in culture long term if media is 
changed at least every 5 days (see  Note 11 ).  

    8.    For the unlabeled cells, transfer into a new 15 ml tube and add 
up to 10 ml of isolation buffer, then centrifuge for 5 min at 
1,500 rpm. Resuspend the cell pellet in 1 ml of isolation buffer 
and then pass through a 0.4  μ m sieve to generate single cells 
while removing any cell aggregates. Determine cell number.  

    9.    Add 200  μ l of Fragment Crystallizable Receptor (FcR) 
Blocking reagent per 10 8  total cells. Mix well. Then add 100  μ l 
of CD133 micro beads. Mix well then incubate at 2–8°C for 
30 min. Repeat steps 3– 7  above to obtain a pure cell suspen-
sion of CD133 progenitor cells. Determine cell number and 
seed approximately 10 5  cells into 3 ml of Progenitor cell media 
within 25 ml tissue culture  fl asks. Progenitor cells can be main-
tained long term with fresh media added to culture  fl ask once 
a week (see  Note 12 ).      

  Following culture of microglia in a variety of conditions to simu-
late in fl ammation (see  Note 13 ), cells can be analyzed by  fl ow 
cytometry. Similarly CD133 cells can be cultured in various media 
to stimulate a spectrum of cell differentiation (see  Note 12 ) and 
have their phenotype evaluated using  fl ow cytometry. The follow-
ing protocol outlines methods utilized to evaluate purity of cell 
populations isolated by magnetic cell sort of microglia (using 
CD11b) and retinal precursor cells (using CD133) using  fl ow 
cytometry (Fig.  1 ). 

  3.4.  Flow Cytometric 
Phenotype of Retinal 
Microglia and 
Progenitors

  Fig. 1.    Magnetic beads used to isolate ( a ) CD133 +  and ( b ) CD11b + cells from primary retinal cell suspensions via positive 
selection was con fi rmed by  fl ow cytometry and is represented here as histogram to show the increase in cells expressing 
CD133 cells ( a ) or CD11b ( b ) ( black line ) following magnetic separation from primary suspension ( dotted line ). The     gray  
 fi lled peak represents isotype mAb  fl uorescence expressed for CD133 ( a ) and CD11b ( b ).       
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    1.    Obtain cell pellet of cells (microglia/CD133) by centrifuging 
at 1,500 rpm for 5 min. Remove all supernatant and resuspend 
in 100  μ l of cell isolation buffer.  

    2.    Divide cells into three FACS tubes. Add 20  μ l of FC block (see 
 Note 14 ) and incubate for 15–20 min at room temperature. 
Do not wash away FC block.  

    3.    Add anti-human conjugated  fl uorescent antibodies (CD133, 
CD11b, IgG control which matches the primary antibody iso-
type) using the manufacturer’s recommended concentration 
to the appropriate tubes (see  Note 15 ) and incubate for 30 min 
at room temperature in the dark.  

    4.    Wash off excess antibody using isolation buffer by centrifuging 
at 1,500 rpm for 5 min. Remove supernatant and resuspend 
cells in 500  μ l of isolation buffer.  

    5.    Transfer labeled suspended cells into a labeled FACS tube con-
taining 500  μ l of 1% paraformaldehyde FACS wash buffer.  

    6.    Analyze microglia and CD133 +  cell populations phenotype 
using  fl ow cytometer. Positive cells should be identi fi ed as cell 
events  fl uorescing the appropriate  fl uorochrome and should be 
seen as a distinct cell population (Fig.  1 ).      

  Fura-2, a polyamino carboxylic acid, is a ratiometric  fl uorescent dye 
that binds to free intracellular calcium  (  10  ) . Fura-2 has an emission 
peak at 505 nM and changes its excitation peak from 340 to 380 nm 
in response to calcium binding (Fig.  2 ), thus the ratio of the emis-
sions at these wavelengths (340–380 nm ratio) is directly corre-
lated to the amount of intracellular calcium (Fig.  3b ). The advantage 
of using the ratiometric dyes is that the ratio signal is independent 
of confounding variables such as dye concentration, illumination 
intensity, optical path length, and cell thickness that could generate 
artifacts. Fura-2-acetoxymethyl ester (Fura-2AM) is a membrane-
permeable derivative of the ratiometric calcium indicator Fura-2 
used to measure cellular calcium concentrations by  fl uorescence. 
When added to cells, Fura-2AM crosses cell membranes and once 
inside the cell, the acetoxymethyl groups are removed by cellular 
esterases. Removal of the acetoxymethyl esters regenerates “Fura-2,” 
the pentacarboxylate calcium indicator. The following protocol 
describes the use of Fura-2AM to assess the functional viability of 
magnetically sorted CD11b + ve human retinal microglia by mea-
suring their ratiometric calcium responses  (  9, 11  and  12  ) .  

    1.    Magnetically separated CD11b +  retinal microglia cells (see 
Subheading  3.3 ) are aliquoted and cultured on uncoated 13 mm 
diameter glass coverslips within a 24-well plate at a standard den-
sity from initial sort (approximately 0.11 × 10 6  per 2 globes).  

    2.    Following transportation to the calcium imaging facility (see 
 Note 16 ), CD11b +  microglia are maintained within the 24-well 

  3.5.  Functional 
Analysis of 
CD11b + Cells by 
Real-Time Calcium 
Imaging
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plate in a 37°C and 5% CO 2  incubator for at least 24 h before 
imaging (cells are maintained for a minimum of 1 h prior to 
imaging following cell transport) being performed (Fig.  3a ).  

    3.    CD11b +  retinal microglia cells are prepared for functional 
ratiometric calcium imaging by incubation with 2  μ M or 
2  μ l/1 ml (within 24-well plate) of 4 M fura-2-actoxymethyl-
ester (Fura-2AM, 25  μ l of 5  μ M, Molecular Probes, UK) (see 
 Note 17 ), dissolved in dimethyl sulfoxide (25  μ l of 20% 
DMSO) with 0.02% or 25  μ l of 10% Pluronic F-127 (Molecular 
Probes, UK) for 30 min at 37°C (Fig.  3c ).  

    4.    Fura-2AM loaded coverslips are then removed from the 24-well 
plate, washed and maintained in a Bath solution (standard 
HEPES-buffered saline solution (HBSS)) for 30 min at room 
temperature to allow Fura-2AM to de-esterify (Fig.  3d ).  

    5.    The Fura-2AM loaded cells on the glass coverslips are then 
transferred to a low volume chamber (Warner, RC21) (Fig.  3e ) 
and placed on the stage of the viewing platform of an inverted 
microscope (Nikon, TE-2000S) (Fig.  3f ).  

  Fig. 2.    Calcium imaging of CD11b-(MG) MACS ®  isolated retinal microglia from cell suspensions generated from dissected 
donor postmortem adult human retina. Free calcium (Ca 2+ ) i  mobilization indicated by conversion of 340–380 nm wave-
length ratio (using an equation previously described by Grynkiewicz et al. 1985) recorded using Fura-2AM loaded adult 
human retinal microglia is shown. Purinergic receptors (P2X4, P2X7, P2Y6, and P2Y12) expressed on retinal microglia are 
illustrated and may explain one of the mechanisms for microglial cell activation and phagocytic behavior.       
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    6.    Continuous  fl ow irrigation at a rate of approximately 1 ml/
min is attached to the Warner Chamber that permits cell perfu-
sion of the Bath solution (see Fig.  3e ) and application of stim-
ulant treatments via the peristaltic pump.  

    7.    All images are acquired using the ×40  fl uorescence objective 
and recorded in time-lapse every 5 s as the Fura-2AM loaded 
microglia are exposed to 200 ms duration pulses of 340 nm 
wavelength UV light, immediately followed by an identical 
exposure period of 380 nm wavelength light (from a Xenon 
light source) (Fig.  3f ).  

    8.    Calcium mobilization within microglia cells is re fl ected as Fura-
2AM is excited at wavelengths of 340 nm (calcium bound) and 
380 nm (calcium unbound) (Fig.  3g ).  

  Fig. 3.    Protocol for ratiometric calcium imaging of retinal microglia ( a ) isolated by magnetic cell sort using CD11b-MG 
magnetic beads is illustrated ( see  Subheading  3.5 ). Calcium imaging used to measure intracellular calcium ( b ) in real time, 
involves preloading and incubation of the cells with Fura-2AM ( c ) for 30 min, followed by wash to allow the Fura-2AM to 
de-esterify ( d ) and continuous perfusion in HBSS using a peristaltic pump attached to a low volume Warner chamber into 
which the glass coverslip is loaded ( e ). The cells are viewed using a ×40  fl uorescence objective lens on an inverted micro-
scope ( f ) and real-time images recorded in on a CCD camera linked to a PC following exposure of the Fura-2AM loaded 
cells to 200 ms duration pulses of 340 nm wavelength UV light, immediately followed by an identical exposure period of 
380 nm from a xenon light source and emissions recorded at 505 nm ( g ). Qualitative and quantitative data generated 
maybe analyzed using velocity ( h ) and charted graphically using Origin software ( i ).  This  fi gure includes illustrations by 
Subanthini Balasubramaniam  ( e )  and Parantha Narendran  ( f ).       
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    9.    Fluorescence emitted by both excitation wavelengths passes 
through the objective, followed by a dichroic mirror that transmit 
wavelengths above 420 nm and  fi nally through a barrier  fi lter 
(Chroma, D510/40 (510 nm) emission  fi lter) passing 480–
540 nm (Nikon).  

    10.    Fluorescence light emitted is captured using a CCD camera 
(Hamamatsu, ORCA 12AG, Japan). Images are evaluated and 
recorded using “Velocity 5” software (Improvision, UK) 
(Fig.  3h ) and stored on a personal computer (PC) for further 
quantitative and qualitative analysis.  

    11.    Microglial cells of interest may be evaluated following selection 
by drawing around each microglia to generate quantitative data 
for individual cell responses to stimulants (e.g., ATP or PAR1). 
Further quantitative data analysis can then be performed and 
data illustrated graphically using origin software (Fig.  3i ).       

 

     1.    Sometimes the iris will not be attached following removal of 
the cornea. This will lead to the lens  fl oating in the vitreous. It 
is not necessary to remove at this stage unless it gets in the way 
when trying to remove the vitreous.  

    2.    To get a  fi rm grip of the vitreous use the eyecup as a wall. Push 
the vitreous toward the eyecup and grab hold of the thick jelly 
part, which has a larger volume structure, rather than try to 
grasp near the edge that may result in increased sliding and loss 
of tissue hold.  

    3.    When removing the vitreous from the eyecup you will  fi nd that 
depending on the age and condition of the eyes the ease of the 
retina sliding off will vary. Young aged eyes tend to have very 
pinky/gray sticky retinas that are more delicate and adhere more 
to the vitreous. You may  fi nd that the central area will slide off 
while leaving the surrounding edge area still attached. This will 
require you to remove these left on parts with the sharp pointed 
forceps. Gently stroke the vitreous with the pointed edge and 
grab. It is a little technical but take your time and you will be 
able to pull off the remaining retina. The older eyes tend to have 
thicker retinas with a yellowish tinge. They are very easy to 
remove and slide off the vitreous with no problem.  

    4.    Depending on the condition of the eye, the degree of digestion 
will vary. Sometimes the enzymes cause the retina to clog into 
one ball. On these occasions you can either try to  fl ick into semi-
suspension and return to rotator for another 10–15 min or fol-
lowing centrifugation when you add the trypsin inhibitor, you 

  4.  Notes
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can use your pipette to force the retinal pieces into suspension 
by sucking and dispersing with a little force.  

    5.    When passing the cell suspension through the needles occasion-
ally you will get some clogging due to pieces of undigested retina. 
Gently force the liquid out of the syringe and use a new needle. 
Pieces of retina will be removed completely in the next step.  

    6.    When passing the cell suspension through the sieve you will 
occasionally get clogging of the mesh through small undi-
gested pieces of retina. When this happens take a new sieve and 
continue with sieving the rest of the suspension.  

    7.    Use the isolation buffer at room temperature. When used direct 
from the fridge, the buffer seems to cause clumping of the cells 
and makes it dif fi cult to maintain a single cell suspension which 
is important for micro bead incubation and isolation.  

    8.    For magnetic separation of CD11b/CD133 cells, the protocol 
supplied with Miltenyi Biotec Magnetic Micro beads Set was 
followed and adapted to suit separation of cells from human 
retina.  

    9.    Once you have added the beads make sure you mix thoroughly 
by  fl icking the tube. For the CD11b isolation the suspension 
will have a pinky/gray color, and for the CD133 isolation the 
suspension will be as above but with a brown tinge (due to the 
micro beads).  

    10.    If the cell suspension discontinues dripping through the col-
umn, you likely have a clog. Remove the remaining cell suspen-
sion and pass through a new tube. Remember to remove the 
cells that have already been isolated and remain in the column.  

    11.    Cultured microglia will adhere to the  fl ask within around 3 
days and around 5–7 days the majority will have an elongated 
appearance. When viewed under the microscope in high-reso-
lution magni fi cation (minimum 40× objective) you can see 
they are granular in appearance.  

    12.    Cultured CD133 +  cells will after approximately 2 weeks in cul-
ture develop into neurospheres. Longer cultures (approxi-
mately 2 months) will see the neurospheres begin to 
differentiate. To feed the cells it is recommended not to spin 
cells down and then remove supernantant but rather to add 
1–2 ml of fresh medium to the  fl ask once a week. Continue 
feeding cells this way until neurospheres are throughout  fl ask 
then change to feeding cells in a normal way by spinning 
medium down, removing supernatant, and resuspending neu-
rospheres in fresh medium.  

    13.    To simulate in fl ammatory conditions 5 ng/ml of lipopolysac-
charide (LPS)/100 U/ml of interferon (IFN γ ) or 5 ng/ml of 
tumor necrosis factor (TNF α ) can be added. To look for gene 
upregulation using qPCR, microglia can be cultured in these 
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conditions for 4–6 h. To evaluate cytokine production or 
intracellular cytokine expression, microglia cells require culture 
for a minimum of approximately 12 h, post-micro bead assisted 
magnetic sort.  

    14.    Human FcR block that prevents FcR region ligation can be 
purchased from Miltenyi Biotec in a ready to use sterile com-
position however if you do not have this, an alternative is to 
use human serum at 10%.  

    15.    It is recommended to predetermine the optimum concentra-
tion of your conjugated  fl uorescent antibodies. Analyze your 
cells by incubating with a range of concentrations in increasing 
volumes around the manufacturer’s recommendation.  

    16.    Sorted CD11b microglia cells cultured either overnight or 
over longer periods of 3–5 days (dendriform appearance with 
long thin and rod-like processes) are transported in sealed 
packaging to the calcium imaging facility, ensuring minimal 
alteration in temperature.  

    17.    The advantages of Fura-2-AM ratiometric dye over single 
wavelength include its ability to overcome photobleaching, 
variations of intracellular concentration of indicator and varia-
tions in cellular volume.          
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    Chapter 20   

 Analysis of Photoreceptor Outer Segment Phagocytosis 
by RPE Cells in Culture       

     Yingyu   Mao    and    Silvia   C.   Finnemann        

  Abstract 

 Retinal pigment epithelial (RPE) cells are among the most actively phagocytic cells in nature. Primary RPE 
and stable RPE cell lines provide experimental model systems that possess the same phagocytic machinery 
as RPE in situ. Upon experimental challenge with isolated photoreceptor outer segment fragments (POS), 
these cells promptly and ef fi ciently recognize, bind, internalize, and digest POS. Here, we describe experi-
mental procedures to isolate POS from porcine eyes and to feed POS to RPE cells in culture. Furthermore, 
we describe three different and complementary methods to quantify total POS uptake by RPE cells and to 
discriminate surface-bound from engulfed POS.  

  Key words:   Retinal pigment epithelium ,  Cell culture ,  Photoreceptor outer segments ,  Phagocytosis , 
 Cell receptors ,  Engulfment ,  Recognition ,  Quanti fi cation ,  Immuno fl uorescence microscopy , 
 Immunoblotting ,  Fluorescence scanning    

 

 The retinal pigment epithelium (RPE) performs numerous func-
tions in support of photoreceptor rod and cone neurons in the 
retina  (  1  ) . Among them, the prompt and ef fi cient clearance by 
receptor-mediated phagocytosis of photoreceptor outer segment 
fragments (POS) shed daily by photoreceptors in a diurnal rhythm 
is essential both for long-term viability and functionality of photo-
receptors  (  2,   3  ) . Although the role of the RPE in POS recognition 
and engulfment has long been recognized, the underlying molecu-
lar mechanisms are not fully understood. Comparison of POS pha-
gosome load in RPE in experimental animals such as mice with 
different mutations is an important step towards identi fi cation of 
proteins that play a role in POS renewal (for methodology see 
Chapter   17     by Sethna and Finnemann). However, in situ POS 

  1.  Introduction
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phagocytosis analysis cannot pinpoint the speci fi c contribution of 
an individual protein to the phagocytic process: (1) a candidate 
protein may act in photoreceptors or in the RPE or in both; (2) a 
candidate protein may promote a speci fi c step of the phagocytic 
process, such as POS recognition, engulfment, or POS digestion. 
Analysis of POS uptake by RPE cells in culture allows discrimina-
tion of speci fi c roles of proteins in the phagocytic process. Primary 
RPE cells as well as immortalized RPE cell lines have been shown 
to retain avid phagocytic activity toward isolated POS particles 
 (  4–  8  ) . Here, we present methodology to induce and quantify 
POS phagocytosis by RPE cells in culture. We discuss isolating POS 
particles from porcine eyes, challenging RPE cells in culture with 
puri fi ed POS, and three different methods for analysis of POS 
uptake by the RPE, each one of which discriminates surface-bound 
from engulfed POS particles.  

 

 Prepare all solutions using double-distilled water or similar quality 
water and analytical grade reagents. Prepare and store all reagents 
at room temperature unless indicated otherwise. 

       1.    100 mM glucose: Dissolve 1.8 g glucose in ddH 2 O;  fi ll up to 
100 mL in graduated cylinder. Store at 4°C.  

    2.    200 mM Tris/Acetate pH 7.2: Dissolve 12.1 g Tris Base in 
400 mL ddH 2 O; adjust pH to 7.2 with glacial acetic acid;  fi ll 
up to 500 mL in graduated cylinder with ddH 2 O.  

    3.    70% sucrose: Dissolve 175 g sucrose by gradually adding 
ddH 2 O, be careful not to exceed  fi nal volume of 250 mL. 
Transfer to graduated cylinder and  fi ll up to 250 mL with H 2 O, 
rinsing original beaker. Store at 4°C.  

    4.    0.1 M Na 2 CO 3  pH 11.5: Dissolve 1.06 g Na 2 CO 3  in  fi nal vol-
ume of 100 mL ddH 2 O.  

    5.    0.1 M NaHCO 3  pH 8.4: Dissolve 0.840 g NaHCO 3  in  fi nal 
volume of 100 mL ddH 2 O.      

  Prepare the following working solutions fresh on the day of the 
POS isolation using the stock solutions. Suggested volumes of all 
working solutions allow POS isolation from 75 fresh pig eyes.

    1.    Homogenization solution (40 mL): 20% w/v sucrose, 20 mM 
Tris/Acetate pH 7.2, 2 mM MgCl 2 , 10 mM glucose, 5 mM 
taurine.  

  2.  Materials

  2.1.  Solutions

  2.1.1.  POS Isolation Stock 
Solutions

  2.1.2.  POS Isolation 
Working Solutions
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    2.    25% sucrose solution (80 mL): 25% sucrose, 20 mM Tris/
Acetate pH 7.2, 10 mM glucose, 5 mM taurine.  

    3.    60% sucrose solution (80 mL): Dissolve 48 g sucrose in a 
solution with  fi nal concentration of 20 mM Tris–Acetate pH 
7.2, 10 mM glucose, 5 mM taurine.  

    4.    WASH 1 (100 mL): 20 mM Tris–Acetate pH 7.2, 5 mM 
taurine.  

    5.    WASH 2 (50 mL): 10% sucrose, 20 mM Tris–Acetate pH 7.2, 
5 mM taurine.  

    6.    WASH 3 (100 mL): 10% sucrose, 20 mM phosphate buffer pH 
7.2, 5 mM taurine.  

    7.    DMEM: Use DMEM, 4.5 g/L glucose.  
    8.    FITC stock solution: Dissolve 10 mg FITC isomer I (Invitrogen) 

in 5 mL 0.1 M Na-carbonate buffer, pH 9.5. Spin solution to 
remove any undissolved small particles before using superna-
tant solution to label POS.      

      1.    PBS-CM: PBS supplemented with 1 mM MgCl 2 , 0.2 mM 
CaCl 2 .  

    2.    PBS/EDTA: Add 1/500 v/v 0.5 M EDTA, pH 8.0, to PBS to 
yield PBS, 2 mM EDTA.  

    3.    FITC-quenching solution: 0.4% trypan blue in PBS.  
    4.    HNTG lysis buffer: 50 mM HEPES, pH 7.4, 150 mM NaCl, 

10% glycerol, 1.5 mM MgCl 2 , 1% Triton X-100.  
    5.    Antibodies to opsin and to protein serving as loading control, 

e.g., porin.  
    6.    DAPI nuclei staining solution: 10  m g/mL 4 ¢ ,6-diamidino-2-

phenylindole DAPI in PBS.  
    7.    Fluoromount G.       

      1.    Ultracentrifuge with swing-out rotor for tubes containing up 
to 30 mL that reaches 112,398 ×  g  (e.g., Beckman ultracentri-
fuge with rotor SW28); Refrigerated centrifuge that reaches 
3,000 ×  g  for 30 mL tubes (e.g., Sorvall RC-2B with rotor 
SS-34); refrigerated microtube centrifuge.  

    2.    Sensitive,  fl uorescence  fl atbed imager, (e.g., Typhoon Trio™, 
GE Healthcare).  

    3.    Conventional setup for SDS-PAGE and immunoblotting.  
    4.    Conventional epi fl uorescence or laser scanning confocal 

 fl uorescence microscopy system.       

  2.1.3.  Solutions for POS 
Phagocytosis Assays

  2.2.  Equipment
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  This protocol was developed based on a published procedure by 
Molday and colleagues  (  9  ) . Obtain 75 pig eyes from a slaughter-
house and process them as fresh as possible (see Note 1). Do not 
use frozen eyes. Chill eyes and keep them in the dark. Prechill all 
solutions on ice. Keep all materials ice-cold at all times.

    1.    Dissect pig eyes one by one under dim red light (see Notes 2 
and 3): Take one eye  fi rmly into your left hand. Poke front 
with edge of razor blade while holding eye away from you, to 
avoid splashing into your face. Use razor blade to cut anterior 
segment of eyeball into two halves. Remove lens. Flip the eyecup 
inside out. Use side of razor blade to gently dislodge retina, a 
pinkish layer, off the tapetum.  

    2.    Collect the retina in 50 mL plastic tube containing 15 mL 
homogenization solution on ice.  

    3.    Repeat until all 75 retinas are collected in the same tube.  
    4.    Shake suspension gently for 2 min. Filter 3× through 1 layer 

gauze to remove large tissue fragments.  
    5.    Use a gradient maker to prepare three 24 mL linear gradients 

of 25–60% sucrose, 20 mM Tris/Acetate pH 7.2, 10 mM glu-
cose, 5 mM taurine in 30 mL ultracentrifuge tubes. Keep on 
ice until use. Use within 30 min of preparation.  

    6.    In dim red light, use a 10 mL plastic pipet to gently overlay 
equal volumes of the crude retina isolate from step 4 over the 
three gradients. Balance tubes precisely using extra homogeni-
zation solution to equalize weights.  

    7.    Spin immediately in a swing-out ultracentrifuge rotor at 
112,398 ×  g  (i.e. 25,000 rpm in a Beckman SW-28 rotor) for 
48 min at 4°C.  

    8.    Collect sharp, single pink band in upper third of gradient (see 
Note 4). Discard the tube and the remaining tissue.  

    9.    Dilute with 5 volumes of ice-cold WASH 1.  
    10.    Separate into as many tubes as needed for centrifugation in 

30 mL tubes at 3,000 ×  g  for 10 min.  
    11.    Resuspend pellets in 10 mL WASH 2 each, combine pellets 

and spin 10 min at 3,000 ×  g .  
    12.    Resuspend pellet in 15 mL WASH 3, spin 10 min at 

3,000 ×  g .
   (12a)     Unlabeled POS stock: Resuspend POS in 10 mL 2.5% 

sucrose in DMEM. Dilute 10  m L plus 490  m L DMEM 
(=1/50) and mix well by pipetting. Count diluted POS in 
cell counting chamber. Calculate yield and concentration. 
Dilute to ~1 × 10 8  POS/mL with 2.5% sucrose in 

  3.  Methods

  3.1.  Isolation of POS 
from Porcine Eyes
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DMEM. Store POS at −80°C in aliquots appropriate for 
single phagocytosis assays.  

   (12b)     FITC-labeled POS stock: Resuspend POS in 5 mL 
WASH 3, and add 1.5 mL FITC stock solution. Rotate 
1 h at RT in the dark. Wash labeled POS twice in WASH 
3, twice in 2.5% sucrose in DMEM (spin at 3,000 ×  g  for 
each wash), then resuspend in 2.5% sucrose in DMEM. 
Count and store POS as described in (12a).          

  Seed RPE cells on multi-well culture plates depending on the 
method chosen for POS quanti fi cation. Use 96-well clear bottom 
black plates for  fl uorescence imaging; seed cells on 5 mm or 1.2 cm 
coverslips in 96- or 24-well plates, respectively, for POS analysis by 
immuno fl uorescence microscopy; seed cells on regular 96-well  fl at 
bottom low evaporation culture plates for POS quanti fi cation by 
immunoblotting. In each assay, test samples in triplicate. For POS 
quanti fi cation by  fl uorescence scanning or immunoblotting, set up 
two sets of triplicate samples for separate detection of total and 
internalized POS quanti fi cation. Grow RPE cells in culture until 
desired density and differentiation (see Note 5).  

      1.    Calculate the amount of POS needed based on the number of 
RPE cells per well and number of samples. Con fl uent, polar-
ized RPE cells should be challenged with ten POS particles per 
cell (see Note 6).  

    2.    Thaw POS aliquots from −80°C in your hand. Spin POS for 
5 min at 2,400 ×  g  at RT in a microcentrifuge. Resuspend pellet 
immediately in serum free DMEM by gently pipetting up and 
down. Add pharmacological agents, recombinant proteins, or 
heat-inactivated FBS (no more than 10%  (  4  ) ) to the POS sus-
pension as desired. Mix well by pipetting gently.  

    3.    Aspirate medium from RPE cells completely and add POS sus-
pension immediately. Avoid introducing air bubbles. Incubate 
RPE cells in the tissue culture incubator with POS for the 
appropriate time depending on your experiment and on your 
choice of RPE cells (see Note 7).  

    4.    Proceed to one of three methods to quantify phagocytosed 
POS as outlined below.      

  There are three ways to detect and quantify opsin. 

      1.    Use FITC-POS for the phagocytosis assay. To terminate POS 
challenge aspirate POS completely. Wash cells 3 × 1 min with 
PBS-CM at room temperature. For multi-well plates, use a plastic 
squirt bottle to quickly dispense PBS-CM. Avoid damage to 
the RPE cell layer by adding PBS-CM to the side of wells 
(see Note 8).  

  3.2.  Plating of RPE 
Cells for Phagocytosis 
Assays

  3.3.  POS Phagocytosis 
Assay

  3.4.  Quanti fi cation 
of Phagocytosed POS

  3.4.1.  Fluorescence 
Scanning
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    2.    Divide wells into two sets: One for detection of total (bound 
plus internal) POS, the other one for detection of internalized 
POS. Both sets should allow testing samples in triplicate.  

    3.    To detect internalized POS only, aspirate PBS-CM and incu-
bate cells with FITC-quenching solution for 10 min at room 
temperature. The other set of wells for total POS quanti fi cation 
remains in PBS-CM during this time. After FITC-quenching, 
aspirate solution and rinse 2× with PBS-CM. No wait is 
required between washes.  

    4.    Aspirate solutions from all wells. Fix cells by  fi lling wells with 
ice-cold methanol. Let sit for 5 min at room temperature.  

    5.    Aspirate methanol and immediately rehydrate cells by  fi lling 
wells with PBS-CM and incubating overnight at 4°C (see 
Note 9).  

    6.    Scan the plate with a  fl uorescence  fl atbed scanner using setting 
appropriate for FITC detection (for a Typhoon Trio™ use 
excitation 488 nm, detection 520 nm, medium sensitivity). A 
representative image of the resulting scan is shown in Fig.  1 .   

  Fig. 1.    Fluorescence scanning analysis of POS phagocytosis. Con fl uent, polarized RPE-J 
cells were challenged with FITC-POS for 5 h before processing as described in 
Subheading  3.4.1 . The  fl uorescence scan was obtained using a Trio™ Scanner. Triplicate 
wells of a 96-well plate were used to detect total (bound plus internal) and internal (trypan 
blue-quenched) FITC signal (+POS, as indicated). Wells with cells but not fed with POS 
(−POS) were used to subtract background  fl uorescence. Cells in these wells were washed 
and  fi xed exactly like POS-treated cells.       
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    7.    Quantify the intensity of  fl uorescence signals in representative 
areas of each well using ImageQuant™ TL software (GE 
Healthcare). Calculate relative bound POS by subtracting 
average internal POS values from average total POS values for 
each sample.      

      1.    Use unlabeled POS or FITC-POS for the assay. Terminate 
phagocytosis by washing 3× with PBS-CM and designating trip-
licate samples as described in Subheading  3.4.1 , steps 1 and 2.  

    2.    To detect internalized POS only, rinse washed cells 1× with 
PBS, then incubate cells with PBS-EDTA for 5–10 min. Samples 
designated for total POS detection remain in PBS-CM.  

    3.    Aspirate PBS-EDTA and wash wells 3× with PBS. No wait 
required between washes.  

    4.    Aspirate PBS-CM from all wells and lyse cells with HNTG buf-
fer freshly supplemented with protease inhibitor cocktail. 
Analyze phagocytosed POS content of samples by SDS-PAGE 
and opsin immunoblotting (see Notes 10 and 11). Numerous 
opsin antibodies are commercially available and will work well. 
Analyze triplicates on the same blot membrane to determine 
 sample-to-sample variability.  

    5.    Re-probe the same membranes for proteins unrelated to the 
phagocytic pathway to control for equal cell load in each 
sample (see Note 12). Figure  2  shows an example immunoblot 

  3.4.2.  Opsin 
Immunoblotting

  Fig. 2.    Immunoblotting analysis of POS phagocytosis. Con fl uent, polarized RPE-J cells 
were challenged with unlabeled POS for 1 or 3 h before processing as described in 
Subheading  3.4.2 . The same blot membrane was probed for porin as loading control and 
for opsin to indicate POS content as indicated.  int  cells treated with EDTA before lysis, 
samples show internalized POS opsin,  tot  cells lysed without EDTA treatment, samples 
show total (bound plus internal) POS opsin. As expected, cells bind and internalize 
increased numbers of POS with time.       
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detection of phagocytosed POS opsin and of the mitochondrial 
protein porin as a loading control.   

    6.    Quantify bands representing internal or total POS and normal-
ize POS content of individual samples for cell load as indicated 
by the loading control protein blot. Average triplicates.      

  Carry out all steps at room temperature.

    1.    Use FITC-OS for the phagocytosis assay. Terminate phagocy-
tosis by washing 3× with PBS-CM as described in 
Subheading  3.4.1 .  

    2.    Fix cells with 4% PFA in PBS-CM for 20 min.  
    3.    Quench remaining  fi xative by incubating cells in 50 mM 

NH 4 Cl in PBS-CM for 20 min.  
    4.    Block with 1% BSA in PBS-CM at RT for 10 min.  
    5.    Incubate cells with opsin antibody diluted in 1% BSA in 

PBS-CM for 25 min (see Note 13).  
    6.    Wash wells 2× with PBS-CM and 1× with 1% BSA in PBS-CM 

for 5 min each.  
    7.    Incubate cells with appropriate secondary antibody conjugated 

with a  fl uorophore that does not con fl ict with FITC (e.g., 
AlexaFluor 568, 596, 647).  

    8.    Wash wells 2× with PBS-CM for 5 min each, 1× with DAPI 
nuclei stain for 10 min (optional), and 1× with PBS-CM for 
5 min.  

    9.    Mount coverslips on microscopy slides with Fluoromount G.  
    10.    Image FITC- and secondary antibody-derived  fl uorescence 

signals. Internalized POS will appear in the FITC image only. 
Surface-bound POS will appear both in the FITC image and in 
the secondary antibody image. In a color overlay of FITC 
(green) with secondary antibody (red), internal POS will 
appear green and surface-bound POS will appear yellow. The 
example in Fig.  3  shows images of the same  fi eld showing 
surface POS (left) and total FITC-POS (right).   

    11.    Count total and surface-bound POS and cell nuclei in repre-
sentative areas of at least 50 cells in each sample. Calculate 
bound POS/cell, total POS/cell, and internal POS/cell (by 
subtracting bound from total POS/cell). Average counts per 
cell obtained from triplicates.        

  3.4.3.  Fluorescence 
Microscopy
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     1.    25 Cow eyes or 35 calf eyes may be substituted for 75 pig 
eyes.  

    2.    This is a messy procedure. Cover bench with absorbent pads 
and prepare 15 cm dishes or plastic trays to collect tissue waste, 
wear double lab coat and gloves.  

    3.    Handle eyes and crude retinal isolate in dim red light only to 
avoid bleaching rhodopsin in POS fragments. The pink color 
of unbleached rhodopsin will allow easy identi fi cation of the 
tissue fraction containing the POS following gradient 
separation.  

    4.    Depending on the quality of the gradient the band containing 
the POS particles may be more or less diffuse. Identify the 
right band by observing the bleaching of rhodopsin, which is 
visible as a color change from pink to beige. Mark band loca-
tion on the centrifuge tube using permanent marker while 
observing the bleaching to ensure collection of the correct tis-
sue fraction.  

    5.    Most if not all RPE cells in culture retain phagocytic activity 
towards isolated POS. However, phagocytic capacity, pathways 
and mechanisms used may differ depending on the differentia-
tion state of RPE cells. Different RPE cell lines and primary 
RPE cells take different periods of time to differentiate into an 
epithelial phenotype that best resembles RPE in the eye and to 
reach polarity in culture. Furthermore, RPE cells in culture 

  4.  Notes

  Fig. 3.    Microscopy analysis of POS phagocytosis. Unpassaged, polarized Long Evans (wild 
type) rat primary RPE cells were challenged with FITC-POS for 1 h before processing and 
imaging as described in Subheading  3.4.3 . The  left panel  shows immunodetection of 
surface-bound (external) POS with rhodopsin antibody B6-30  (  11  )  and AlexaFluor594-
conjugated donkey anti-mouse IgG. The  right panel  shows the FITC  fl uorescence signal of 
total phagocytosed (bound plus internalized) POS in the same  fi eld.  Arrow  indicates bound 
POS, which is visible in both images.  Arrowhead  indicates internalized POS, which are 
only visible in the FITC image. Scale bar, 10  m m.       
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may dedifferentiate with time and passage especially if seeded 
at low con fl uence after split. We strongly recommend only 
using post-con fl uent, mature RPE monolayers for phagocyto-
sis assays that have assembled the known components of the 
POS phagocytic machinery at their apical surface. It is useful to 
establish a successful protocol that ensures only high-quality 
RPE cells with reproducible phagocytic activity are used and to 
strictly adhere to the protocol for all studies. We also recom-
mend using primary RPE that is unpassaged to maximize their 
resemblance to the RPE in the eye and to split stable RPE cells 
at low ratio (e.g., split ARPE-19 cells 1:2 every 2–4 weeks, 
split RPE-J cells 1:4 exactly 1× per week) to allow the cells to 
maintain an epithelial phenotype at all times.  

    6.    POS should not be refrozen.  
    7.    Different RPE cell models bind and engulf POS with different 

kinetics. Furthermore, time of phagocytic challenge may be 
chosen to represent primarily active POS binding (early phase 
of uptake), ongoing binding and internalization, or primarily 
active internalization of bound POS (late phase of uptake). 
Suggested times of POS challenge based on our work: RPE 
cell lines, 2–5 h  (  8  ) ; unpassaged primary rat or mouse RPE 
cells, 30 min to 2 h  (  3,   10  ) .  

    8.    Aspirate solution completely for every change of solution by 
holding the plate at a 45° angle. Keep aspirator tip steady, 
reaching into the bottom of the well and facing the same side 
of the well for all steps to minimize cell layer damage.  

    9.    After rehydration, cell nuclei may also be stained, e.g., with 
DAPI. However, note that trypan blue quenching will cause 
high red background  fl uorescence emission. This precludes 
using red  fl uorescing nuclei counterstains such as propidium 
iodide for trypan blue treated samples.  

    10.    Apply samples to gels immediately following addition of reduc-
ing SDS-sample buffer. Boiling samples cause formation of 
opsin multimers making opsin quanti fi cation ambiguous.  

    11.    It is important to consider stability of epitopes recognized to 
lysosomal protein degradation when choosing an opsin anti-
body for the detection of phagocytosed POS. This is particu-
larly relevant when studying late phases of POS phagocytosis 
during which POS opsin will be degraded.  

    12.    Proteins chosen as loading controls need to be detectable in 
unboiled samples and must not  fl uctuate with POS phagocyto-
sis. Examples include VDAC/porin mitochondrial protein and 
 a - or  b -tubulins. Actin should not be used because it is directly 
involved in POS phagocytosis and its level or stability may 
change during the experiment.  
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    13.    Without permeabilization, only external opsin will be detected 
if incubation with primary antibody is short. After incubation 
with primary antibody overnight at 4°C some antibody may 
enter cells causing ambiguous results.          
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    Chapter 21   

 Ca 2+ -Imaging Techniques to Analyze Ca 2+  Signaling 
in Cells and to Monitor Neuronal Activity in the Retina       

     Olaf   Strauß         

  Abstract 

 Ca 2+  is an important regulator of many cell functions including proliferation, apoptosis, movements, secretion, 
contraction, excitation, and differentiation. The regulation of these different cell functions is encoded by 
the speci fi c temporal and spatial distribution of Ca 2+  signals. In degenerative diseases mutations can lead to 
changes in cell functions in the worst case to apoptosis. Thus analysis of signals arising as changes in intra-
cellular free Ca 2+  represent an important step towards the understanding of mutation-dependent or envi-
ronmental impact into cell function. The classic approach to study changes in intracellular free Ca 2+  is the 
measurement of intracellular Ca 2+  by using Ca 2+ -sensitive  fl uorescence dyes in conjunction with  fl uorescence 
microscopy as a method called Ca 2+  imaging. 

 In this chapter the basic method and a short theoretical background will be provided to perform Ca 2+ -
imaging experiments. As a model cultured retinal pigment epithelial cells will be used. The basic steps of 
the method are the loading of the cells with the  fl uorescence dye by incubation with a membrane perme-
able ester of the dye. The next step would be the application of an agonist which can be further analyzed 
by blockers of enzymes or by manipulating the different Ca 2+ -storing compartments which contribute to 
changes in intracellular free Ca 2+ . At the end of an experiment an on-cell type of calibration will be per-
formed to calculate the underlying concentration of intracellular free Ca 2+ . Furthermore, the successful 
calibration of an experiment can be used as a measure of a reliable experiment. In addition to that, three 
examples for basic experiments will be given which can lead to a  fi rst insight into the mechanism underly-
ing changes in cytosolic free Ca 2+ as a second messenger.  

  Key words:   Ca 2+ -imaging fura-2 ,  Retinal pigment epithelium ,  Thapsigargin ,  Ca 2+  ,  Second messenger    

 

 Ca 2+  is the ion with the highest binding af fi nity to proteins. Binding 
of Ca 2+  to proteins change their three-dimensional structure and 
lead to a change of their function  (  1,   2  ) . Therefore, cells keep their 
intracellular free Ca 2+  at very small concentrations (basal concentra-
tion approximately 100 nM)  (  3–  8  ) . This requires a large amount of 
energy because cells maintain a transmembranal gradient of Ca 2+  of 

  1.  Introduction
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1:10,000. However, cells can use this Ca 2+  af fi nity to proteins for 
Ca 2+ -dependent regulation of cellular functions. In fact, nearly every 
cellular function such as proliferation, movement, secretion, apop-
tosis, information processing, or regulation of gene expression is 
depending on changes in intracellular free Ca 2+ . That cells can regu-
late so many functions by Ca 2+  relies on the ability to generate a 
multitude of different and highly speci fi c Ca 2+  signals which differ in 
their spatial and temporal distribution  (  3–  7,   9–  11  ) . That is achieved 
by the use of a speci fi c selection of different types of Ca 2+  transport-
ing mechanisms such as ion channels, ion transporters, and ATPases 
in conjunction with different Ca 2+  pools such as mitochondria, ER 
Ca 2+  stores, endosomes, or extracellular Ca 2+ . Thus, methods to 
analyze Ca 2+  signals in cells represent key technologies to under-
stand cell function and the mechanisms underlying their regulation. 
Furthermore, the detection of Ca 2+  signals per se enables to monitor 
neuronal activity and how this activity leads to signal processing in 
networks. The latter function cannot be monitored by standard 
electrophysiology techniques in that resolution. 

 The analysis of Ca 2+  signals in cells or in networks of cells is 
based on  fl uorescence microscopy. The development of Ca 2+ -
sensitive  fl uorescence dyes represents the  fi rst breakthrough of this 
technology  (  12–  15  ) . The development of new microscope technol-
ogies such as two-photon microscopy further enabled to exploit 
that approach to the analysis of subcellular Ca 2+  signaling events 
such as Ca 2+  puffs or to the understanding of network function such 
as in the detection of direction-sensitive amacrine cells in the retina. 
The technique can be applied to cultured cells as well as in situ 
preparations such as retinal slices. Roger Y. Tsien received 2008 the 
Nobel Prize for the discovery and development  fl uorescent dyes and 
their usage including the detection of Ca 2+  signals. Among many 
other tools, he invented the  fi rst type of  fl uorescence dye-based Ca 2+  
signal analysis using the dye fura-2 which is still in use  (  12  ) . 

 The basic principle is that a Ca 2+ -sensitive  fl uorescence dye in 
the cytosol is excited by light of a speci fi c wavelength. Ca 2+ -binding 
to the dye then leads to changes in the  fl uorescence intensity which 
can be used to calculate the intracellular Ca 2+  concentration in the 
cell. The  fl uorescence dyes are either loaded to the cell by incuba-
tion with a membrane-permeable ester of the dye which is then 
trapped inside the cell by activity of esterases or it is present in the 
cytosol by genetic intervention to produce transgenic animals 
showing a tissue-speci fi c expression of Ca 2+ -sensitive  fl uorescent 
proteins. Ratiometric measurements allow the calculation of the 
concentration of intracellular free Ca 2+  after a calibration proce-
dure  (  12–  15  ) . The selection of the appropriate dyes depends on 
the microscope technology so that for simple Ca 2+ -imaging experi-
ments with conventional microscopes fura-2 is preferable. In con-
junction with confocal or two-photon microscopy other dyes will 
be used for which a large selection is available. The ratiometric 
measurement is based on the usage of two excitation wavelengths 
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 (  13,   15  ) . Their emission is recorded separately. The ratio of the 
 fl uorescence intensity of these two wavelengths is used to calculate 
the concentration of intracellular free Ca 2+ . 

 Based on this principle a large variety of technologies has been 
developed with different approaches to study Ca 2+  signaling. 
Examples of these technologies are recovery after bleach measure-
ments or detection of Ca 2+  signals in organelles or in submembra-
nal areas  (  13,   14,   16–  18  ) . Furthermore, even other types of ions 
can be measured such as Cl − . In this chapter the simplest of these 
methods will be explained because it is a basis also to learn and 
perform other applications. The chapter is organized into the 
description of the basic method, data analysis, and three examples 
of experimental procedures to identify Ca 2+  pools involved in gen-
eration of Ca 2+  signals. The method is described for retinal pig-
ment epithelial cells.  

 

  Central part of the technique is a conventional  fl uorescence micro-
scope equipped with a long distance  fl uorescence ocular and 40× 
magni fi cation. The stage is equipped with a perfusion chamber 
which allows the constant superfusion of the cells and fast exchange 
between different types of bath solutions (see  Note 1 ). Attached to 
the microscope is a polychromator which can provide light of dif-
ferent freely selectable wavelengths. The light source is a Xenon 
lamp. To excite  fl uorescence and to measure emission at the same 
time light is conducted to the cells through a dichroitic  fi lter sys-
tem and an appropriate emission  fi lter. Excitation wavelengths for 
fura-2 are 340 and 380 nm, emission wavelength is 520 nm. The 
signal is digitalized by an ultra-sensitive camera. The microscope 
and polychromator is controlled in conjunction with specialized 
software for data acquisition and analysis.  

      1.    Ringer bath solution (see  Note 2 ): 130 mM NaCl, 5 mM KCl, 
2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, 5 mM glucose; 
pH adjusted to 7.3 with NaOH.  

    2.    Ca 2+ -free solution for calibration: 130 mM NaCl, 5 mM KCl, 
2 mM MgCl 2 , 1 mM EGTA, 10 mM HEPES, 5 mM glucose; 
pH adjusted to 7.3 with NaOH plus 1  μ M ionomycin.  

    3.    Stock solution ionomycin: 1–4 mM in DMSO.  
    4.    Stock solution fura-2-AM: 1–2 mM in DMSO.  
    5.    Human RPE cell line or primary cultures of human, rat, mouse, 

or porcine RPE cells can be used. To prepare freshly isolated cells 
sheets of RPE cells were removed from Bruch’s membrane by 
gentle trypsination and placed on poly- L -lysine coated coverslips.       

  2.  Materials

  2.1.  Equipment

  2.2.  Solutions 
and Cells
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         1.    Loading of cells with fura-2: Cultured or freshly isolated cells 
(attached to a coverslip) were removed from the cell culture 
medium and incubated in Ringer solution with 10  μ M fura-
AM for 40 min at 37°C (see  Note 3 ).  

    2.    Preparation of the cells for measurements: All further experi-
ments will be performed at room temperature. Cells are placed 
into the perfusion chamber at the stage of the microscope. The 
superfusion with Ringer should be started immediately. In a 
 fi rst observation under  fl uorescence conditions the cells must 
shine brightly. Furthermore, residuals of nonincorporated fura-
2-AM are visible. The superfusion should be continued to 
wash away these residual mounts of fura-2-AM. The experi-
ment can now be started.  

    3.    Experiment: For the experiment the  fl uorescence of fura-2 is 
recorded. The  fl uorescence will intermittedly excited at 340 and 
380 nm. The  fl uorescence of both wavelengths is recorded. The 
 fl uorescence excited at 340 nm increases with an increase of 
cytosolic Ca 2+ , whereas the  fl uorescence excited at 380 nm 
decreases with increases in intracellular free Ca 2+ . Thus in 
response to application of an agonist which increases intracellular 
Ca 2+  the  fl uorescence of the two excitation wavelengths behaves 
antiparallel (see  Note 4 ). The experiment should be monitored 
by the continuous plotting of the  fl uorescence ratio of the exci-
tation wavelengths 340 and 380 nm. After starting the com-
puter-based acquisition in many cases the cells show no stable 
Ca 2+  signals ( fl uorescence ratios). Before starting the experiment 
a stable baseline should be awaited. For an experiment usually an 
agonist is applied dissolved in Ringer solution (see  Note 5 ).  

    4.    Controls: For further analysis of the agonist-stimulated Ca 2+  sig-
nals usually blockers are applied either before or with the ago-
nist at the same time (see  Note 5 ). In order to monitor differences 
under these two conditions the exertion of a double application 
paradigm is useful (Fig.  2 ). For this paradigm control experi-
ments are required: the agonist is applied two times in conse-
quence; each time for the same duration and the same recovery 
time between the two applications. When in the next experi-
ment a blocker is used than again the agonist is applied  fi rst 
without blocker to monitor how the individual cells responds to 
that agonist and now in the second application the agonist is 
applied in the presence of the blocker to monitor the effect of 
the blocker. With this procedure differences in the individual 
reaction can be shown in relation to the blocker effect.   

    5.    On cell calibration: Fluorescence ratios can be used to calculate 
the concentration of intracellular free Ca 2+  using the relation 
between Ca 2+  concentration, concentration of fura-2, and the 

  3.  Methods

  3.1.  General 
Experimental 
Procedure (Fig.  1 )
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 fl uorescence intensity. As will be described below the usage of 
the  fl uorescence ratios enables the calculation of Ca 2+  concen-
tration independently from the concentration of fura-2 in the 
cells. For this equation the  fl uorescence of the fura-2 which is 
free of Ca 2+  and the  fl uorescence of fura-2 which saturated with 
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  Fig. 1.    Example of a Ca 2+ -imaging experiment. ( a ) Light microscopic picture of cultured RPE 
cells. ( b ) Fura-2  fl uorescence in the same cells. Different shades of grey indicate different 
 fl uorescence nations and therefore different Ca 2+  concentrations in individual cells. ( c ) 
Calculation of the concentration of intracellular free Ca 2+ :  Upper panel  shows the change of 
the fura-2  fl uorescence after application of an agonist and following on cell calibration by 
depleting fura-2 from Ca 2+  (Ca 2+  plus ionomycin) and by saturating fura-2 with Ca 2+  (Ringer 
plus ionomycin) for each excitation wavelength 340 and 380 nm separately; note that 
 fl uorescence at 340 nm excitation increases with increase in intracellular free Ca 2+  and 
that  fl uorescence at 380 nm decreases with increase in intracellular free Ca 2+ .  Middle 
panel  shows the ratio of the  fl uorescence excited at 340 and 380 nm from the same experi-
ment.  Lower panel  shows the calculated concentration of intracellular free Ca 2+  from this 
experiment.       
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Ca 2+  are required. These  fl uorescence values will be obtained by 
on cell calibration. After  fi nishing the experiment the  fl uorescence 
will be measured under Ca 2+ -depletion of fura-2 (see Note 6). 
For this purpose cells will be superfused by the Ca 2+ -free solu-
tion which contains 1  μ M ionomycin (see  Note 7 ). Ionomycin 
should be freshly added from stock solution which is kept at 
4°C. Under these conditions the  fl uorescence ratio which indi-
cates the concentration of intracellular free Ca 2+  decreases to 
values much smaller than resting levels of the cells. Once the 
ratio has reached a new steady state, the bath solution is switched 
back to Ringer solution with 1  μ M ionomycin. Now the 
 fl uorescence ratio increases to values far above the peak of the 
agonist-stimulated signal (see  Note 8 ). Also this value should 
reach a steady state. With this the experiment is terminated.      
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  Fig. 2.    Example: Analysis of Ca 2+ -signaling pathway using a double application paradigm. 
( a ) Control experiment: The  fi gure shows biphasic Ca 2+  transients which were stimulated 
by AngII application. Note that the Ca 2+  transient during the second application is a little 
bit smaller. ( b ) Check for the contribution of phospholipase C: The same experiment was 
performed after an initial AngII application under control conditions a second AngII appli-
cation was performed in the presence of the phospholipase C blocker U73122. The  fi rst 
AngII-induced Ca 2+  peak can be used as internal control of that experiment.       
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  Basics: For the data analysis the concentration of the cytosolic free 
Ca 2+  is calculated from the calibration procedure  (  12,   13,   15  ) . The 
equation to do this uses the ratio of the equilibrium equation of 
fura-2 and Ca 2+  for both wavelengths:

     + = − −2
d min max f b[Ca ] *( ) / ( )* / .K R R R R S S     

 In this equation,  R  is the  fl uorescence intensity ratio 
( F (340)/ F (380)),  R  min  the value where  R  is minimal (with EGTA 
and ionomycin) and  R  max  the value when  R  is maximal (with satu-
rating Ca 2+  and ionomycin).  K  d  represents the dissociation constant 
of Fura-2 (224 nM)  (  12  ) , and  S  f  and  S  b  are the maximum and the 
minimum  fl uorescence, respectively, after excitation with 380 nm. 

 The equation is normally installed in most of the software 
packages for data analysis of Ca 2+ -imaging experiments. Usually 
the procedure of data analysis requires the following steps:

    1.    From the  fl uorescence images areas of interests will be de fi ned. 
These can be entire cells or subcellular areas. From these areas 
the  fl uorescence values will be loaded from the data  fi les.  

    2.    Data are plotted as the  fl uorescence excited at 340 and 380 nm 
and the corresponding  fl uorescence ratio against the time of 
the experiment. Basic parameters from calibration will be 
loaded from the data and put into the equation. The software 
will calculate the Ca 2+  concentration over the area for each of 
the selected areas.  

    3.    For statistic analysis many cells from one experiment can be 
used for calculation of Ca 2+  concentration. However data from 
at least  fi ve individual independent experiments should be 
used. This would result in for example 30 cells from  fi ve 
experiments. For statistical testing all cells of one group can 
be used.      

  As mentioned above, the speci fi c effect of a Ca 2+  signal depends on 
the spatial and temporal distribution of the signal. This pattern is 
achieved by recruitment of different Ca 2+  stores, Ca 2+  channels or 
Ca 2+  transporters involved the reaction  (  3–  7,   9–  11,   19,   20  ) . Thus 
the understanding of the functional relevance of Ca 2+  signal 
depends on the analysis of the mechanisms contributing to the 
Ca 2+  signal. Basically two major sources can be involved the gen-
eration of Ca 2+  signals: cytosolic Ca 2+  stores or in fl ux of Ca 2+  from 
extracellular space. Ca 2+  signals can arise from either only store 
depletion, only Ca 2+ -in fl ux or the combination of both. So usually 
the  fi rst step in the analysis of Ca 2+  signals would be to clarify which 
parts of the signal are generated from cytosolic Ca 2+  stores and 
which parts arise from in fl ux of Ca 2+  from extracellular space. In 
the following, examples for methods will be described to perform 
this preliminary analysis. 

  3.2.  Data Analysis

  3.3.  Examples for 
Strategies to Identify 
a Source of Ca 2+  
Contributing to Rises 
in Intracellular Free 
Ca 2+ 
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      1.    After reaching a stable baseline the agonist of interest is 
applied.  

    2.    Wash-out of the agonist and waiting for the complete 
recovery.  

    3.    Changing from a control ringer solution to a extracellular Ca 2+  
free solution (same solution as Ringer with no Ca 2+  but con-
tains additional 1 mM EGTA).  

    4.    Application of the agonist under extracellular Ca 2+ -free 
conditions.  

    5.    Two possible results can be expected. One is that there is no 
Ca 2+  increase by application of the agonist under extracellular 
Ca 2+ -free conditions. This means that the whole signal depends 
on an in fl ux of extracellular Ca 2+  into the cell. A second possi-
bility can be seen in biphasic Ca 2+  signals. Here it is possible 
that only one part, mostly the initial peak phase, is unchanged 
and the following plateau phase is lacking. Thus the second 
phase of the biphasic Ca 2+  signal is depending on a Ca 2+  in fl ux 
into the cell (see  Note 9 ).      

      1.    After reaching a stable baseline the agonist of interest is 
applied.  

    2.    Wash-out of the agonist and waiting for the complete 
recovery.  

    3.    Application of thapsigargin (1  μ M) an inhibitor of the endo-
plasmic reticulum Ca 2+ -ATPase (SERCA), wait until the tran-
sient Ca 2+  has recovered back to the baseline.  

    4.    Application of the agonist again in the presence of thapsigargin. 
If the agonist now fails to increase intracellular free Ca 2+  than 
the release of Ca 2+  from endoplasmic reticulum is required to 
initialize the agonist-dependent Ca 2+ transients.      

         1.    After reaching a stable baseline change to extracellular Ca 2+ -
free solution and apply thapsigargin (1  μ M).  

    2.    After the transient Ca 2+  increases due to the application of 
thapsigargin the base line usually returns to steady-state which 
is below the resting Ca 2+  level thapsigargin is washed out. 
Under these conditions now the cytosolic Ca 2+  stores are 
emptied.  

    3.    Return back to the normal Ca 2+  containing Ringer solution. 
Under these conditions the concentration of intracellular free 
Ca 2+  should increase to levels which are far above the resting 
Ca 2+ . The amplitude of this Ca 2+  increase re fl ects the activation 
of store-operated Ca 2+  channels such as Orai (see  Note 10 ) 
 (  7,   9,   11,   20–  25  ) .        

  3.3.1.  Example 1, 
Contribution of 
Extracellular Ca 2+ 

  3.3.2.  Example 2, 
Contribution of Cytosolic 
Ca 2+  Stores

  3.3.3.  Example 3, 
Activation of Store-
Operated Ca 2+  Channels 
(Fig.  3 )
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     1.    There are quite a lot of different companies who offer systems 
to perform these experiments. Mostly these companies deliver 
conventional microscopes in conjunction with polychroma-
tors, adapted optics (mirrors and  fi lters), camera and hard- and 
software for data acquisition and analysis. However, some of 
the items such as perfusion chamber to be mounted on stage 
of the microscope and the adequate perfusion system need to 
be produced according to the needs of the projects. These 
items should be produced custom made, probably by the work 
shop of the Institute.  

    2.    Here only an example for an extracellular solution is given. It 
should be adapted to the cell type and species. HEPES buffer-
ing is of advantage but HCO 3 /CO 2  buffering works as well.  

    3.    The loading of fura-2 should be adapted to each individual cell 
type. Variations are mostly in the incubation temperature and 
time. Since fura-2 is a Ca 2+  buffer as well, too high intracellular 
concentrations of fura-2 are toxic. Also too long durations for 
incubation are of disadvantage. Cells tend to eliminate fura-2 
from intracellular space. Fluorescence signals can be enhanced 
by avoiding fura-2 micelle formation using a detergent such as 
pluronic-F127 or by inhibiting the ATPase which transport 
fura-2 out of the cell probenicid. For this purpose the incubation 

  4.  Notes
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  Fig. 3.    Induction of store-operated Ca 2+  entry. After reaching a baseline thapsigargin was 
applied which inhibits the cytosolic Ca 2+  store Ca 2+ -ATPase (SERCA). In consequence Ca 2+  
leaks out of cytosolic Ca 2+  stores leading to an increase in intracellular free Ca 2+ . In the 
presence of thapsigargin cells were exposed to extracellular Ca 2 -free solutions to com-
pletely empty the Ca 2+  stores leading to an intracellular Ca 2+  concentration which is below 
the base line under resting conditions. Now extracellular Ca 2+  is re-added to the bath solu-
tion in the absence of thapsigargin and a strong increase in intracellular free Ca 2+  can be 
observed. That this increase is dependent on extracellular Ca 2+  can be shown by removing 
extracellular Ca 2+  which results in a decrease back to the resting level.       
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solution contains for example 5  μ M fura-2 together with 
0.02 % pluronic-F127. However, it should be noted that some 
of these substances might disturb the intracellular Ca 2+  signal-
ing as well  (  26  ) .  

    4.    Before calculating the ratio or the Ca 2+  concentration, the 
behavior of the two excitation wavelengths should be controlled. 
Only courses of the  fl uorescence ratio from the two excitation 
wavelengths which result from an antiparallel progression of 
the  fl uorescence intensities can be regarded to result from 
changes in intracellular free Ca 2+ . In the case of  fl uorescence 
intensity changes at only one wavelength the overall  fl uorescence 
is too weak. In the case that the  fl uorescence of the two excita-
tion wavelengths increases or decreases in parallel then the cal-
culated ratio does not re fl ect changes in intracellular free Ca 2+ . 
This can happen when a substance which shows  fl uorescence 
by itself is added to the bath solution or when the cells are 
undergoing damage and the fura-2 is lost.  

    5.    Care has to be taken when certain agonists or blockers were 
used which are not freely dissolvable in water. Usually these 
substances are dissolved in hydrophobic solvents such as DMSO 
or ethanol. When preparing the test solutions one should take 
care that the  fi nal concentration of the hydrophobic solvent 
does not increase above 0.1 %. Furthermore, another problem 
arises from light-sensitive properties of substances. One prob-
lem can be that the substance itself has  fl uorescence properties. 
In this case the agonist or blocker would increase the 
 fl uorescence in an unspeci fi c way resulting in false positive or 
negative effects (see  Note 4 ). Usually this can be seen in paral-
lel shifts in  fl uorescence intensity of the two excitations wave-
lengths. These substances should be avoided. The other 
problem is that the substance is unstable in intense light. The 
 fl uorescence of fura-2 is excited at the UV spectrum of light. 
This has a large energy and can lead to destruction of the 
substance and reduction of its active concentration. Examples 
are dihydropyridine derivates used as Ca 2+  channel blockers.  

    6.    It is of advantage to start the calibration procedure with Ca 2+ -
depletion of fura-2. The second the step, the saturation of 
fura-2 by Ca 2+  requires high concentrations of intracellular free 
Ca 2+  which can be toxic for cells. Thus in the case when start-
ing the calibration procedure with fura-2 Ca 2+  saturation then 
the cell will probably die before there is time to perform the 
Ca 2+ -depletion of fura-2.  

    7.    Ionomycin is a Ca 2+  ionophore which is used to permeabilize the 
cell membrane for Ca 2+  ions. The substance is rather unstable 
and the ability to increase the Ca 2+  permeability is quickly reduced 
so that the substance cannot be longer used. Therefore, if pos-
sible, the solution for calibration should be freshly prepared.  
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    8.    To achieve the  fl uorescence signal of the Ca 2+ -depleted fura-2 
and the Ca 2+ saturated fura-2 it is required that for both situ-
ations a steady-state level in intracellular free Ca 2+  is achieved. 
Especially when waiting for the Ca 2+ -saturated  fl uorescence 
the cell can die and the according  fl uorescence maximum 
cannot be measured. In this case the calibration would lead 
to wrong results. Furthermore, a successful calibration after 
an experiment can be used as a marker for reliable experi-
ments. Therefore, if desired, only experiments with success-
ful calibrations will be used for data analysis and statistical 
testing.  

    9.    As for all example experiments the expected results can strongly 
vary. Most of the time, this depends on the nature of the sig-
naling pathway which is addressed by the analysis. The described 
experiments give only initial hints to the analysis and further 
experiments are required to con fi rm these initial conclusions. 
However these experiments are useful to obtain a direction for 
further analysis.  

    10.    The experiments in which intracellular Ca 2+  stores are depleted 
must be taken with great care. In some cell types it is suf fi cient 
to only apply extracellular Ca 2+ -free solution which also leads 
to store depletion due to the change of the Ca 2+  gradient. 
These cells usually have a large basic Ca 2+  conductance and this 
high Ca 2+  permeability would lead to this effect  (  8  ) . In these 
cells store-operated Ca 2+  channels can simply be activated by 
switching from extracellular Ca 2+  solution and then back nor-
mal control Ringer solution. This can lead to problems in the 
interpretation of the data and the experiment type shown in 
example is not useful to explore the role of intracellular Ca 2+  
stores in a Ca 2+  signal.          
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    Chapter 22   

 Double Chromatin Immunoprecipitation: Analysis 
of Target Co-occupancy of Retinal Transcription Factors       

     Guang-Hua   Peng    and    Shiming   Chen         

  Abstract 

 Combinatorial binding of transcription factors (TFs) and cofactors to speci fi c regulatory regions of target 
genes in vivo is an important mechanism of transcriptional regulation. Chromatin immunoprecipitation 
(ChIP) is a powerful technique to detect protein binding to speci fi c regions of target genes in vivo. 
However, conventional ChIP analysis for individual factors (single ChIP) does not provide information on 
co-occupancy of two interacting TFs on target genes, even if both bind to the same chromatin regions. 
Double ChIP analysis involves sequential (double) immunoprecipitation of two chromatin-binding pro-
teins and can be used to study co-occupancy of two or more factors on speci fi c regions of the same DNA 
allele. Furthermore, by including a cell type-speci fi c protein in double-ChIP, target co-occupancy in a 
speci fi c cell type can be studied even if the other partner is more widely expressed. In this chapter, we 
describe a detailed protocol for double ChIP analysis in mouse retinas. Using the rod-speci fi c transcription 
factor NR2E3 and the cone/rod homeobox protein CRX as examples, we show that NR2E3 and CRX are 
co-enriched on the promoter of active  Rho  and  Rbp3  genes in rods, but are present to a much lesser degree 
on the promoters of silent cone  opsin  genes. These results suggest a new mechanism by which rod and cone 
genes are differentially regulated by these transcription factors in rod photoreceptors.  

  Key words:   Double chromatin immunoprecipitation ,  Transcription factor interactions ,  Target 
co-occupancy ,  Retinal photoreceptors    

 

 Physical and functional interaction among multiple DNA binding 
proteins on target genes is an important mechanism of transcrip-
tional regulation. However, conventional protein–protein interac-
tion assays such as co-immunoprecipitation and co-localization in 
the same nuclear compartment do not provide information about 
whether both proteins interact with the same target gene allele. 
Thus, a combined in vivo protein–DNA and protein–protein 
interaction assay is needed to study this transcription regulatory 

  1.  Introduction
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mechanism. Double chromatin immunoprecipitation (double 
ChIP) is such an assay for detecting the genomic DNA fragments 
that co-immunoprecipitate with two DNA-binding proteins  (  1,   2  ) . 
Based on regular ChIP (single ChIP), which uses a single round 
of immunoprecipitation to detect binding of an individual factor 
to target DNA fragments, double ChIP contains two sequential 
immunoprecipitation steps as shown in Fig.  1 . Following the  fi rst 
immunoprecipitation, enriched protein–DNA complex is eluted 
and subjected to another round of immunoprecipitation for the 
second protein. DNA segments enriched by the double immuno-
precipitation are then analyzed by quantitative PCR (qChIP). For 
each protein pair, two parallel double ChIPs are carried out in 
reverse order for the  fi rst and second protein. The results of two 
reciprocal double qChIPs are then compared with each single 
qChIP to determine full, partial, or no co-occupancy of the two 
proteins on the same allele. Interactions among multiple factors 
can also be studied by analyzing one pair at a time.  

 The DNA-binding proteins most frequently investigated by 
double ChIP include speci fi c transcription factors and their co-
regulators  (  3–  7  ) , histone modifying enzymes and chromatin 
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  Fig. 1.    Diagram of double ChIP protocol, showing major steps described in the text and 
interpretations based on quantitative double ChIP results.       
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remodeling factors  (  8,   9  ) , modi fi ed histones  (  10  ) , and components 
of the basal transcription machinery  (  9  ) . Although the initial 
double ChIP protocol is based on readout of selected candidate 
genes, this approach combined with deep sequencing has recently 
been used to reveal genome-wide target co-occupancy of two 
DNA-binding proteins  (  11  ) . We have used double ChIP to study 
co-occupancy of photoreceptor transcription factors and their 
co-regulators on candidate rod and cone target genes in mouse 
retinas. In one study, we showed that, in rods, single chromatin 
fragments of several rod and cone gene promoters are selectively 
co-bound by the rod-speci fi c transcription factor NR2E3 and 
widely expressed PIAS3, a transcription co-regulator and SUMO 
E3 ligase  (  12  ) . In another study, we showed that in cones, cone 
genes, but not rod genes, are co-occupied by the cone-speci fi c 
transcription factor TR β 2 and PIAS3  (  13  ) . These results provided 
important information on the direct regulatory role of PIAS3 in 
photoreceptor subtype-speci fi c gene expression. Here we describe 
a detailed protocol for double ChIP analysis of photoreceptor tran-
scription regulators on selected candidate genes in the mouse retina 
and discuss critical steps for this assay. In addition, we describe an 
example of the use of this approach to reveal selective co-enrichment 
of the rod-speci fi c transcription factor NR2E3 and the cone–rod 
homeobox protein CRX on the promoter of two rod-expressed 
genes,  rhodopsin  and  Rbp3 .  

 

      1.    Rotators: e.g., Rugged rotator (Fisher 14-259-21) or Multi-
Function Rotator-30RPM, PTR-30 (VWR, 80076-366).  

    2.    Incubator shaker or shaking water bath: e.g., SWB25 shaking 
water bath (Thermo Scienti fi c).  

    3.    Real-time PCR machine: e.g., CFX96™ Real-Time PCR 
System (Bio-Rad).  

    4.    Sonicator: e.g., Model 505 Sonic Dismembrator (Fisher, 
FB-505-110) with microtip (0.5–15 mL, FB-441-8) for direct 
sonication, or Cup Horn (eight sample size, FB-462-5) for 
indirect sonication through water.  

    5.    Centrifuge and microcentrifuge: e.g., Beckman GS-15R refrig-
erated centrifuge (BECKGS15R) for 15–50 mL tubes and 
Eppendorf microcentrifuge for 1.5 mL tubes (5418, max. 
speed 14,000 ×  g ).  

    6.    Micro-Grinder (RPI Corp., 299220) and 1.5-mL Pestles (RPI 
Corp., 199225).  

    7.    Vortex mixer: e.g., Vortex-Genie 2™ (RPI Corp., 155560).      

  2.  Materials

  2.1.  Equipment
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      1.     C57BL/6J  mice (Stock number 0664) were purchased from 
The Jackson Laboratory.      

       1.    ChIP quali fi ed antibodies speci fi c for the two proteins of inter-
est (e.g., Ab X and Ab Y) and isotype-matched non-speci fi c 
immunoglobulin control (e.g., normal rabbit or mouse IgG, 
Santa Cruz).  

    2.    Protease inhibitors.  
    3.    100 mM phenylmethanesulfonyl fl uoride (PMSF) (Sigma, 

P7626) in ethanol—use at 1:100 dilution.  
    4.    10 mg/mL aprotinin (Sigma, A1153) in 0.01 M HEPES, pH 

8.0—use at 1:1,000.  
    5.    10 mg/mL leupeptin (Roche, 11017101001) in water—use 

at 1:1,000.  
    6.    Glass beads, 212–300  μ m, acid-washed (Sigma, G1277).  
    7.    10 mg/mL bovine serum albumin (BSA) (Sigma, A2153).  
    8.    10 mg/mL herring sperm DNA (Sigma, D7290).  
    9.    11 mg/mL ribonucleic acid, transfer (tRNA) from Baker’s 

Yeast (Sigma, R5636).  
    10.    10 mg/mL proteinase K (Research Products International 

Corp., P50220).  
    11.    10 mg/mL ribonuclease A (RNase A) (Sigma, R6513).  
    12.    20 mg/mL glycogen (Sigma, G1508).  
    13.    10% Sodium deoxycholate (Sigma, D5760).  
    14.    1 M 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid 

(HEPES) (Sigma, H4034).  
    15.    20% Triton X-100 (Sigma, T8787).  
    16.    20% Sodium dodecyl sulfate (SDS) (Sigma, L4509).  
    17.    20% Igepal CA-630 (NP-40) (Sigma, I3021).  
    18.    37% Formaldehyde (Sigma, F1635).  
    19.    0.5 M ethylenediaminetetraacetic acid disodium salt solution 

(EDTA, pH 8.0) (Sigma, E-7889).  
    20.    1 M piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) (Sigma, 

P1851).  
    21.    1 M lithium chloride (LiCl) (Sigma, L4408).  
    22.    2.5 M glycine (Fisher, BP381).  
    23.    Phenol:chloroform:isoamyl alcohol 25:24:1 saturated with 

10 mM Tris, pH 8.0, 1 mM EDTA (Sigma, P3803).  
    24.    Chloroform (Sigma, C2432).  
    25.    Ethanol, absolute (Pharmco, 111ACS200).  
    26.    100 mM deoxynucleotide set (Sigma, DNTP100).  

  2.2.  Mouse Strains

  2.3.  Reagents 
and Supplies

  2.3.1.  Reagents
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    27.    JumpStart REDTaq DNA polymerase (Sigma, D0563).  
    28.    10× Taq polymerase buffer (Sigma, P2192).  
    29.    SsoFast TM  EvaGreen @  Supermix for QPCR (Bio-Rad, 172-

5203).  
    30.    50% (v/v) blocked Protein A beads: see Subheading  3.1.1     for 

making 50% (v/v) bead slurry from dry beads (Protein A 
Sepharose CL-4B, GE Health, 17-0780-01) and Subheading 
 3.1.2  for blocking.  

    31.    50% (v/v) blocked Protein G beads (50% (v/v) Protein G 
Sepharose beads, Sigma, P3296). See Subheading  3.1.2  for 
blocking.  

    32.    10%  N -Lauroylsarcosine sodium salt solution (Sarkosyl) 
(Fisher, BP234).  

    33.    1 M Tris–HCl, pH 7.4, pH 8.0, and pH 8.1 [Tris base, RPI 
Corp., T60040; hydrochloric acid (HCl), Fisher, A144s-
212].  

    34.    1 M sodium hydrogen carbonate (NaHCO 3 ) (Fisher, S637).  
    35.    3 M sodium chloride (NaCl) (Fisher, BP358).  
    36.    1 M potassium chloride (KCl) (MP Biomedicals, 

0219484491).  
    37.    2-Mercaptoethanol (BME) solution (Sigma, M-6250).  
    38.    Agarose (Bioline, Bio-41025).      

      1.    10× Stock phosphate-buffered saline (PBS): 80 g of NaCl, 2 g 
of KCl, 14.4 g of Na 2 HPO 4 , 2.4 g of KH 2 PO 4 , add H 2 O to 
800 mL, adjust pH to 7.4 with 1 M HCl, add H 2 O to 1 L.  

    2.    Cell lysis buffer: 5 mM PIPES pH 8.0, 85 mM KCl, add 0.5% 
Igepal CA-630, and protease inhibitors ( fi nal: 10  μ g/mL apro-
tinin, 10  μ g/mL leupeptin, and 1 mM PMSF) just before use.  

    3.    Nuclei lysis buffer: 50 mM Tris–Cl pH 8.1, 10 mM EDTA, 1% 
SDS, add protease inhibitors ( fi nal: 10  μ g/mL aprotinin, 
10  μ g/mL leupeptin, and 1 mM PMSF) just before use.  

    4.    Immunoprecipitation (IP) dilution buffer: 0.01% SDS, 1.1% 
Trition X-100, 1.2 mM EDTA, 16.7 mM Tris–Cl pH 8.0, 
167 mM NaCl.  

    5.    1× Dialysis buffer: 2 mM EDTA, 50 mM Tris–Cl pH 8.0, 0.2% 
Sarkosyl (omit for monoclonal antibody).  

    6.    Immunoprecipitation (IP) elution buffer: 50 mM NaHCO 3 , 
1% SDS (freshly diluted from 1 M NaHCO 3  and 20% SDS).  

    7.    5× Proteinase K buffer: 50 mM Tris–Cl pH 8.0, 25 mM EDTA 
(pH 8.0), 1.25% SDS.  

    8.    Wash buffer I: 20 mM Tris–Cl pH 8.0, 150 mM NaCl, 2 mM 
EDTA, 1% Triton X-100, 0.1% SDS.  

  2.3.2.  Buffers
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    9.    Wash buffer II: 20 mM Tris–Cl pH 8.0, 500 mM NaCl, 2 mM 
EDTA, 1% Triton X-100, 0.1% SDS.  

    10.    Wash buffer III: 250 mM LiCl, 10 mM Tris–Cl pH 8.0, 1% 
sodium deoxycholate, 1 mM EDTA, 1% Igepal CA-630.  

    11.    TE buffer: 10 mM Tris–Cl pH 8.0, 1 mM EDTA.        

 

 Single chromatin immunoprecipitation (ChIP) assays on mouse 
retinas were performed based on a detailed protocol described by 
Farnham Laboratory (  http://farnham.genomecenter.ucdavis.
edu/protocol.html    ) with modi fi cations  (  14  ) . Double chromatin 
immunoprecipitation assays (double or sequential ChIP) were 
established on the basis of single ChIP and modi fi ed from proto-
cols described by Geisberg and Struhl  (  15  ) . Major steps and pre-
dicted outcomes of double ChIP analysis are illustrated in Fig.  1 . 

   For high volume chromatin immunoprecipitation assays, starting 
from dry Protein A beads is more cost-effective than using pre-
suspended wet beads. This section describes preparation of bead 
suspension from dry beads. Alternatively, Protein A or G bead 
slurry (50%, v/v) can be ordered through Sigma, Santa Cruz 
Biotechnology, or other companies. The wet beads can be used 
directly in Subheading  3.1.2 .

    1.    Calculate the total volume of beads needed for the entire 
experiment (see  Note 2 ) and prepare suf fi cient aliquots of bead 
slurry.  

    2.    Resuspend each 100 mg of dry Protein A-Sepharose beads 
(GE Health, 17-0780-01) in 1 mL of 1× PBS pH 7.4, gently 
rotate (25–30 rpm) for at least 3 h at 4 ºC. Centrifuge at 
14,000 ×  g  for 5 min at 4°C.  

    3.    Wash with 1 mL of 1× PBS pH 7.4 with rotation for 5 min at 
4°C. Centrifuge at 14,000 ×  g  for 5 min at 4°C, and carefully 
aspirate the supernatant.  

    4.    Resuspend in 1 mL of 1× PBS pH 7.4 plus 3% SDS ( fi nal), and 
10% 2-mercaptoethanol (BME,  fi nal). Boil for 30 min and cool 
at room temperature for 10 min. Centrifuge at 14,000 ×  g  for 
5 min, and aspirate the supernatant.  

    5.    Wash two times with 1 mL of 1× dialysis buffer with rotation 
for 5 min at 4°C. Centrifuge at 14,000 ×  g  for 5 min, and aspi-
rate the supernatant.  

    6.    Resuspend Protein A beads with an equal volume of 1× dialysis 
buffer. Divide into 100  μ L aliquots, store in −80°C for up to 
1 year.      

  3.  Methods

  3.1.  Preparation 
of Blocked Protein 
A/G-Sepharose Beads 
( See   Note 1 )

  3.1.1.  Making 50% (v/v) 
Slurry of Protein A Beads

http://farnham.genomecenter.ucdavis.edu/protocol.html
http://farnham.genomecenter.ucdavis.edu/protocol.html
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      1.    Add 10  μ L of herring sperm DNA (10 mg/mL) and 10  μ L of 
BSA (10 mg/mL) to 100  μ L of 50% (v/v) slurry of Protein A 
or G beads per tube.  

    2.    Incubate on a rotator (25–30 rpm) at 4°C for at least 3 h, 
overnight is  fi ne.  

    3.    Before using, centrifuge at 14,000 ×  g  for 3 min at 4°C, remove 
the supernatant, wash three times with 1 mL of 1× dialysis 
buffer by rotating 5 min (25–30 rpm) at 4°C, followed by 
centrifugation at 14,000 ×  g  for 3 min and removing the 
supernatant.  

    4.    Resuspend Protein A or G beads in a volume of 1× dialysis 
buffer equal to the original starting volume to make 50% (v/v) 
slurry of blocked Protein A or G beads.  

    5.    Blocked Protein A or G beads can be stored at 4°C for up to 
1 week.       

  The following steps are designed for a single direction double ChIP 
(see Figs.  1  and  2  for main steps and sampling). To complete the 
whole experiment, two reciprocal directions (i.e., X followed by Y 
and Y followed by X) should be performed in parallel. 

  3.1.2.  Blocking 
Protein A/G Beads

  3.2.  Crosslink 
Protein–DNA 
Complexes In Vivo

  Fig. 2.    Flow chart for single and double ChIP sampling, showing initial chromatin volumes at each step.       
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    1.    For each single direction double ChIP, dissect 12 mouse reti-
nas (or 30 mg of other tissues) and cut tissues into small pieces 
using two razor blades.  

    2.    Transfer the retinal tissue into a 14-mL tube (BD Falcon, 
352059), add 10 mL of 1× PBS pH 7.4 plus protease inhibitor 
PMSF (10  μ L/mL), add formaldehyde to a  fi nal concentration 
of 1% (see  Note 3 ), and incubate for 15 min at room tempera-
ture with rotation (25–30 rpm) to cross-link chromatin bind-
ing proteins.  

    3.    Stop the crosslinking reaction by adding fresh glycine to a  fi nal 
concentration of 0.125 M. Continue to rotate at room tem-
perature for 5 min.      

      1.    Centrifuge sample at 200 ×  g  at 4°C in Beckman GS-15R 
refrigerated centrifuge and decant the supernatant. Wash once 
with cold 1× PBS pH 7.4. Centrifuge at 200 ×  g  for 5 min at 
4°C and decant the supernatant.  

    2.    Add 2 mL of 1× cold PBS pH 7.4 plus protease inhibitors 
PMSF (10  μ L/mL), aprotinin (1  μ L/mL), and leupeptin 
(1  μ L/mL). Use a hand-held Micro-Grinder to disaggregate 
the tissue for 1–2 min on ice.  

    3.    Centrifuge cells at 200 ×  g  for 5 min at 4°C, and decant the 
supernatant.  

    4.    Resuspend the cell pellet in 2 mL of cold cell lysis buffer plus 
protease inhibitors PMSF (10  μ L/mL), aprotinin (1  μ L/mL), 
and leupeptin (1  μ L/mL). Lyse cells by incubating on ice for 
10–15 min, gently mixing for a few seconds every 5 min on a 
vortex mixer (the lowest setting) to aid in nuclei release.  

    5.    Centrifuge at 2,500 ×  g  for 5 min at 4°C to pellet the nuclei. 
Discard the supernatant.  

    6.    Resuspend the nuclei in 1.2 mL of nuclei lysis buffer plus the 
same protease inhibitors as the cell lysis buffer. Incubate on ice 
for 20 min with periodic (every 5 min) mixing for a few sec-
onds on a vortex mixer (the lowest setting).  

    7.    Add 100 mg of glass beads (Sigma, G1277) to each sample 
(see  Note 4 ).  

    8.    Sonicate chromatin to an average length between 500 and 
1,000 bp (sonicate setting 1.0–2.0, 15 s, stop 15 s, repeat to 
total work time of 1–3 min). Run 10  μ L of chromatin in 0.8% 
agarose gel (see Fig.  3  for examples) to verify appropriate 
length of sonicated chromatin (see  Note 5 ).   

    9.    Transfer the sonicated chromatin to a 2-mL microcentrifuge 
tube (Eppendorf, 022600044). Centrifuge at 14,000 ×  g  for 
10 min at 4°C.  

  3.3.  Prepare Chromatin
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    10.    Collect the supernatant and aliquot into two 1.5-mL 
microcentrifuge tubes (600  μ L per tube). The sonicated chro-
matin can be stored at −80°C for up to 2 months.      

      1.    Take chromatin preparations, preclear chromatin by adding 
30  μ L of blocked Protein A or G beads to each tube.  

    2.    Incubate on a rotator (25–30 rpm) at 4°C for 15 min. 
Centrifuge at 14,000 ×  g  for 10 min.  

    3.    Transfer the supernatant to clean 1.5-mL tubes. Remove 60  μ L 
(10% of the amount of total chromatin) from each sample. 
This is the total “Input” DNA (see Fig.  2 ). Save it for later.  

    4.    Set up immunoprecipitation (IP) samples on each of the two 
remaining chromatin preparations (540  μ L): one IP uses a 
speci fi c antibody to Protein X (IP-Ab X) and the other uses a 
nonspeci fi c immunoglobulin (Ab X isotype matched, e.g., nor-
mal rabbit IgG for rabbit polyclonal antibodies or mouse IgG 
for IgG monoclonal mouse antibodies) as a negative control 
(IP-Control X) (see Fig.  2 ). Also, set up a IP-“mock” control 
sample (i.e., no chromatin DNA negative control) with 600  μ L 
of 1× dialysis buffer in a separate tube. This mock sample 
receives the antibody to Protein X (labeled as IP-Ab X-mock) 
and is processed in parallel with the other chromatin IP sam-
ples (see Fig.  2 ). The IP-control and IP-mock samples are criti-
cal to control for nonspeci fi c protein–DNA interactions and 
DNA contamination in the solutions.  

  3.4.  Perform First 
Immunoprecipitation

  Fig. 3.    Agarose gel analysis of the length of genomic DNA fragmented by sonication 
according to Table  1 , derived from four retina samples ( lanes 1 – 4  ) of wild-type mice at 
postnatal day 14 (step  3.3.8 ).  Lane 5  shows incomplete sonication of Sample 4 before 
achieving the desired size (500–1,000 bp) seen in  lane 4  (with additional sonication: 
2 × 15 s).       
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    5.    Adjust the  fi nal volume of each sample to 600  μ L using IP 
dilution buffer containing protease inhibitors.  

    6.    Add 2  μ g of desired antibody (Ab X or Control X) to each IP 
sample. Incubate on a rotator (25–30 rpm) at 4°C overnight 
(see  Note 6 ).  

    7.    Add 30  μ L of blocked Protein A or G beads to each sample: 
IP-Ab X, IP-Control X, and IP-Ab X-mock. Incubate on a 
rotator (25–30 rpm) at room temperature for 15 min.  

    8.    Wash once each with wash buffer I, II, III, and 1× TE buffer, 
sequentially (see  Note 7 ). Each time rotate (25–30 rpm) 
10 min at room temperature, centrifuge at 14,000 ×  g  for 3 min 
at room temperature, and discard the supernatant.      

      1.    For each IP sample (IP-Ab X, IP-Control X, or IP-Ab X-mock), 
elute the  fi rst immunoprecipitated protein–DNA complexes 
from antibody-bound beads by adding 300  μ L of IP elution 
buffer (see  Note 8 ). Rotate (25–30 rpm) for 15 min at room 
temperature. Centrifuge at 14,000 ×  g  for 3 min. Transfer the 
supernatant containing immuno-enriched primary protein–
DNA complexes to a clean tube.  

    2.    Repeat step 1, and combine both elutes (600  μ L total) in one 
tube.  

    3.    Centrifuge at 14,000 ×  g  for 5 min to remove any traces of 
primary antibody–Protein A beads. Transfer the supernatant to 
a clean tube.  

    4.    Take out 200  μ L (1/3 volume of total) of eluate into a new 
tube, labeled as “ fi rst IP-Ab X,” “ fi rst IP-Control X,” or “ fi rst 
IP-Ab X-mock.” These will serve as single ChIP IP samples in 
later PCR analysis of enriched DNA fragments (see Fig.  2 ).      

      1.    Perform second immunoprecipitation using the remaining 
2/3 (400  μ L) of eluate from the  fi rst IP-Ab X chromatin sam-
ple from step 3.5.3   : after being diluted to 600  μ L with 1× IP 
dilution buffer, the  fi rst IP sample is split in half (300  μ L per 
tube) and subjected to a second immunoprecipitation using 
1.0–1.5  μ g of the second speci fi c antibody (e.g., antibody to Y 
protein, Ab Y), or Y antibody isotype-matched nonspeci fi c 
control immunoglobulin (Ab-Control Y, e.g., normal rabbit 
or mouse IgG). Also, process the mock sample in parallel: add 
200  μ L of 1× IP dilution buffer to 400  μ L of the remaining 
 fi rst IP Ab X-mock eluate ( fi nal 600  μ L). Take out one half 
volume (300  μ L) to a new tube labeled as second IP-Ab 
Y-mock, and add the second speci fi c antibody (Ab Y). Discard 
the other half  fi rst IP-mock eluate. Incubate all the second IP 
samples on a rotator (25–30 rpm) at 4°C overnight.  

  3.5.  Elute Primary 
Protein–DNA Complex

  3.6.  Perform Second 
Immunoprecipitation 
and Elution
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    2.    Add 15  μ L of blocked Protein A or G beads to each second IP 
sample. Incubate on a rotator (25–30 rpm) at room tempera-
ture for 15 min. Centrifuge at 14,000 ×  g  for 3 min at room 
temperature, and discard the supernatant.  

    3.    Wash once each with wash buffer I, II, III, and 1× TE buffer, 
sequentially. Each time rotate (25–30 rpm) 10 min at room 
temperature, centrifuge at 14,000 ×  g  for 3 min at room tem-
perature, and discard the supernatant.  

    4.    Elute second immunoprecipitated protein–DNA complexes 
from the beads using 150  μ L of IP elution buffer. Gently mix 
on a vortex machine (low setting, e.g. #3) for 15 min at room 
temperature. Centrifuge at 14,000 ×  g  for 3 min. Transfer 
supernatants to a clean 1.5 mL tube.  

    5.    Repeat step 4, and combine both elution supernates in the 
same tube.  

    6.    After the second elution, centrifuge pooled supernatant sample 
at 14,000 ×  g  for 5 min to remove any traces of antibody-
Protein A or G beads. Transfer supernatant to a clean tube 
labeled as “second IP-Ab Y,” “second IP-Control Y,” or 
“second IP-Ab Y-mock.”      

      1.    Add 240  μ L IP elution buffer to the tubes marked “Input” 
and add 100  μ L IP elution buffer to all the  fi rst IP tubes.  

    2.    To all samples, add 1  μ L of high concentration RNase A 
(10 mg/mL) and 5 M NaCl to a  fi nal concentration of 0.3 M 
per tube. Incubate in a 67°C water bath for 4–5 h to reverse 
formaldehyde crosslinks. Add 2.5× volumes of absolute etha-
nol and precipitate at −20°C overnight.  

    3.    Centrifuge samples at 14,000 ×  g  for 20 min at 4°C, and dis-
card the supernatant. Re-spin and remove residual ethanol. 
Allow pellets to air dry completely.  

    4.    Dissolve each pellet in 100  μ L of TE. Add 25  μ L of 5× protei-
nase K buffer and 1.5  μ L of proteinase K (20 mg/mL) to each 
sample. Incubate in 45°C water bath for 2 h.  

    5.    Add 175  μ L of TE to each sample. Extract once with 300  μ L 
of phenol/chloroform/isoamyl alcohol and once with 300  μ L 
chloroform.  

    6.    Add 30  μ L of 5 M NaCl, 5  μ g of tRNA, and 5  μ g of glycogen 
to each sample and mix well, then add 750  μ L of ethanol. 
Precipitate in −20°C overnight.  

    7.    Centrifuge samples at 14,000 ×  g  for 20 min at 4 ºC. Allow 
pellets to air dry. Resuspend DNA in 30  μ L of TE buffer and 
perform PCR analysis for the presence of candidate gene 
segments.      

  3.7.  Reverse 
Crosslinks 
and Purify DNA
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       1.    Dilute the samples 100–300 fold with water.  
    2.    Regular PCR: Run four samples per group, including IP-Ab 

(e.g., X, Y, X/Y, or Y/X), IP-Control (e.g., X or Y), Mock (X, 
Y, X/Y, or Y/X), and Input with candidate gene-speci fi c prim-
ers and JumpStart REDTaq DNA polymerase (Sigma).  

    3.    Run the PCR products on 0.8–1.2% agarose gel.      

      1.    Make serial dilutions in water of all samples from step 3.7.7 
(e.g. 10-, 20-, 30, 50-, 100-, and 200-fold dilution).  

    2.    Perform quantitative double chromatin immunoprecipitation 
 (  12,   13  ) . Brie fl y, quantitative real-time PCR analysis of regula-
tory sequences in input samples and immunoprecipitates was 
performed using SsoFast TM  EvaGreen @  Supermix and CFX96 
real-time PCR system (Bio-Rad).  

    3.    Report ChIP-qPCR results either as “% Input Enrichment” or 
“IP Fold Enrichment.” In general, qPCR calculation is based 
on the ΔCt method as described by Chakrabarti et al.  (  16  ) .  

    4.    Normalize each ChIP DNA fractions’ Ct value to the input 
DNA fraction Ct value:  Δ Ct (normalized ChIP) = Ct (IP) − [Ct 
(Input) − Log2 (input dilution factor)], where input dilution 
factor (DF) = (fraction of the input chromatin saved) −1 . For 
example, for this study, saved input is 1/3 of the chromatin 
used for IP (Fig.  2 ). Thus, DF = 3; Log2 (DF) = 1.5850. 
Average normalized ChIP Ct values for replicate samples (typi-
cally  n  = 3).  

    5.    Calculated % input enrichment: Calculate the % input for each 
ChIP fraction, including speci fi c and control antibodies and 
“mock”: % input = 2 [− Δ Ct (normalized ChIP)] . Adjust for the background 
(nonspeci fi c control antibody and “mock”): % input enrich-
ment = % input (speci fi c) − % input (controls).  

    6.    Calculate IP fold enrichment: Adjust the normalized ChIP 
fraction Ct value for the normalized control fraction Ct 
values ( Δ  Δ Ct):  Δ  Δ Ct (ChIP/controls) =  Δ Ct (normalized 
ChIP) −  Δ Ct (normalized controls), where the controls 
include the IP control antibody and “mock.” Speci fi c IP fold 
enrichment = 2 [− Δ  Δ Ct (ChIP/controls)] .  

    7.    An Excel-based ChIP-qPCR data analysis template with 
detailed instruction can be found on the SABiosciences/
Qiagen website:   http://www.sabiosciences.com/chippcrar
ray_data_analysis.php    .      

  Compare quantitative single and double ChIP results to determine 
full, partial, or no co-occupancy of X and Y proteins.

    1.    Full co-occupancy: The enrichment of double ChIPs is often 
higher than individual ChIPs and is not affected by the order 

  3.8.  Regular and 
Quantitative Real-Time 
PCR Analysis of ChIP 
Results

  3.8.1.  Agarose Gel Analysis

  3.8.2.  Quantitative 
Real-Time PCR

  3.8.3.  Interpretations 
of Double ChIP Results

http://www.sabiosciences.com/chippcrarray_data_analysis.php
http://www.sabiosciences.com/chippcrarray_data_analysis.php
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of the individual ChIPs, i.e., X followed by Y (X/Y) or Y 
followed by X (Y/X) give near identical results (X/Y = Y/X).  

    2.    No co-occupancy: The enrichment of double ChIPs is minimal, 
within the experimental error of the  fi rst IP: X/Y = Y/X = 0.  

    3.    Partial co-occupancy: The enrichment of double ChIPs is 
above the background, but two reciprocal double ChIPs do 
not produce the same enrichment. In other words, the order 
of the individual ChIPs makes a difference in the enrichment, 
i.e., X/Y  ¹  Y/X  ¹  0. Note that partial co-occupancy often 
depends on the IP order. If X/Y is much higher than Y/X, it 
would suggest that Y is sometimes but not always present with 
X but not the reverse.       

  We previously showed that the rod-speci fi c transcription factor 
NR2E3 acts as an activator for rod genes, such as  rhodopsin  ( Rho ), 
by interacting with the cone–rod homeobox protein CRX  (  17  ) . 
At the same time, NR2E3 also acts as a repressor for cone genes, 
such as  Opn1sw  ( Sop ) and  Opn1mw  ( Mop ). Thus, we predict that, 
in rods, NR2E3 and CRX should co-occupy the promoter of 
rod-speci fi c genes. NR2E3 should also bind the promoter of cone 
genes, although it may or may not co-occupy these genes with 
CRX. We carried out quantitative single and double ChIP analysis 
of NR2E3 and CRX on both rod and cone genes using 24 retinas 
of wild-type C57BL/6J mice at postnatal day 14 (P14). Because 
NR2E3 is only expressed in rods, double ChIP results should 
re fl ect the situation in rods, while the single ChIP result for CRX 
may represent the situation in rods or both rods and cones. 
Figure  4a, b  show that, in single ChIP analysis, either CRX (green 
bars in Fig.  4b ) or NR2E3 (red bars in Fig.  4b ) binds well to the 
promoter of  Rho  and  Rbp3  genes as well as the cone  opsin  genes, 
 Sop  and  Mop . In double ChIP analysis, CRX and NR2E3 are co-
enriched on the promoter of  Rho  and  Rbp3  genes; higher levels of 
enrichment than those of single ChIP are seen regardless of the 
order of performance of the two immunoprecipitations (Fig.  4b , 
blue and purple bars). Thus, we conclude that CRX and NR2E3 
fully co-occupy the promoter of  Rho  and  Rbp3  in rods, consistent 
with the active role of CRX and NR2E3 on these genes. In con-
trast, much lower levels of co-enrichment of CRX and NR2E3 are 
seen on the  Sop  promoter. Furthermore, the enrichment on  Sop  is 
different between the two double ChIPs (blue vs. purple bar). 
These results suggest that CRX and NR2E3 only partially co-
occupy the  Sop  promoter. Interestingly, a higher level of enrich-
ment is seen with CRX/NR2E3 double ChIP (blue) than NR2E3/
CRX (purple), suggesting that NR2E3 often co-binds with CRX 
to the  Sop  promoter, but CRX does not co-bind with NR2E3 in 
most cases. Finally, no co-occupancy of CRX and NR2E3 on the 
 Mop  promoter is detected. Our interpretation of these double 

  3.9.  Example of Single 
and Double ChIP 
Analysis
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  Fig. 4.    CRX and NR2E3 co-occupy  rhodopsin  ( Rho ) and  Rbp3  promoters in rod photoreceptors. Double ChIP analysis was 
performed using 24 retinas of P14 mice and af fi nity puri fi ed rabbit antibodies speci fi c to CRX (p119)  (  20  )  and NR2E3 (p183) 
 (  17  )  following the protocol described in the text. ( a ) Agarose gel analysis of regular ChIP-PCR results using 1:100 dilutions 
of DNA from single and double ChIP samples with the indicated antibodies. “IP” represents speci fi c antibody immunopre-
cipitation-enriched DNA sample, “−” represents IgG control antibody immunoprecipitated genomic DNA, “Inp” represents 
input genomic DNA without immunoprecipitation. Five indicated candidate gene promoters were analyzed, including two 
rod-expressed genes  Rho  and  Rbp3 , two cone  opsin  genes silenced in rods,  Sop  and  Mop , as well as a bipolar expressed 
gene,  Grm6 . Primer pairs used to generate these PCR products were published previously  (  14  ) . Note that double ChIP 
columns show high-intensity bands for  Rho  and  Rbp  but no or low-intensity bands for  Sop  and  Mop . No CRX or NR2E3 
binding was found on  Grm6  promoter. ( b ) Quantitative real-time PCR analysis of single and double ChIP results, presented 
as % input enrichment calculated as described in the text. ( c ) A diagram to summarize the hypothesized mechanism 
behind these results, showing full co-occupancy of CRX and NR2E3 on the promoter of  Rho  and  Rpb3 , but only partial co-
occupancy on  Sop  and no co-occupancy on  Mop  in rod photoreceptors.       
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ChIP results is summarized in Fig.  4c . These results have helped us 
to understand the molecular mechanisms by which rod and cone 
genes are differentially repressed in rod photoreceptors. For exam-
ple, silencing of  Sop  and  Mop  genes in rods may involve different 
mechanisms, including the lack of speci fi c activator(s) for each 
gene. Also, NR2E3-mediated repression may target other tran-
scription activators besides CRX.    

 

     1.    Choice of Protein A or G beads: Various types of Sepharose 
beads have different af fi nity for speci fi c antibody isotypes. In 
general, Protein A beads should be used for polyclonal anti-
bodies made in rabbits. Protein G beads are used for antibodies 
made in goats or most of the mouse monoclonal antibodies. For 
more detailed information about the af fi nity of different bead 
types for speci fi c antibody isotypes, please go to the website: 
  http://www.scbt.com/support-table-immunoprecipitation_
reagents.html    . If the isotype of a speci fi c antibody does not 
have a good af fi nity to either Protein A or G beads (e.g., mouse 
IgM), please see  Note 6  for alternatives. Also, this protocol is 
optimized for Sepharose beads. We have not yet tested mag-
netic beads for ChIP applications.  

    2.    Total volume of blocked beads needed for the entire experi-
ment: 300  μ L of blocked beads is suf fi cient for one protein 
pair: 90  μ L for the  fi rst IP (30  μ L per tube × 3 tubes) + 45  μ L 
for the second IP (15  μ L per tube × 3 tubes) = 135  μ L for each 
double ChIP (see Fig.  2  for sampling) × 2 (two reciprocal direc-
tions) = 270  μ L total. The blocking procedure is based on one 
aliquot of beads (100  μ L). Thus, for each protein pair, prepare 
three aliquots (100  μ L each) of beads, which can be processed 
individually or pooled together.  

    3.    Crosslink: It is important to use formaldehyde freshly diluted 
to 1% in 1× PBS pH 7.4.  

    4.    Choice of glass beads: Diameter = 212–300  μ m. Omit this step 
if Cup Horn-indirect sonication will be used (see  Note 5 ).  

    5.    Fragment chromatin DNA by sonication: Microtip is recom-
mended for direct sonication of samples one-at-a-time in sam-
ple tubes. The optimal setting and time for sonication depend 
on the individual machine, the age of the retinas and sample 
volume. Table  1  lists suggested ranges for samples consisting 
of 12 mouse retinas at different ages in 1.2 mL nuclei lysis 
buffer. For multiple samples, indirect sonication through water 
in a Cup Horn (e.g., Fisher, FB-462-5) is recommended. 

  4.  Notes

http://www.scbt.com/support-table-immunoprecipitation_reagents.html
http://www.scbt.com/support-table-immunoprecipitation_reagents.html
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The optimal conditions for indirect sonication should be 
established empirically by each user. In general, indirect 
sonication takes a longer time (e.g., 6–10 min) than direct 
sonication through a microtip (1–3 min), but gives less sam-
ple-to-sample variation. Furthermore, eight samples can be 
done at once without concerns about contamination between 
samples and protein denaturation by the vigorous direct soni-
cation. For indirect sonication in Cup Horn, samples should be 
transferred into 2 mL microcentrifuge tubes (Microcentrifuge 
Safe-Lock tube, Eppendorf, 022600044), and there is no need 
to add the glass beads.   

    6.    If the isotype of a speci fi c antibody used has a low af fi nity to 
either Protein A or G beads (e.g., mouse IgM), the next day you 
should add 2  μ g of an appropriate secondary antibody that rec-
ognizes the speci fi c immunoglobulin isotype and is capable of 
binding to Protein A or G beads (e.g., rabbit anti-mouse IgM). 
Incubate for an additional 1 h before adding blocked beads.  

    7.    Wash buffer: For best results, use freshly made buffer.  
    8.    A key step in double ChIP analysis is to optimize wash condi-

tions to achieve complete dissociation of the immunoprecipi-
tated protein–DNA complexes from the  fi rst antibody bound 
to Protein A or G beads, but the sample is still capable of re-
precipitation with the second antibody. There are three ways to 

   Table 1 
  Conditions for fragmenting chromatin DNA from 12 mouse 
retinas in 1.2 mL nuclei lysis buffer using Fisher Model 505 
Sonic Dismembrator with microtip   

 Retina  Sonication time  Setting 

 E12.5  1.0  1.0 

 E14.5  1.0  1.0 

 E16.5  1.2  1.0 

 E18.5  1.2  1.0 

 P0  1.5  1.2 

 P1  1.5  1.2 

 P3  2.0  1.5 

 P5  2.0  1.5 

 P7  2.5  2.0 

 P10  2.5  2.0 

 P14  3.0  2.0 



32722 Double Chromatin Immunoprecipitation: Analysis of Target Co-occupancy…

elute target proteins without dissociating the antibody from 
Sepharose beads: (1) elute with a speci fi c isotope peptide used 
for generating the antibody  (  18  ) . (2) Crosslink the primary 
antibody to the beads  (  1  ) . (3) Use wash conditions that will 
only elute immunoprecipitated protein complexes but not the 
primary antibody from beads. We have successfully used the 
third method for a number of rabbit polyclonal antibodies 
 (  12,   13  ) . For both rounds of immunoprecipitation, we verify 
the wash conditions using an isotype control antibody (e.g., 
normal rabbit IgG) as a negative control. Ideally, following the 
second immunoprecipitation, there should be no enrichment 
for a speci fi c DNA fragment with the isotype control antibody, 
but full enrichment with the corresponding speci fi c antibody. 
We have used the same stringent wash conditions described in 
this protocol for all the rabbit polyclonal antibodies in our 
studies with Protein A beads. Others have used 10 mM dithio-
threitol (DTT) (in either wash buffer I or IP elution buffer) to 
facilitate the elution  (  3,   5,   19  ) . Nonetheless, the optimal wash 
conditions depend on individual antibodies and should be 
determined experimentally.          
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    Chapter 23   

 Quantifying the Activity of  cis -Regulatory Elements 
in the Mouse Retina by Explant Electroporation       

     Cynthia   L.   Montana   ,    Connie   A.   Myers   , and    Joseph   C.   Corbo         

  Abstract 

 Transcription factors control gene expression by binding to noncoding regions of DNA known as 
  cis -regulatory elements (CREs; i.e., enhancer/promoters). Traditionally,  cis -regulatory analysis has been 
carried out via mouse transgenesis which is time-consuming and nonquantitative. Electroporation of DNA 
reporter constructs into living mouse tissue is a rapid and effective alternative to transgenesis which per-
mits quantitative assessment of  cis -regulatory activity. Here, we present a simple technique for quantifying 
the activity of photoreceptor-speci fi c CREs in living explanted mouse retinas.  

  Key words:   Retina ,  Photoreceptor ,   cis -Regulatory element ,  Quanti fi cation ,  Electroporation ,  Mouse    

 

 Transcription factors within cellular gene networks control the 
spatiotemporal pattern and levels of expression of their target genes 
by binding to  cis -regulatory elements (CREs), short (~300–600 bp) 
stretches of genomic DNA which can lie upstream, downstream, or 
within the introns of the genes they control. CREs (i.e., enhancers/
promoters) typically consist of multiple clustered binding sites for 
both transcriptional activators and repressors  (  1–  3  ) . They serve as 
logical integrators of transcriptional input giving a unitary output in 
the form of spatiotemporally precise and quantitatively exact pro-
moter activity. Most studies of mammalian  cis -regulation to date 
have relied on mouse transgenesis as a means of assaying the enhancer 
function of CREs in vivo  (  4,   5  ) . This technique is time-consuming, 
costly and, on account of insertion site effects, largely nonquantita-
tive. Quantitative assays for mammalian CRE function have also 
been developed in tissue culture systems (e.g., dual luciferase assays), 
but the in vivo relevance of these results is often uncertain. 

  1.  Introduction
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 Electroporation offers an excellent alternative to traditional 
mouse transgenesis in that it permits both spatiotemporal and 
quantitative assessment of  cis -regulatory activity in living mamma-
lian tissue. This technique has been particularly useful in the analy-
sis of  cis -regulation in the central nervous system, especially in the 
cerebral cortex and the retina  (  6–  8  ) . We recently developed a sim-
ple approach to quantify the activity of photoreceptor-speci fi c 
CREs in electroporated mouse retinas  (  9  ) . Given that the amount 
of DNA that is introduced into the retina by electroporation can 
vary from experiment to experiment, it is necessary to include a 
co-electroporated “loading control” in all experiments. In this 
respect, the technique is very similar to the dual luciferase assay 
used to quantify promoter activity in cultured cells. 

 When assaying photoreceptor  cis -regulatory activity, electropo-
ration is usually performed in newborn mice (postnatal day 0, P0) 
which is the time of peak rod production  (  10,   11  ) . Once retinal 
cell types become post-mitotic, electroporation is much less 
ef fi cient. Given the high rate of rod birth in newborn mice and the 
fact that rods constitute more than 70% of the cells in the adult 
mouse retina, the majority of cells that are electroporated at P0 are 
rods. For this reason, rod photoreceptors are the easiest retinal cell 
type to study via electroporation. The technique we describe here 
is primarily useful for quantifying the activity of photoreceptor 
CREs. Cell-type speci fi c  cis -regulatory activity can also be quanti fi ed 
in rarer retinal cell types such as bipolar cells  (  12  ) , but this usually 
requires selection of areas of interest in vertical cross- sections rather 
than in  fl atmount preparations.  

 

      1.    Electroporation microslide model 453 (BTX Harvard 
Apparatus, catalog #45-0105).  

    2.    100% Silicone rubber aquarium cement.  
    3.    3-ml syringe.  
    4.    Plastic microtube rack (Fisher Scienti fi c, catalog #05-541).  
    5.    Dremel tool (for cutting the handle off the plastic microtube 

rack).  
    6.    Binder clips.  
    7.    Square metal bar, 3–5 mm diameter and about 100 mm long.      

      1.    1.5-ml microcentrifuge tubes.  
    2.    DNA, preferably a maxiprep(s) with concentration at least 

0.5  m g/ m l.  

  2.  Materials

  2.1.  Electroporation 
Chamber

  2.2.  DNA Precipitation
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    3.    100% Ethanol.  
    4.    70% Ethanol.  
    5.    3 M sodium acetate, pH 5.2.  
    6.    Sterile water.  
    7.    Sterile 10× PBS, pH 7.4.  
    8.    Refrigerated microcentrifuge.      

      1.    Sterile dissection medium: 1:1 ratio of DMEM:F12 (Gibco 
#11965 and 11765), 100 U/ml penicillin, 100  m g/ml strep-
tomycin, 0.29 mg/ml  L -glutamine, 5  m g/ml insulin. The peni-
cillin, streptomycin, and  L -glutamine may be purchased as a 
100× premixed solution (Gibo #10378-016). Insulin (Sigma-
Aldrich) should be reconstituted as a 5 mg/ml solution 
(1,000×) in 5 mM HCl,  fi lter-sterilized, and stored at −20°C.  

    2.    Sterile culture medium: Dissection medium (see above) plus 
10% FBS (Gibco #26140-079).  

    3.    Sterile 1× PBS, pH 7.4.  
    4.    Post-natal day 0 (P0) mouse pups.  
    5.    70% Ethanol.  
    6.    Dissecting microscope.  
    7.    Dissection instruments: Large scissors, iris scissors, curved for-

ceps,  fi ne forceps.  
    8.    Sterile, disposable transfer pipettes.  
    9.    Sterile Petri dishes: 35, 60, and 100 mm.  
    10.    ECM 830 square-wave electroporator (BTX Harvard 

Apparatus) with cables and micrograbber adaptors.  
    11.    Sterile 6-well tissue culture plates.  
    12.    Nuclepore  fi lters (25 mm, 0.2  m m) (Whatman #110606).  
    13.    Tissue culture incubator: 37°C, 5% CO 2 .      

      1.    4% Paraformaldehyde in 1× PBS: Dissolve 2 g paraformalde-
hyde in 45 ml distilled water. Apply heat and add 1 drop 5 M 
sodium hydroxide to facilitate the dissolution. Add 5 ml 10× 
PBS. Filter the  fi nal solution through Whatman  fi lter paper. 
Allow the solution to cool to room temperature prior to use.  

    2.    1× PBS, pH 7.4.  
    3.    Glass slides.  
    4.    Glass coverslips: 0.16 mm thick, #1.5 (Fisher Scienti fi c #12-

544E).  
    5.    Crushed glass coverslips, fragments 3–5 mm in diameter.  
    6.    Fluorescent dissecting microscope.  

  2.3.  Retinal Dissection 
and Culture

  2.4.  Retinal Fixation, 
Imaging, and 
Quantitation
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    7.    Fluorescent compound microscope equipped with a camera, 
preferably monochromatic (e.g., ORCA-ER camera by 
Hamamatsu).  

    8.    ImageJ software: Download from the NIH website   http://
rsbweb.nih.gov/ij/    .  

    9.    30% Sucrose in 1× PBS,  fi lter-sterilized (store at 4°C) (see 
 Note 8 ).  

    10.    Tissue-Tek OCT compound (see  Note 8 ).  
    11.    Tissue molds (see  Note 8 ).       

 

 Perform all steps at room temperature unless otherwise indicated. 
Dissection and culture medium should be stored at 4°C but 
brought to room temperature prior to the beginning of the 
procedure. 

      1.    Order a microslide, BTX Model 453 with a 3.2 mm gap 
(Harvard Apparatus #45-0105) (Fig.  1a ). The metal rails 
should be completely sealed to the bottom of the slide.   

    2.    Use a Dremel tool to cut a handle off a plastic microcentrifuge 
tube rack. Cut the handle into  fi ve small rectangular pieces 
each with the following dimensions: length 0.8 cm, height 
0.6 cm, width 0.3 cm (Fig.  1b ). These plastic pieces are reus-
able spacers that will be used to mold individual wells in the 
microslide chamber.  

    3.    Insert the plastic spacers between the metal rails of the microslide 
at even intervals. The spacers should  fi t snugly (Fig.  1c ).  

    4.    Cut the tip off a P200 pipette tip,  fi t the tip to a 3 ml syringe, 
and  fi ll the syringe with 100% silicone rubber aquarium seal-
ant. Fill the gaps between the plastic spacers with sealant. Be 
sure to  fi ll the gaps from the bottom up so that no bubbles 
form between the sealant plug and the base of the microslide.  

    5.    Place a metal rod atop the plastic spacers and fasten it with 
binder clips, so that the spacers are held in place while the seal-
ant dries (Fig.  1d, e ). Let the sealant dry overnight.  

    6.    Remove the binder clips, metal rod, and plastic spacers (Fig.  1f ). 
Use a scalpel blade to clean the sealant off the top of the metal 
rails. Use a dissecting microscope to examine the microslide 
and ensure that no bubbles are present at the bottom of the 
silicone dams. Remove any sealant  fi lm that may have formed 
in the wells such that bare metal is exposed inside wells. Fill one 
well with water and make sure that the water does not leak into 
the adjacent well(s). Repeat for all wells.  

  3.  Methods

  3.1.  Construction 
of the Electroporation 
Chamber

http://rsbweb.nih.gov/ij/
http://rsbweb.nih.gov/ij/
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    7.    The  fi nished microslide  fi ts in the plastic dish with the metal 
poles adjacent to the window in the side of the dish (Fig.  1g ); 
the electrodes will eventually be attached to the metal poles.      

      1.    Add plasmid DNA to a 1.5-ml microcentrifuge tube on ice and 
bring the volume up to 150  m l with distilled water. Multiple 
plasmid species may be combined for co-electroporation (see 
 Note 1 ).  

    2.    Precipitate the DNA by adding 15  m l 3 M sodium acetate (pH 
5.2) and 450  m l 100% ethanol. Invert the tube several times to 
mix.  

    3.    Spin down the DNA at 4°C, 16,000 ́  g, for 30 min. Wash the 
pellet with 70% ethanol, then spin it down again at 4°C, 
16,000 ́  g, for 15 min. Air-dry the pellet until semitranslucent, 
about 7 min, then resuspend in 54  m l sterile water (vortex well 

  3.2.  DNA Preparation

  Fig. 1.    Construction of the electroporation dish. ( a ) Unmodi fi ed microslide chamber from 
Harvard Apparatus, BTX model 453 (catalog #45-0105). ( b ) A Dremel tool is used to cut 
the handle off a plastic tube rack. The handle is cut into rectangular spacers with the fol-
lowing dimensions: length 0.8 cm, height 0.6 cm, width 0.3 cm. ( c ) The plastic spacers 
are  fi tted into the microslide chamber at equal intervals. Aquarium sealant is injected into 
the gaps between the spacers (not shown). ( d ) A  metal bar  is placed over the spacers. 
( e ) The bar and spacers are clamped onto the slide with binder clips to hold everything in 
place as the sealant dries overnight. ( f ) The spacers are removed and the wells are tested 
to ensure that they are watertight. ( g ) The  fi nished slide  fi ts into the plastic dish with the 
metal bars adjacent to the window in the side of the dish.       
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to mix). Add 6  m l sterile 10× PBS (pH 7.4) and mix by vortexing. 
The DNA aliquots may be stored at −20°C but should be 
brought to room temperature prior to electroporation.      

      1.    Sterilize the electroporation chamber and all instruments with 
70% ethanol (see  Note 2 ).  

    2.    Prepare sterile Petri dishes with dissection medium: Two 
35 mm dishes each with 3 ml medium and one 60 mm dish 
with 6 ml medium.  

    3.    Disinfect the head and neck of a postnatal day 0 (P0) mouse 
pup with a Kimwipe soaked in 70% ethanol. Quickly decapitate 
with scissors and transfer the head to a 100 mm dish.  

    4.    Cut away the scalp with small scissors to expose the eyes. Use 
curved forceps to gently scoop the eye out of the orbit, and 
place the eye in a 35 mm dish containing dissection medium. 
It may be helpful to remove the eyes under a dissecting micro-
scope at low power.  

    5.    Repeat steps 3 and  4  until all eyes have been collected. Keep 
eyes at room temperature while dissecting. You will need 3–4 
eyes per DNA aliquot.      

      1.    Use 70% ethanol to disinfect a razor blade and the plastic wrap-
per of a sterile transfer pipette. Cut the tip off the pipette with 
the blade so that it can suck up a whole eye. Store the pipette 
in the plastic wrapper when not in use.  

    2.    Transfer one eye from the 35 mm dish to the 60 mm dish. 
Under the dissecting microscope at high power, use  fi ne for-
ceps to remove any tissue from the surface of the eye.  

    3.    Carefully remove the optic nerve, sclera, cornea, and retinal 
pigmented epithelium. Leave the lens in place (see  Note 3 ).  

    4.    Use the transfer pipette to move the dissected retina into the 
other 35 mm dish with medium.  

    5.    Repeat steps 2– 4  until all eyes have been dissected.  
    6.    Store the retinas in a 37°C tissue culture incubator until ready 

to electroporate, no longer than 1 h.      

      1.    Prepare 35 mm dishes of medium. For each DNA aliquot, you 
will need one dish of dissection medium and one dish of cul-
ture medium. Label the dishes appropriately.  

    2.    Use a P200 pipette and sterile 1× PBS to wash out the cham-
bers in the electroporation dish. Each chamber holds a volume 
of 60–100  m l. Wash out each chamber three times.  

    3.    Fill the chambers with the DNA aliquots. Any unused chambers 
should be  fi lled with 60  m l 1× PBS. Connect the electrodes to 
the electroporation dish.  

  3.3.  Eye Collection

  3.4.  Retinal Dissection

  3.5.  Preparation 
for Electroporation
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    4.    Use the following settings on the electroporator: Mode, LV; 
voltage, 30 V; pulse length, 50 ms; number of pulses, 5; inter-
val, 950 ms; polarity, unipolar.      

      1.    Use  fi ne forceps to grasp the retinas by the lens and transfer 
them into the electroporation chambers. Each chamber holds 
up to four mouse retinas (Fig.  2 ).   

    2.    Use forceps to line up the retinas such that the lens leans against 
the metal rail attached to the positive electrode. Clean the for-
ceps with a Kimwipe after each transfer to avoid DNA cross-
contamination between chambers.  

    3.    Once all retinas are aligned, press “Start” on the electropora-
tor. Tiny bubbles should form on the metal rail attached to the 
negative electrode.  

    4.    Disconnect the electrodes and turn off the electroporator.  
    5.    Use forceps to gently move the retinas away from the chamber 

walls.  
    6.    Use a sterile transfer pipette to transfer the retinas from 

the chambers into the 35 mm dishes containing dissection 
medium.  

    7.    Wash out each chamber three times with sterile 1× PBS, then 
rinse with sterile water. Spray dish with 70% ethanol.      

      1.    Use a transfer pipette to transfer the retinas into the 35 mm 
dishes containing culture medium.  

    2.    Label the wells of a sterile 6-well culture plate and  fi ll each well 
with 3 ml culture medium.  

  3.6.  Electroporation

  3.7.  Placing Retinas 
on Filters for Culture

  Fig. 2.    Diagram of the electroporation dish with retinas. The chambers are  fi lled with DNA 
solutions (up to  fi ve different solutions at a time). Retinas are placed in the chambers and 
oriented so that the lens is leaning against the metal bar connected to the positive elec-
trode; three or four retinas will  fi t in each of the  fi ve chambers. The electrical current will 
cause the negatively charged DNA molecules to move into the retinal cells.       
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    3.    Use sterile forceps to place round Whatman Nuclepore  fi lters, 
shiny side up, atop the medium in each well.  

    4.    Use a sterile transfer pipette to transfer the retinas onto the 
 fi lter, lens-side-down (see  Note 4 ).  

    5.    Place the culture plate in a 37°C tissue culture incubator 
(5% CO 2 ) and grow for the desired amount of time, typically 
8 days (see  Notes 5–7 ).      

      1.    Replace the culture medium in each well with 4% paraformal-
dehyde/1× PBS. If the retinas remain stuck to the  fi lters, use 
forceps to  fl ip the  fi lters over and gently peel the retinas off the 
 fi lter. Incubate in paraformaldehyde for 30 min at room tem-
perature. Protect the retinas from light to avoid bleaching the 
 fl uorescence.  

    2.    Rinse the retinas twice for 10 min in 1× PBS.  
    3.    Use a disposable pipette to transfer the retinas onto a glass 

slide in a small drop of PBS. Under a  fl uorescent dissecting 
microscope, use forceps to  fl ip the retinas so that they are elec-
troporated-side-up (i.e., lens-side-down).  

    4.    Place glass “feet” made from crushed coverslips at the corners 
of the slide; these feet prevent  fl attening of the retina by the 
coverslip. Place an intact glass coverslip over the slide so that it 
covers the retinas and rests on the feet. If necessary, use a 
pipette to add more PBS between the slide and the coverslip.      

      1.    Use a  fl uorescent compound microscope to image the  fl at-
mounted retina at low power (4× objective) in the red and 
green channels. All retinas must be imaged with the same 
exposure time for a given  fl uorescent channel to enable com-
parison of  fl uorescence intensities. In other words, DsRed 
must be imaged with exposure time “A” in all retinas, and GFP 
must be imaged with exposure time “B” in all retinas. Make 
sure that the pixels are not saturated in any image, or else accu-
rate quanti fi cation will be impossible. Export images in gray-
scale TIFF format. The retinal explants may be saved for 
sectioning (see Note 8).  

    2.    Open the image set for one retina (i.e., red channel and green 
channel) in ImageJ software (  http://rsbweb.nih.gov/ij/    ). For 
the sake of this tutorial, the green  fl uorescent channel (GFP 
protein) is the control construct that is constant across all reti-
nas in the experiment. The red  fl uorescent channel (DsRed 
protein) is the experimental construct that varies for each set of 
retinas. The images should be in grayscale.  

    3.    In ImageJ, select the control green image and specify a circle 
of interest with diameter 100 units (Analyze/Tools/ROI man-
ager/More/Specify). Duplicate this circle (ROI manager/

  3.8.  Harvesting 
and Flatmounting 
Fluorescent Retinal 
Explants

  3.9.  Imaging 
and Quanti fi cation 
of Fluorescence in 
Flat-Mounted Retinas

http://rsbweb.nih.gov/ij/
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Add) to create eight circles total. Move circles 1–5 to select  fi ve 
regions that are uniformly electroporated, avoiding the outer 
edges of the retina and the region overlying the lens (Fig.  3a ). 
Also, select three regions (circles 6–8) outside the retina/lens 
to measure background  fl uorescence. Select the red image, 
uncheck the “Show all” box in ROI manager, and recheck the 
box. All eight circles should appear on the red image. Deselect 
all circle coordinates in ROI manager.   

    4.    With the red image selected, record the mean pixel value for all 
circles of interest (ROI manager/Measure); measurements 
1–8 should appear, where 1–5 are the red retinal measurements 
and 6–8 are the red background measurements. Select the 
green image and record the mean pixel value; measurements 
9–16 should appear, where 9–13 are the green retinal mea-
surements, and 14–16 are the green background measure-
ments. Copy the measurement data into Excel for analysis.  

    5.    Average the three background measurements in both the red 
and the green channels. Subtract the red background average 

  Fig. 3.    ( a ) ImageJ measurement of retinal  fl uorescence levels in  fl atmount. Grayscale 
 fl atmount images in the DsRed (experimental) and GFP (control) channels are opened in 
ImageJ software. Five measurement circles (1–5) are placed over uniformly electropo-
rated regions, avoiding the edges and lens ( dotted lines ). Three measurement circles 
(6–8) are placed outside the retina to determine background  fl uorescence levels. ( b ) Cross-
sectional images of an electroporated retinal explant at high power. The explant was  fi xed 
at postnatal day 8, cryoprotected in 30% sucrose/1× PBS overnight at 4°C, embedded in 
OCT, and cryosectioned at 12  m m. The  fl uorescent constructs pNrl (1.1 kb)-DsRed and 
pNrl (3.2 kb)-GFP are expressed in photoreceptor cells in the outer nuclear layer (ONL). 
 INL  inner nuclear layer,  GCL  ganglion cell layer.       

 



338 C.L. Montana et al.

from each of the  fi ve retinal measurements in the red channel; 
repeat for the green channel. For each retinal region-of-interest, 
divide the background-subtracted red measurement by the 
background-subtracted green measurement in order to nor-
malize the experimental red level to the control green level.  

    6.    Determine the average and standard deviation of all normal-
ized measurements for a given DsRed construct (e.g.,  fi ve 
measurements per retina times three separate retinas). In order 
to quantitatively compare the results of electroporations car-
ried out on different days, always include a “standard” DsRed/
GFP precipitation in each electroporation set. Relative expres-
sion values across experiments can be compared by normaliz-
ing to the expression level of this “standard.”       

 

     1.    In a typical promoter analysis experiment, two  fl uorescent 
constructs are co-electroporated: an experimental promoter 
driving the  fl uorescent protein DsRed and a control promoter 
driving GFP (or vice versa). Ideally, the control construct 
should be expressed in the same cell type as the experimental 
construct (e.g., for photoreceptor expression, a good control is 
the  Nrl  promoter  (  7  )  driving GFP which is available through 
Addgene [  http://www.addgene.org/13764/    ]). When calcu-
lating the amount of DNA to add to the tube, keep in mind 
that the  fi nal volume of the DNA aliquot will be 60  m l. Typically, 
each construct is used at a  fi nal concentration of 0.5  m g/ m l.  

    2.    It is important to be as sterile as possible throughout the entire 
procedure, from eye collection and retinal dissection to the 
placement of electroporated retinas in the culture dish. If ster-
ile conditions are not maintained, fungus and/or bacteria may 
contaminate the explants as they grow in culture. Be especially 
vigilant about spraying gloves, surfaces, and dissection instru-
ments with 70% ethanol. Subheading  3.5 – 3.7  (electroporation 
and culture prep) should be performed in a sterile laminar  fl ow 
hood if possible.  

    3.    One dissecting strategy is to poke a small hole in the sclera at 
the limbus with one pair of forceps. Then, insert one prong 
from both pairs of forceps into the hole (tangential to the reti-
nal surface) and gently tear open the sclera/RPE. In albino 
mice, the sclera and RPE appear shiny relative to the retinal 
tissue, which is a homogeneous matte tan color. It is worth-
while to perform careful dissections, because any gashes in the 
retinal tissue will cause contortion of the explant as it grows in 
culture. This will result in nonuniform  fl uorescence across the 

  4.  Notes

http://www.addgene.org/13764/


33923 Quantifying the Activity of cis-Regulatory Elements…

retinal surface in a  fl at-mount view. It may be impossible to 
quantify  fl uorescence levels if the retina is severely distorted. 
It is not necessary to leave the lens in place, but we have found 
that it helps to maintain the shape of the retina throughout the 
procedure and results in more uniform  fl atmount preparations. 
In addition, the lens can be utilized as a “handle” for moving 
the retinas.  

    4.    If the retina lands lens-side-up, pick it up with the pipette and 
attempt to place it again. It is important to place the retina 
lens-side-down (i.e., electroporated-side-up) since having the 
electroporated side of the retina in contact with the  fi lter can 
adversely affect  fl uorescence. Do not place more than four reti-
nas on one  fi lter and make sure that the droplets of medium 
surrounding each retina remain separate from the other drop-
lets. If the  fi lter becomes submerged, remove the retinas from 
that well, replace the sunken  fi lter with a fresh one, and attempt 
to place the retinas again.  

    5.    For routine analysis of photoreceptor-speci fi c CREs, 8 days in 
culture is usually suf fi cient to detect activity. If desired, retinas 
may be grown in culture for longer periods. The medium 
should be changed every 8 days; more frequent medium 
changes are discouraged because of the increased risk for cul-
ture contamination. To change the medium, open the plate in 
a sterile laminar  fl ow hood, tilt the plate, and remove most—
but not all—the medium with a sterile P1000 pipette tip. Do 
not touch the  fi lter or allow liquid to drip onto the  fi lter. Next, 
draw up 3 ml fresh medium with a sterile serological pipette 
and slowly inject the medium into the corner of the well. The 
 fi lter should slowly lift away from the bottom of the well and 
 fl oat on the surface.  

    6.    If desired, small molecules may be added directly to the culture 
medium, such as doxycycline and 4-hydroxytamoxifen.  

    7.    The culture plates may be removed from the incubator and 
examined with a  fl uorescent dissecting microscope for short 
periods every day (do not remove the plate lid).  

    8.    To save the retinal explants for histological analysis (e.g., fro-
zen cross-sections) carefully lift off the coverslip and add a few 
drops 1× PBS to the slide. Use forceps to gently loosen the 
explants from the slide and transfer them to a vial of sterile 30% 
sucrose/1× PBS with a disposable transfer pipette. Light-
protect the vial with aluminum foil and incubate overnight at 
4°C; the retinas should eventually sink when they become per-
meated by the cryoprotectant. The next day, add an equal vol-
ume of Tissue-Tek OCT compound to the vial and gently rock 
at room temperature for 2–4 h. Remove the sucrose/PBS/
OCT solution and replace with 100% OCT, then rock again at 
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room temperature for 2–4 h. Transfer the retinas and OCT to 
a plastic tissue mold. Under a  fl uorescent dissecting micro-
scope, orient the retinas so that they rest on their sides at the 
bottom of the mold with the  fl uorescence down. Freeze quickly 
on dry ice and store at −80°C. Section the blocks with a cry-
ostat at 8–15  m m thickness. The frozen sections may be pro-
cessed by standard histological techniques including DAPI 
staining. Figure  3b  shows a  fl uorescent retinal explant that was 
sectioned, DAPI-stained, and imaged under high power.          
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    Chapter 24   

 Optimized Technique for Subretinal Injections in Mice       

     Regine   Mühlfriedel      ,    Stylianos   Michalakis   ,    Marina   Garcia   Garrido   , 
   Martin   Biel   , and    Mathias   W.   Seeliger      

  Abstract 

 Subretinal injections in mice become increasingly important. Currently, the most prominent application is 
in gene therapy of inherited eye diseases by means of viral vector delivery to photoreceptors or the retinal 
pigment epithelium (RPE). Since there are no large animal models for most of these diseases, genetically 
modi fi ed mouse models are commonly used in preclinical proof-of-concept studies. However, because of 
the relatively small mouse eye, adverse effects of the subretinal delivery procedure itself may interfere with 
the therapeutic outcome. The protocol described here concerns a transscleral  pars plana  subretinal injec-
tion in small eyes, and may be used for but not limited to virus-mediated gene transfer.  

  Key words:   Recombinant adeno-associated virus ,  Gene delivery ,  Subretinal injection ,  Transscleral 
 pars plana  injection ,  Retina ,  Mouse eye ,  Ablation ,  Bleb formation ,  Photoreceptor cell    

 

 Recombinant, replication-de fi cient adeno-associated viral (rAAV) 
vectors are increasingly used in gene therapy trials in the central 
nervous system  (  1–  3  )  and are a promising tool for human gene 
therapy of hereditary retinal diseases  (  4–  6  ) . As many such vision-
threatening disorders are caused by mutations in photoreceptor 
and/or retinal pigment epithelium (RPE) genes, the currently best 
strategy for gene therapy is by local viral vector delivery via subreti-
nal injection. The subretinal space is particularly well suited for 
transfection because injected material gets in direct contact with 
both photoreceptors (PhR) and RPE cells. Up to now, different 
routes of injection were described: (a) subretinal injections via a 
transcorneal route passing lens and vitreous  (  7–  9  )  as well as (b) 
transscleral route entering  pars plana  at the limbus or  ora serrata  
 (  10,   11  ) . Recently, rAAVs have been successfully applied in experi-
mental studies for the treatment of retinal dysfunctions or retinal 

  1.  Introduction
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degenerative diseases  (  12–  17  ) . However, there are studies that have 
not succeeded to restore function in other cases  (  18,   19  ) . Apart 
from disease model-speci fi c causes, an important factor that may 
in fl uence the outcome is the quality of vector administration. 
Despite recent improvements in the development of speci fi c pro-
moters and viral capsids, little efforts have been made so far to study 
and potentially optimize the procedures for subretinal delivery 
 (  20,   21  ) . The injection technique described here bases on our expe-
rience with successfully treated gene-de fi cient mouse lines  (  22  ) .  

 

      1.    Puri fi ed virus stored at −80  °C (vector titer: 3 × 10 8  to 
8 × 10 9  vector genomes/ml).  

    2.    Mixture of ketamine (working solution: 66.7 mg/kg) and 
xylazine (working solution: 11.7 mg/kg).  

    3.    Tropicamide eye drops (Mydriaticum Stulln, Pharma Stulln 
GmbH, Germany).  

    4.    Carbomer hydrogel (Vidisic ® , Dr. Mann Pharma, Berlin).  
    5.    Dexamethason and Gentamicin ointment (Dexamytrex ® , 

Bausch & Lomb, Berlin).  
    6.    Acetone.      

      1.    Operating microscope (Zeiss, Germany).  
    2.    Glass syringe (WPI Nano fi l syringe 10  m l, World Precision 

Instruments, Berlin).  
    3.    Sterile needles (34-gauges with 25° beveled tip, WPI).  
    4.    Sterile curved surgical forceps.  
    5.    Glass cover slips (7–10 mm in diameter).  
    6.    Warming blanket.       

 

      1.    Centrifuge the puri fi ed virus suspension shortly and store the 
collecting tube on ice.      

      1.    Before starting the experiment, sterilize surgical instruments, 
needles, and syringes by incubating with 70 % ethanol for 
10–15 min. Rinse needles three times with sterile water.  

  2.  Materials

  2.1.  Anesthesia, 
Solutions, and Agents

  2.2.  Surgical 
Instruments 
and Supplies

  3.  Methods

  3.1.  Preparation 
of the Virus 
Suspension

  3.2.  Anesthesia and 
Preparation of Mice
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    2.    Anesthetize the mouse by subcutaneous injection of the 
prepared mixture of ketamin and xylazin. The mouse will 
develop adequate anesthesia in approximately 5 min.  

    3.    For pupillary mydriasis apply tropic amide eye drops. The pupil 
is fully dilated within 2–3 min. If necessary, another drop of 
tropic amide has to be placed on the cornea when the pupil is 
not adequately dilated up to that point in time. After dilation, 
it should take <5 min to complete the surgery.      

  Subretinal injection is performed under direct visualization using 
an operating microscope.

    1.    Fill the syringe with 1–2  m l vector suspension. Prevent air bub-
bles in the solution (see  Note 1 ).  

    2.    Position the mouse with its nose pointing away from the sur-
geon and its right eye facing up toward the ring light and the 
microscope.  

    3.    Drop the hydrogel on the cornea and cover it with a glass cover 
slip. Visualize the fundus in such a way that its blood vessels and 
the optic nerve head can be clearly seen (see  Note 2 ). This serves 
as a means to assess the condition of the eye before injection and 
as a control for the postoperative condition of the retina (Fig.  1a ). 
The cover slip is not removed during the surgery.   

    4.    Grasp the  tunica conjunctiva  with the forceps at favored site as 
desired (e.g., dorsal part) and place the sterile needle at the 
inferior site of the  ora serrata . The tip of the needle should be 
positioned with the aperture turned up (Fig.  1a ).  

    5.    Advance the needle  ab externo  transsclerally into the subretinal 
space. Under manual control, inject the suspension slowly with 
low pressure as soon as the tip of the needle becomes visible 
after its passage through the sclera/RPE (more easily in pig-
mented mice). The injection in the subretinal space results in a 
visible retinal detachment due to the bleb formation (Fig.  1b , 
see  Notes 3  and  4 ). A 34-gauge needle may be reused about 
ten times before replacement.  

    6.    Withdraw the needle slowly. Rinse the needle two times with 
sterile water and acetone. Sterilize the needle with 70 % etha-
nol by rinsing several times and wash again with sterile, desali-
nated water.  

    7.    Optional: Monitoring and assessment of the quality of subreti-
nal injection, retinal morphology, size of ablation as well as 
injection site using the in vivo imaging techniques (e.g., cSLO 
and SD-OCT, Fig.  2 ).   

    8.    Place the animal on a warming blanket. Apply ointment to the 
corneas to prevent drying eyes while the animal recovers from 
anesthesia.  

    9.    Note injection site, volume, virus titre, bleb formation as well 
as any side effects.      

  3.3.  Injection 
Procedure
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      1.    Provide antibiotic ointment two times daily for 48 h. Opacity 
of the eye is mostly due to injuries of the lens and/or cornea 
via the needle tip. Animals should be excluded from further 
studies (see  Notes 5  and  6 ).       

 

     1.    Air bubbles in the vector solution can be avoided by rinsing 
(slowly) the needle several times with sterile water and replac-
ing the water with the vector suspension before starting the 
experiment.  

    2.    Because of the small size of the mouse eye, the success of a 
subretinal injection is not easy to evaluate, particularly for less 
experienced investigators. A surgery microscope offers the best 

  3.4.  Postoperative 
Treatment

  4.  Notes

  Fig. 1.    Sketch of the subretinal injection technique described here. ( a ) Technical setup for 
the intraocular injection. The fundus is visualized by means of a “contact lens” consisting 
of a drop of a hydrogel on the cornea, covered with a glass cover slip. The tangential posi-
tion of the 34-gauge beveled needle is shown just before transscleral passage at the site 
of the  ora serrata . N = nasal, T = temporal. ( b ) Schematic view of the cavity following a 
transscleral injection to the subretinal space, which has formed between the retina and 
the RPE at the dorsal part of the eye.       
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  Fig. 2.    Quality control of the retinal detachment immediately after subretinal injection by 
a combination of cSLO and SD-OCT. ( a ) Fundus images of the injection site in relation to 
landmarks of the murine retinal morphology (vessels, optic nerve head ( open arrows )). 
 Left  : Surface-enhanced view at 514 nm laser wavelength ( green , labeled RF   ). The  broken 
line  indicates the position of the subretinal injection cavity.  Asterisks  indicate a site 
where retinal vessels are pushed apart by the bleb. Also, their continuation on top of the 
bleb is well visible.  Right  : Depth-enhanced view at 830 nm laser wavelength (infrared, 
labeled IR). ( b )  Left  : Higher magni fi cation detail (10°) of the 514 nm image in ( a ).  Right  : 
SD-OCT images reveal the detachment of the retina (  fi lled arrows  ) in the injected area in 
horizontal and in vertical orientation following the intervention. ( c ) Detailed in vivo 
SD-OCT imaging of the retinal architecture of a subretinally injected eye. The detachment 
(  fi lled arrow  ) is located between the photoreceptor cell layer (IS/OS) and the RPE. Note 
the injection site ( open arrow  ). D = dorsal, V = ventral, T = temporal, N = nasal, RPE/
CC = retinal pigment epithelium/choriocapillaris, I/OS = inner/outer segments, ONL = outer 
nuclear layer, OPL = outer plexiform layer, INL = inner nuclear layer, GC/IPL = ganglion 
cells and inner plexiform layer.       
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view and allows for a well-controlled intraocular procedure. 
Additionally, in vivo imaging immediately postinjection using 
cSLO and SD-OCT is very helpful to improve quality of the 
injection and  fi ne tuning of the surgical procedure. There are 
several causes of incorrect cargo delivery into the subretinal 
space.  

    3.    By using the transscleral as well the transcorneal route of 
administration, retinal and choroidal vessels may be injured by 
the needle tip resulting in hemorrhages. By using a glass cover 
slip during the injection, the fundus and the retinal vessels may 
be well visualized. This information is used to select the opti-
mal combination of the  fi xation site (where the eye is held with 
the  fi ne forceps) and the entry position (where the needle 
passes through the RPE).  

    4.    By using the transscleral as well the transcorneal route of 
administration, injected material may go suprachoroidally or 
subchoroidally. This can be avoided by strict control of the 
position of the tip of the needle as well as by generation of a 
suf fi cient retinal detachment by bleb formation.  

    5.    By using the transscleral as well as the transcorneal route of 
administration, material may end up in the vitreous or the lens, 
resulting in damages and in incorrect administration of the 
cargo. Transscleral injection: Overly high pressure during the 
injection results in  fi ne ruptures of the retinal layers. The tip of 
the needle may easily pass through the inner retina/ganglion 
cells, resulting in incorrect injections in the lens or vitreous. 
The difference between a needle tip located either subretinally 
or intravitreally may be visualized by the properties of 
re fl ectance: when located intravitreally, tips appear more clear 
and bright than those located subretinally. Transcorneal injec-
tion: Premature injection by misinterpretation of the tip posi-
tion before reaching the subretinal space.  

    6.    The postoperative treatment with antibiotic ointment is impor-
tant to prevent eyes from drying out and infections resulting in 
neovascularizations of the cornea. These processes lead to irre-
versible side effects that may prevent further follow-up 
examinations.          
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    Chapter 25   

 Adeno-Associated Viral Vectors for Gene Therapy 
of Inherited Retinal Degenerations       

     John   G.   Flannery       and    Meike   Visel     

  Abstract 

 Adeno-associated virus (AAV) vectors are in wide use for in vivo gene transfer for the treatment of inherited 
retinal disease. AAV vectors have been tested in many animal models and have demonstrated ef fi cacy with 
low toxicity. In this chapter we describe some of the recent methods for small-scale production of these 
vectors for use in a laboratory setting in volumes and purity appropriate for testing in small and large 
animals.  

  Key words:   Adeno-associated virus ,  Gene transfer ,  Retinal degeneration    

 

 Gene transfer to nondividing retinal neurons, epithelia, and glia is 
an essential technique for basic studies of retinal function as well as 
development and testing of gene-augmentation, knockdown, and 
gene replacement therapeutics. Adeno-associated viral (AAV) vec-
tors have emerged as the viral vector of choice for many applica-
tions as they provide long-term stable expression of the genetic 
“payload” and few deleterious side effects. 

 To date, most of the retinal cell types that have been targeted 
with therapeutic gene constructs for ocular disease have been neu-
rons (photoreceptors, retinal ganglion cells) and epithelia (RPE). 
Fortunately, the natural “tropism” for the best-characterized AAV 
(serotype 1–9) are neurons and    epithelia. AAV serotypes 8 and 9 
ef fi ciently transduce Muller glia when delivered into the subretinal 
space. The types of therapeutic cDNA “payloads” that have been 
transferred to the retina are enzymes and structural proteins to 
replace recessive null mutations, as well as shRNA and ribozymes 
to “knock down” a dominant mutation and neurotrophins and 

  1.  Introduction
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survival factors. In addition, groups have transferred molecules to 
suppress retinal neovascularization, such as the soluble VEGF 
receptor sFLT. 

 The intraocular use of AAV vectors is expanding with the 
advent of the  fi eld of optogenetics—as genetically encoded optical 
switches such as channelrhodopsins  (  1  ) , halorhodopsin  (  2  ) , LiGluR 
 (  3  ) , as well as  fl uorescent optical reporters such as GCaMP  (  4,   5  )  
 fi nd wider application to circuit analysis in the retina  (  6  ) . In addi-
tion, the use of cre-expressing and cre-dependent expression vec-
tors to achieve mosaic transgene expression is expanding rapidly. 

 Clearly, AAV vectors have limitations for their use in retinal 
gene therapies—which primarily are dictated by the structure of 
the wild-type virus. The recombinant AAV viral particle consists of 
the icosahedral viral capsid, which encloses the “payload” gene to 
be transferred and the appropriate promoter. The AAV capsid 
diameter is approximately 25 nm, which physically limits the 
amount of DNA that it may accommodate within. The wild-type 
AAV has a genome of 4,675 nucleotides and the recombinant vec-
tors cannot encapsidate DNA sequences signi fi cantly larger than 
5 kb. Wild-type AAV is a dependovirus; it is not enveloped and 
replication incompetent. The recombinant versions as generated in 
the methods of this chapter are similarly unable to replicate. Wild-
type AAV will replicate only in a cell when co-infected by a helper 
virus, such as adenovirus or herpes simplex. 

 The laboratory production methods outlined in this chapter 
are modi fi ed from the mechanisms of wild-type replication in vivo. 
In brief, the approach is termed “triple transfection” as it consists 
of transfecting a mammalian cell line with three plasmids  (  7  ) :

    1.    A therapeutic gene  fl anked by the viral inverted terminal repeats 
(ITR).  

    2.    A plasmid encoding the AAV capsid and replication genes.  
    3.    The adenoviral genes (normally supplied by adenoviral coin-

fection) that are required for the helper functions.     

 Two to three days later, the transfected cells and media are 
harvested and the recombinant AAV particles are puri fi ed from the 
cell lysate. 

 The primary limitation for the use of AAV in treating retinal 
disease is the packaging limit imposed by the physical size of the 
capsid. The naturally occurring serotypes all have a packaging limi-
tation of approximately 4.7 kb. There have been reports of delivery 
of larger inserts  (  8  ) ; however, upon closer examination the transfer 
appears to be mediated by transfer of fractional portions of the 
gene construct and homologous recombination within the target 
cell rather than encapsidation and transfer of a single, intact gene 
construct signi fi cantly larger than 5 kb  (  9,   10  ) . 
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 Overall, the initial question is: “Which retinal cell type to 
transduce?” The AAV vector must transduce the cell class harbor-
ing the mutation in gene replacement for recessive diseases and 
“knockdown” for dominant diseases. However, in the case of neu-
roprotection or anti-angiogenesis therapy with a secreted molecule 
it is not necessary to transduce the cell harboring the mutation, 
and in fact it may be advantageous to secrete the factor from a 
neighboring “healthy” cell type  (  11  ) . 

 In all applications in the eye, targeting of the gene construct to 
the intended cell type, while minimizing the ectopic expression in 
neighboring cells, is an essential goal. This may be approached in a 
rational series of steps, initially choosing the site of injection 
(Figs.  1 ,  2 , and  3 ), secondarily by controlling the viral binding to 
the cell surface (Fig.  4 ), and  fi nally by the choice of promoter con-
tained within the vector. The initial decision is whether the viral 
particles will be delivered intraocularly into the vitreous cavity, or 
the subretinal space. As the diffusion distances of the viral particles 
are short, and the viral capsids interact with cell surface receptors—
this choice of where to introduce the particles largely controls 
which cell types are exposed to the vector. Most recently, studies 
have indicated a potential additional route via intravascular gene 
transfer to the retina with AAV serotype 9  (  12,   13  ) .     

 After the initial selection of injection route, the second factor 
controlling which cells are transduced is the vector serotype—
which plays a major role in the capsid-to-cell surface receptor 
interaction. 

 The ability to transfect speci fi c retinal cell classes has increased 
by the identi fi cation and characterization of multiple AAV sero-
types, of which serotypes 1–9 are the best characterized to date. 
It is important to note that although AAV serotype 2 is currently 
used in most clinical trials for eye disease, that choice is somewhat 
dictated by the fact that the preclinical data and pathway to IND 
 fi ling requires many years, and that this process was initiated prior 
to the in vivo characterization of many of the serotypes. AAV sero-
type 2 remains a good choice for many applications in the retina, 
but its clinical use should not be construed that it is the best or 
only option for many studies. 

 In addition to the naturally occurring serotypes, study of the 
AAV capsid structure has progressed to the point where rational 
modi fi cations to the capsid can be designed to change or increase 
their infectivity or ef fi ciency. These modi fi cations include inser-
tions of short peptides into precise locations on the capsid surface 
 (  14  ) , modi fi cations of the surface tyrosines to reduce ubiquitina-
tion  (  15  ) , or selection of serotypes to minimize interaction with 
preexisting anti-AAV antibodies. In addition, AAV libraries  (  16  )  
have been generated with speci fi c targeting properties for applica-
tion to the retina  (  17–  19  ) . 
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 Finally, the property that governs whether a particular gene 
construct is successfully delivered to a cell is the promoter elements 
included within the construct. This part of the vector design is 
highly specialized to the particular application, and design feature 
is beyond the scope of this chapter; however careful consideration 
must be paid to this, as the packaging limits of 4.7 kb confer 

  Fig. 1.    Intravitreal injection can generate widespread expression in retinal ganglion cells (RGC) and retinal Muller Glia.       

 



35525 Adeno-Associated Viral Vectors for Gene Therapy of Inherited…

signi fi cant constraints on the size of the promoter region that may 
be included. 

 Regardless of the serotype and promoter ultimately chosen, 
the production and packaging goals remain similar—generation of 
high-titer AAV with minimal impurities. It is important to note 
that the following methods described are similar to those used in 
the Standard Operating Procedures for many Academic and com-
mercial vector core facilities. Caution must be taken when using 
vectors from these multi-application facilities for intraocular use. 
For most non-ocular applications, AAV vectors are generated using 
a triple transfection protocol and puri fi ed using a sequential process 
of nuclei isolation, density gradient centrifugation, and heparin 
sulfate af fi nity column chromatography. However, for most in vivo 
applications, such as injection into a large tissue (e.g., muscle or brain) 

  Fig. 2.    Subretinal injection can generate ef fi cient transduction of rod and cone photoreceptors and retinal pigment epithe-
lium within a con fi ned region of the injection site or “bleb”.       
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or systemically, a small amount of protein impurities will generate 
no signi fi cant immune    response. In the context of a typical ~1  μ l 
injection of concentrated AAV into the mouse eye, however, this 
proportion of antigenic protein can generate a substantial uveitis 
immune response. Similarly, many vectors generated in shared 
facility are resuspended in high-salt buffer to enhance storage and 
stability. The introduction of microliter quantities of AAV sus-
pended in these very-high-salt solutions can have a dramatic change 
in the osmolarity of the subretinal space and induce signi fi cant 
damage to the photoreceptors and RPE. 

  Fig. 3.    Subretinal injection of AAV places the viral particles in physical contact with rod and cone photoreceptors, as well as 
the retinal pigment epithelium.       
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 In this chapter, we outline a general method for production of 
small quantities of puri fi ed AAV vectors appropriate for use in the 
eye to transduce the retina (Fig.  5 ). These are not GMP/GLP 
methods, but can generate titers above 10 13  particles/ml if carefully 
implemented. The described method is not optimized to generate 
large quantities of vector for systemic use in animals, nor in adequate 

  Fig. 4.    AAV capsid binding to cell surface receptors mediates the cellular “tropism” of an 
AAV serotype. The  fi rst step of infection is mediated by interactions between the AAV 
capsid and cell surface receptors. In the case of subretinal injection, the AAV particles 
encounter the apical RPE, as well as the rods and cones. Only if the AAV particle is suc-
cessfully endocytosed into the target cell, will the promoter choice have an effect on 
expression.       
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quantities or purity for clinical trials in humans. In general, these 
methods are appropriate for studies in rodent models, but are scal-
able to generate larger volumes for larger animals if required.   

 

      1.    AAV cis-plasmid (see  Notes 1 ,  4 , and 5).  
    2.    AAV trans-plasmid (see  Notes 2 ,  4 , and 5).  

  2.  Materials

  2.1.  Packaging 
of Vector

  Fig. 5.    General outline for production of AAV vectors.       
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    3.    Adenoviral helper (see  Notes 3 – 5 ).  
    4.    15 cm cell culture plates.  
    5.    293 Cells (ATCC #CRL-1573; see  Note 6 ).  
    6.    DMEM high glucose with 10% FBS and 2 mM  L -glutamine 

added.  
    7.    Dulbecco’s phosphate-buffered saline (D-PBS).  
    8.    Trypsin.  
    9.    jetPRIME™ and jetPRIME™ buffer (see  Note 7 ).  
    10.    AAV lysis buffer: 50 mM Tris–HCl, 150 mM NaCl, and 0.05% 

Tween-20 in distilled water; adjust the pH to 8.5 and sterile 
 fi lter before use.  

    11.    Benzonase 250 U/ μ l.  
    12.    Precipitation solution: 40% PEG 8000, 2.5 M NaCl in distilled 

water; sterile  fi lter before use (see  Note 9 ).      

      1.    Buffer A (60% Iodixanol): Optiprep media.  
    2.    Buffer B (10× PBS-MK): Dissolve 10 mM MgCl 2  and 25 mM 

KCl in 10× D-PBS and  fi lter.  
    3.    Buffer C (1× PBS-MK): Dilute Buffer B 1:10 with distilled 

water.  
    4.    Buffer D (1× PBS-MK + 2 M NaCl): Dilute Buffer B 1:10 with 

distilled water, add 2 M NaCl, and  fi lter.  
    5.    Buffer E (54% Iodixanol): Combine 250 ml Buffer A with 

27.8 ml Buffer B.  
    6.    70.1 Ti rotor (Beckman Coulter).  
    7.    Beckman Coulter Quick-Seal tubes (#342413).  
    8.    Beckman Coulter tube topper.  
    9.    5 ml syringe.  
    10.    Metal cannula to  fi ll Quick-Seal tubes.  
    11.    ~21 g and ~18 g needle.  
    12.    70% Ethanol.  
    13.    Prepare Iodixanol solutions for layering:

   15% Iodixanol: 37.5 ml Buffer E + 67.5 ml Buffer D + 30 ml 
Buffer C.  

  25% Iodixanol: 62.5 ml Buffer E + 72.5 Buffer C + 337.5  μ l 
Phenol Red (0.5%).  

  40% Iodixanol: 100 ml Buffer E + 35 ml Buffer C.  
  60% Iodixanol: Add 125  μ l Phenol Red to 50 ml Buffer A.         

  2.2.  Iodixanol 
Puri fi cation
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      1.    Amicon Ultra-4 centrifugal  fi lter unit (100,000 MNWL).  
    2.    D-PBS+ with 0.01% Tween-20.  
    3.    D-PBS+ with 0.001% Tween-20.  
    4.    Sterile syringes.  
    5.    Syringe  fi lter (0.2  μ M).      

      1.    DNAseI, reaction Buffer, EDTA.  
    2.    Proteinase K.  
    3.    Platinum Taq, 50 mM MgCl 2 , 10× Platinum Taq Buffer.  
    4.    Forward ITR primer: 5 ¢ -GGAACCCCTAGTGATGGAGTT-3 ¢ .  
    5.    Reverse ITR primer: 5 ¢ -CGGCCTCAGTGAGCGA-3 ¢ .  
    6.    AAV2 ITR probe: 5 ¢ -FAM-CACTCCCTCTCTGCGCGCT

CG-BHQ-3 ¢ .  
    7.    QPCR instrument.       

 

      1.    Before starting the transfection process, make certain that you 
have adequate quantities of the plasmids on hand.  

    2.    24 h before the transfection, pass the 293 cells. Plate 1E+7 (or 
the amount of cells that will result in a 60–80% con fl uent plate 
on the transfection day) 293 cells in each of the eight 15 cm 
plates in 15 ml DMEM high glucose with 10% FBS and 2 mM 
 L -glutamine.  

    3.    The next day check the cells for density and prepare the trans-
fection. It is not recommended to transfect more than  fi ve 
plates at once, since the transfection mix should not incubate 
for prolonged periods.  

    4.    We recommend preparing two sets of the following (for four 
plates):
   4 ml jetPRIME buffer.  
  + 28.4  μ g AAV cis-plasmid.  
  + 17.2  μ g AAV trans-plasmid.  
  + 34.4  μ g adenoviral helper plasmid.     

    5.    Vortex brie fl y. Add 160  μ l jetPRIME and vortex the mixture 
for 10 s.  

    6.    After 10 min of incubation, add 1 ml of the transfection mix 
drop-wise evenly on each plate (see  Notes 7  and  8 ).  

  2.3.  Concentration 
and Buffer Exchange

  2.4.  QPCR 
Quanti fi cation 
of Viral Titer

  3.  Methods

  3.1.  Packaging
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    7.    Gently rock the plates back and forth from side to side. After 
4–12 h of incubation, the medium can be replaced with 20 ml 
fresh medium.  

    8.    72 h after transfection, harvest cells by pipetting media up and 
down and dispense into four 50 ml tubes.  

    9.    Spin at 1,000 ×  g  for 10 min to pellet cells. Decant the super-
natant ( maintain in refrigerator or on ice ) and resuspend cells 
in a total of 20 ml AAV lysis buffer (5 ml lysis buffer in each 
falcon tube).  

    10.    Freeze/thaw the pellet three times in a dry ice/ethanol slurry 
and a 37°C water bath.  

    11.    Gently vortex the pellet between cycles. After the freeze/thaw 
cycles, combine the cell lysate with the supernatant.  

    12.    Add 40% PEG + 2.5 M NaCl to a  fi nal concentration of 8% 
PEG + 0.5 M NaCl and incubate on ice for 2 h (see  Note 9 ).  

    13.    Spin down the precipitate at 3,700 ×  g  for 20 min at 4°C.  
    14.    Aspirate the supernatant and resuspend the pellet by pipetting 

up and down in a total volume of 21 ml AAV lysis buffer.  
    15.    Let the solution sit overnight in the refrigerator, or alterna-

tively for 1 h at 37°C to assist in resuspension.  
    16.    Add 4.2  μ l of Benzonase for a  fi nal concentration of 50 U/ml 

and incubate at 37°C for 30 min.  
    17.    Centrifuge at 3,700 ×  g  for 20 min at 4°C to pellet debris, and 

keep the supernatant which contains AAV vector.      

      1.    Layer AAV-containing solution and Iodixanol carefully into 
each of the four quick seal ultracentrifuge tubes using a 5 ml 
syringe and long metal cannula in the following order:  
   (a)    5.25 ml AAV crude lysate.  
   (b)    2.4 ml 15% Iodixanol.  
   (c)    1.9 ml 25% Iodixanol.  
   (d)    1.6 ml 40% Iodixanol.  
   (e)    1.6 ml 60% Iodixanol.  

    2.    The cannula should be placed at the bottom of the tube and 
the plunger needs to be pushed slowly so that the layering is 
not disturbed. It is also important to avoid air bubbles. We  fi rst 
measure and pipette the solutions in a 15 ml tube and then 
remove the whole volume.  

    3.    Gently  fi ll up the top of the tube with AAV lysis buffer up to 
the beginning of the neck of the tube.  

    4.    Seal tubes with tube topper and check for leaks by gently 
squeezing walls of tube.  

  3.2.  Initial Puri fi cation 
with Iodixanol
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    5.    Centrifuge at 69,000 rpm (437,250×g)    for 60 min at 18°C 
with acceleration and brake on setting #9.  

    6.    After the centrifugation spin has completed, pierce tube at the 
top with a 21-gauge needle.  

    7.    Hold a tissue between needle and tube to prevent liquid from 
spraying out.  

    8.    Wipe the outside of the tube with 70% ethanol, 2 mm below 
the 40–60% interface, and puncture the tube with an 18 gauge 
needle attached to a 5 ml syringe (approximately at the height 
of the sealing line in the plastic tube).  

    9.    Turn the bevel of the needle down and slowly remove ~75% 
(~1.2–1.5 ml) of the clear 40% Iodixanol layer (see  Note 10 ).      

      1.    Pre-incubate Amicon Ultra-4 centrifugal  fi lter unit with 4 ml 
D-PBS + 0.01% Tween for 10 min and spin at 3,700 ×  g  for 
5 min.  

    2.    Add 4 ml of the diluted Iodixanol fraction containing the vec-
tor to the  fi lter and spin at 3,700 ×  g  for 5–10 min at 4°C (or 
the time it takes to spin down to ~50–100  μ l).  

    3.    Discard the  fl ow-through and re fi ll the  fi lter with the Iodixanol 
fraction until it is gone.  

    4.    Add 4 ml D-PBS + 0.001% Tween-20, and spin at 3,700 ×  g  for 
5–10 min at 4°C (or the time it takes to spin down to 
~50–100  μ l).  

    5.    Repeat this two more times for a total of three buffer washes.  
    6.    Remove the  fi nal buffer exchanged vector in a volume of 

100–250  μ l.  
    7.    Wash the  fi lter unit with an additional ~50  μ l D-PBS + 0.001% 

Tween-20 and pool if desired (see  Note 11 ).      

  To determine the viral genome titer we begin with a DNAse I/
Proteinase K digest followed by QPCR  (  20  ) .

    1.    Take 5  μ l of the AAV-containing solution after PEG precipita-
tion and after the Iodixanol spin, or 1  μ l of the concentrated 
virus.  

    2.    Digest with 1  μ L DNAse in 50  μ l volume. Incubate for 30 min 
at 37°C. Add 1  μ l EDTA (usually part of the DNAse kit) and 
inactivate the DNAse for 10 min at 65°C. The DNAse will 
remove any residual DNA from the sample.  

    3.    To digest the AAV capsid and release the DNA, add 10  μ g 
(0.5  μ l) Proteinase K (20 mg/ml) and incubate for 60 min at 
50°C. Heat-inactivate the Proteinase K for 20 min at 95°C.  

    4.    Use 5  μ l in the QPCR analysis: The forward and reverse primers 
for the QPCR amplify a 62 bp fragment located in the 

  3.3.  Concentration 
and Buffer Exchange

  3.4.  QPCR 
Quanti fi cation 
of Viral Titer
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AAV2-ITR. The Probe is labeled with FAM and has a black 
hole quencher (BHQ). The QPCR was carried out in a  fi nal 
volume of 25  μ l using 340 nM reverse ITR primer, 100 nM 
forward ITR primer, 100 nM AAV2 ITR probe, 0.4 mM 
dNTPs, 2 mM MgCl 2 , 1× Platinum Taq Buffer, and 1 U 
Platinum Taq and 5  μ l template (standard, sample, and no-
template control). For the standard, we use the plasmid used 
for transfection, in seven, tenfold serial dilutions (5  μ l each of 
2E+9 to 2E+3 genomes/ml). This results in a  fi nal concentra-
tion of 1E+10 to 1E+4 genomes/ml. The program is started 
by an initial denaturation step at 95°C for 15 min followed by 
40 cycles of denaturation at 95°C for 1 min and annealing/
extension at 60°C for 1 min  (  21  )  (see  Note 12 ).      

  It is possible to take breaks during the puri fi cation process but the 
interruption should be kept as short as possible (see  Note 13 ). 
If long-term storage of the  fi nal preparation is required, it is a good 
idea to make single-use aliquots and to store them at −80°C. If the 
AAV is used within a few weeks, storage in the refrigerator is 
adequate (see  Note 14 ).   

 

     1.    The AAV cis plasmid contains the promoter and gene of interest 
 fl anked by AAV terminal repeats (Fig.  6 ). When creating a new 
construct, keep in mind that the full-length  fi nal plasmid 
 fl anked by the ITRs should not be larger than 4.7 kb. The 
ITRs are necessary and account for ~300 bp. If one attempts 
to package and encapsidate a DNA construct in AAV that is 
larger than 4.7 kb, the titer will drop signi fi cantly. Having a 
Kozak sequence in front of the gene of interest can help with 
translation  (  22  ) . Also adding a woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE) often can enhance 
expression  (  22,   23  ) . To prevent recombination the plasmid 
should be grown in Sure cells (Agilent). It is important not to 
let the cultures grow longer than 12–14 h; there may be an 
advantage to growing the culture at 30°C instead of 37°C 
 (  24  ) . Before using this plasmid for packaging, always verify the 
plasmid with a SmaI digest. The enzyme cuts in the terminal 
repeats and the digest will show if the ITRs are still intact or if 
one or both are missing. Up to 20% recombination is accept-
able, but more than this will also result in a lower titer. 
Sometimes viral preps will be of low  fi nal titer, despite the fact 
that the plasmid appears correct. In many cases, cutting and 
pasting the construct into a new AAV backbone (containing 
the ITRs) can improve the outcome.   

  3.5.  Timeline 
and Storage

  4.  Notes   
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    2.    The AAV trans-plasmid contains the rep and cap gene. In most 
cases, the rep gene originates from AAV2 whereas the cap gene 
encodes for the desired serotype (Fig.  6 ).  

    3.    The Ad helper plasmid provides the adenoviral proteins 
required for assembly of the virus E2, E4, and VA. This plas-
mid should be grown in Sure cells (Agilent) and checked with 
a restriction digest.  

    4.    When choosing a Maxi prep method keep in mind that the 
end-product should contain low endotoxin levels and should 
be free of ethidium, CsCl, and RNA. We use the Endofree 
Maxi Prep Kit from Qiagen.  

    5.    All plasmids needed for packaging (AAV trans, AAV cis, and 
Ad helper) can be obtained from the Penn Vector Core at the 
University of Pennsylvania (  http://www.med.upenn.edu/
gtp/vectorcore/index.shtml    ) or the Vector Core at the 
University of North Carolina at Chapel Hill (  http://genether-
apy.unc.edu/mta.htm    ). Agilent offers a kit: the AAV Helper-
Free System containing an Ad Helper plasmid and AAV cis 

  Fig. 6.    Typical plasmids used for triple transfection method.       

 

http://www.med.upenn.edu/gtp/vectorcore/index.shtml
http://www.med.upenn.edu/gtp/vectorcore/index.shtml
http://genetherapy.unc.edu/mta.htm
http://genetherapy.unc.edu/mta.htm
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cloning plasmids. There are also various AAV cis plasmids 
available through Addgene (  http://www.addgene.org/    ).  

    6.    Through the Ad E1 gene, the 293 cells provide another key to 
the adenoviral helper function.  

    7.    We compared different transfection methods (Lipofectamine
2000, polyethylenimine, Fugene, PolyFect, CaCl 2 ) and found 
that transfection with jetPRIME gave the highest titer in our 
hands. Other transfection methods are described elsewhere 
 (  24,   25  ) .  

    8.    If you have an AAV cis-plasmid carrying a  fl uorescent protein 
and the promoter drives expression in 293 cells, you can check 
if the transfection was successful by looking for expression 
under the  fl uorescence microscope. This does not provide use-
ful information about the viral titer as it only indicates success 
of the cis-plasmid transfection.  

    9.    Some puri fi cation methods only use the lysed cells or the media 
of the transfected culture, and some use both. When we com-
pared the concentrations in our cell lysate and media after PEG 
precipitation, we found that there is nearly as much AAV in the 
media as in the cells. For that reason, we use both the media 
and the cell lysate for the puri fi cation, combining them in the 
PEG precipitation step. It is important to note that PEG only 
precipitates part of the contaminating materials and therefore 
functions as an initial puri fi cation step  (  26,   27  ) . Dissolving 
40% PEG 8000, 2.5 M NaCl in water takes some time. You 
may need to warm up the solution slightly at  fi rst and let it stir 
overnight.  

    10.    The majority of the AAV particles will be within the 40% 
density step. A denser appearing band between the 40 and 
25% layer is typically observed; this band primarily consists of 
cellular proteins and should be avoided as it can generate an 
immune response if injected intraocularly (Fig.  7 ). It is possible 
to reduce the volume of the last resuspension steps from four 
tubes in the Iodixanol spin to three or sometimes two. The 
drawback of this is that using fewer tubes for one preparation 
can result in higher concentration of contaminating materials 
 (  28,   29  ) .   

    11.    During the  fi nal concentration/buffer exchange step, it is 
extremely important to mix well between each centrifugation. 
Otherwise, the heavier Iodixanol collects at the bottom of the 
tube and is still present at the end of the concentration. After 
washing the sides of the  fi lter in the  fi nal step, you will com-
bine the concentrated virus and this last wash. When doing 
this, check closely for a smear, which indicates the presence of 
the remaining Iodixanol. If this occurs, add additional buffer 
exchange spin(s) until no further Iodixanol is visible.  

http://www.addgene.org/
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    12.    An alternative to the use of ITR primers and probe to deter-
mine the vector genome titer of an AAV preparation is to design 
primers and a probe against any other part of the chimeric gene 
insert. Primers against your gene of interest, for example, can 
also be used to estimate the infectious titer. Other methods to 
determine the quantity and quality of the preparation include 
dot blot, ELISA, electron microscopy, and SDS-PAGE gels 
stained with silver stain or SYPRO ruby  (  24,   25,   30  )  (Fig.  8 ) 
(see Note 15). It is also possible to compare AAV2 packaged in 
the research lab to a reference standard material  (  30  ) .   

    13.    It is possible to interrupt the puri fi cation at some steps in the 
process: (a) after a freeze step during the freeze/thaw cycles; 
frozen pellet should be kept at −80°C and culture media contain-
ing virus in the refrigerator. (b) Instead of 2 h on ice, the PEG 
precipitation can be performed overnight in the refrigerator. 
(c) Resuspending the PEG pellet may be done overnight in the 
refrigerator. (d) The Iodixanol fraction can be kept in the 
refrigerator.  

    14.    When troubleshooting an inadequate preparation to determine 
which step failed in an AAV preparation that did not generate 
a good result, it is always best to minimize the time that the 

  Fig. 7.    Iodixanol puri fi cation: Pool all four Iodixanol fractions for a total of ~5–6 ml. Dilute with the same amount of 
D-PBS + 0.001% Tween-20. This solution is now ready for the buffer exchange and concentration steps ( see   Note 10 ).       
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samples were stored before examination. Always keep in mind 
that each freeze/thaw cycle reduces the infectivity of the virus. 
Using the described method, the  fi nal titer in most cases is 
typically between 1 × 10 12  and 1 × 10 14  vg/ml (viral genomes 
per ml) in a  fi nal volume of 100–150  μ l.  

    15.    When examined on a silver stain or SYPRO Ruby Protein Gel, 
the AAV puri fi ed with the described method generates clean, 
distinct bands for the three capsid proteins VP1, VP2, and 
VP3. If a more stringent puri fi cation is desired for some sero-
types, one may add a column puri fi cation step after the 
Iodixanol spin and before the concentration  (  31  ) .          
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    Chapter 26   

 Barrier Modulation in Drug Delivery to the Retina       

     Matthew   Campbell      ,    Marian M.   Humphries   , and    Peter   Humphries      

  Abstract 

 The inner blood–retina barrier (iBRB) is essential in restricting the movement of systemic components 
such as enzymes, anaphylatoxins, or pathogens that could otherwise enter the neural retina and cause 
extensive damage. The barrier has evolved to confer protection to the delicate microenvironment of the 
retina, and the tight junctions located between adjacent microvascular endothelial cells can restrict the 
passage of up to 98% of clinically validated low-molecular-weight therapeutics which could hold signi fi cant 
promise for a range of degenerative retinal conditions. Here, we describe a method for the selective RNAi-
mediated targeting of one component of the tight junction, claudin-5. We outline the generation of a 
doxycycline inducible adeno-associated viral vector for the localized, inducible, and size-selective modula-
tion of the iBRB and describe how this vector can be used in ophthalmology research.  

  Key words:   Inner blood–retina barrier (iBRB) ,  RNAi ,  Claudin-5 ,  AAV ,  Drug delivery ,  Tight junction    

 

 It has been estimated that up to 98% of systemically deliverable 
low-molecular-weight anti-neovascular or anti-apoptotic drugs, 
many of which would have signi fi cant therapeutic potential in the 
treatment of degenerative retinal conditions, are prevented from 
entering the retina via the peripheral circulation because of the 
presence of the inner blood–retina barrier (iBRB)  (  1  ) . We recently 
reported an experimental platform in mice for noninvasive systemic 
drug delivery to the retina based on transient RNAi-mediated sup-
pression of transcripts encoding claudin-5, a component of the 
tight junctions of the inner retinal vasculature  (  2–  5  ) . This process 
allows for passive diffusion of low-molecular-weight compounds 
from the peripheral circulation into the retina while excluding 
larger potentially harmful substances, and we have used it to radi-
cally improve vision in a model of autosomal recessive retinitis 
pigmentosa by systemic drug delivery following barrier modulation. 

  1.  Introduction
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We have also used the process to enhance the systemic delivery of 
low-molecular-weight VEGFR2 antagonists in a mouse model of 
choroidal neovascularization, speci fi cally the laser-induced thermal 
injury model commonly used for the screening of therapeutic anti-
neovascular drugs. The method is based on the incorporation into 
an adeno-associated viral vector (AAV2/9) of a doxycycline induc-
ible gene that regulates the expression of shRNA targeting clau-
din-5. AAV9 is a serotype of AAV that was recently described as 
having strong ef fi ciency in transducing vascular endothelium. The 
vector can be delivered by a single sub-retinal inoculation, and 
allows for controlled, localized, and reversible modulation of the 
iBRB following exposure of mice to the inducing agent doxycy-
cline. Levels of claudin-5 will return to baseline levels following 
removal of doxycycline from the diet. 

 This form of noninvasive therapy may well be feasible as a ther-
apeutic option in patients for sustained noninvasive ocular drug 
delivery. Here, we describe how the vector is generated prior to 
production of AAV and how these vectors are assayed for ef fi cacy.  

 

 It is essential to use molecular biology grade materials at each stage 
of the inducible AAV vector generation. All solutions must be pre-
pared with deionized water, stored at room temperature unless 
stated otherwise and autoclaved prior to use. 

      1.    1× TE: 10 ml 1 M Tris–HCl (pH 8.0), 400  m l 0.25 M EDTA. 
Make up to 1 l with distilled H 2 O.  

    2.    LB medium: 10.0 g tryptone, 5.0 g yeast extract, 10 g NaCl. 
Make up to 1 l with H 2 O and autoclave.  

    3.    LB agar: 10.0 g tryptone, 5.0 g yeast extract, 10 g NaCl, 15 g 
agar. Make up to 1 l with H 2 O and autoclave. To cooled LB agar 
(45°C) add 10 ml of  fi lter-sterilized ampicillin at 10 mg/ml.  

    4.    TAE (for 1% agarose): 242 g Tris base, 57.1 ml glacial acetic 
acid, 18.6 g EDTA. Add H 2 O to 1 l.      

      1.    Domitor and ketamine.  
    2.    1% Cyclopentolate and 2.5% phenylephrine eye drops.  
    3.    30 Gauge needles and 1 ml syringes.  
    4.    34-Gauge blunt-ended micro 10  m l Hamilton syringe, 

Bonaduz, Switzerland.  
    5.    Atipamezole hydrochloride.  
    6.    Amethocaine eye drops.      

  2.  Materials

  2.1.  Buffers for Vector 
Construction

  2.2.  Materials for 
Sub-retinal Injections
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  Electrophoretic equipment used in this laboratory is from Atto 
(Japan), but any standard SDS-PAGE electrophoresis and transfer 
apparatus can be used.

    1.    Doxycycline hyclate, Tris-base, SDS, bis-acrylamide (30%), 
APS, TEMED, glycine, dithiothreitol, protease inhibitor cock-
tail/100 ml (Sigma Aldrich, Ireland), glycerol, mercaptoethanol, 
bromophenol blue, methanol, NaCl. BCA-assay kit (Pierce). 
PVDF membrane.  

    2.    Rabbit anti-claudin-5 (Invitrogen), rabbit anti-beta-actin 
(Abcam), anti rabbit IgG-HRP.  

    3.    SuperSignal Chemiluminescent detection solution (Pierce).  
    4.    Fuji X-ray  fi lm and cassette.       

 

 The shRNA sequences below are ordered as primer sequences from 
Sigma Genosys. 

  shRNA sequences are based on siRNA’s targeting claudin-5 and 
were designed by Dharmacon  (  4,   6–  8  ) . XhoI and HindIII restric-
tion sites are placed at the 5 ¢  end of the top and bottom strand 
respectively. A guanine residue is placed at the beginning of the 
sense strand (Pol III transcription preferential start site). A 9 bp 
hairpin loop is inserted between the target sense sequence and the 
target antisense sequence  (  9–  13  ) . In addition a terminator sequence 
of six T residues are added in addition to a unique restriction site 
(Fig.  1a  and b). In addition, a non-targeting shRNA must be used 
as a control vector. The guide sense strand of this non-targeting 
shRNA targets the nonmammalian gene luciferase.   

      1.    Oligonucleotides are synthesized by Sigma Genosys and 
 re-suspended in TE buffer to a  fi nal concentration of 100  m M.  

    2.    Equal quantities of each strand are added to get approximately 
50  m M of double-stranded product. Heat to 95°C for 30 s; 
72°C for 2 min; 37°C for 2 min; and 25°C for 2 min. Store on 
ice for immediate use or freeze at −20°C until required (  www.
clontech.com    ).      

      1.    Ligation: Annealed oligos are ligated into Xho1/HindIII cut 
pSingle-tTS-shRNA vector  (  14–  24  )  in the following reaction: 
1  m l XhoI/HindIII cut pSingle-tTS-shRNA DNA vector 
(75 ng/ m l), 1  m l annealed oligonucleotides at 0.5  m M, 3  m l 5× 
T4 DNA ligase buffer (Invitrogen), 1  m l T4 DNA ligase 
(1 unit/ m l) (Invitrogen), and 9  m l H 2 O for a  fi nal volume of 

  2.3.  Reagents 
for Western Blot 
Analysis of Claudin-5 
Expression

  3.  Methods

  3.1.  shRNA Oligo 
Design

  3.2.  Annealing 
of Oligonucleotides

  3.3.  Cloning Design 
(Insertion of shRNA 
into pSingle-tTS-
shRNA Vector)

http://www.clontech.com
http://www.clontech.com
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15  m l. Incubate at 18°C overnight. Set up two additional reac-
tions as controls: (a) without annealed oligonucleotides and 
(b) without T4 DNA ligase.  

    2.    Transformation: Thaw 100  m l of XL1-Blue competent cells 
(Agilent Technologies) on ice and add 2  m l of above ligations. 
Incubate reactions on ice for 30 min. Heat shock at 42°C for 
45 s. Incubate on ice for 2 min. Add 898  m l of pre-warmed 
(42°C) LB medium, mix gently, and incubate at 37°C for 1 h. 
Plate 100  m l of transformation on LB agar plates (containing 
ampicillin 50–100  m g/ml) and incubate at 37°C overnight. 
Pick 10–20 plaque-forming units (pfu), re-streak onto fresh 
LB agar plates (Amp), and also grow colonies in 5 ml of LB 
Medium (Amp) overnight. Perform mini-plasmid DNA extrac-
tions using QIAprep Spin Miniprep Kit (Qiagen).  

    3.    shRNA construct selection: Select construct for your shRNA 
of interest by digesting with the unique restriction endonu-
clease (using manufacturer’s conditions) inserted into the syn-
thesized oligonucleotide. Grow up the plasmid of choice in 
bulk and sequence across the shRNA to con fi rm insertion/
orientation.      

  Fig. 1.    Inducible claudin-5 vector map. (a) Plasmid incorporating the doxycycline inducible system with claudin-5 shRNA or 
(b) a non-targeting (NT) luciferase shRNA:  Left and right inverted terminal repeats (L-ITR and R-ITR), CMV promoter/
enhancer (pCMV), tTS (tetracycline inducible transcriptional suppressor), b-glob pA (beta-globin polyadenylation), pTRE-U6 
(Tet-responsive U6 promoter), f1 ori (f1 origin of replication), Amp (ampicillin selection), pUC (pUC origin of replication).       

 



37526 Barrier Modulation in Drug Delivery to the Retina

      1.    The inducible fragment of pSingle-tTS containing the claudin-5 
shRNA is removed by double-digestion and eluted from a 1% 
agarose gel using QIAquick Gel Extraction Kit (Qiagen). 
pAAVMCS vector (Agilent Technologies) is digested with 
NotI restriction endonuclease, and the fragment containing 
the inverted terminal repeats (ITRs) eluted as above.  

    2.    Digestion conditions: 10  m g Vector DNA, 4 units of restriction 
endonuclease/ m g of DNA, 10× buffer, BSA × 100 if required, 
and H 2 O to 100  m l. Incubate at manufacturer’s recommended 
temperature and heat deactivate if necessary.  

    3.    Klenow  fi lling: 3 ¢  overhangs are blunt ended using DNA poly-
merase (Klenow) using the manufacturer’s conditions (New 
England Biolabs) before ligation.  

    4.    Calf Intestinal Phosphatase (CIP): The pAAVMCS vector 
insert is treated with CIP to prevent vector self-ligation using 
the manufacturer’s conditions (Promega).  

    5.    Ligation and selection: Ligation of the inducible fragment of 
p-Single-tTS containing the claudin-5 shRNA and pAAVMCS 
fragment (containing the ITRs) is performed as stated above. 
After transformation using XL1-blue cells and overnight incu-
bation, pfu’s are picked and plasmid DNA is extracted as above. 
Clones containing the claudin-5 shRNA are selected using 
the original unique restriction endonuclease. In addition the 
plasmids are digested and sequenced to establish correct 
orientation.  

    6.    Bulk preparation of plasmids: Plasmids are grown in bulk using 
Qiagen’s EndoFree Plasmid Maxi Kits.  

    7.    AAV preparations: Approximately 530  m g of plasmid DNA is 
sent to Vector Biolabs (Philadelphia) for AAV 2/9 construc-
tion (see  Note 1  on synthesis).      

  While sub-retinal injections are commonly used in animal research 
associated with ocular biology, it is a highly specialized and delicate 
technique that requires a signi fi cant amount of practice before 
reproducible results can be obtained. However, the technique used 
at this facility is outlined below. 

      1.    Adult mice are anesthetized by intraperitoneal (i.p.) injection 
of a solution of domitor and ketamine (10  m g and 750  m g/10 g 
body weight, respectively).  

    2.    Pupils are dilated with 1% cyclopentolate and 2.5% phenyleph-
rine eye drops and left for 5 min.  

    3.    A single drop of local analgesia (Amethocaine) is placed into 
each eye and a small puncture is administered in the sclera 
using a 30-guage needle.  

  3.4.  Insertion of the 
Inducible Fragment 
of the pSingle-tTS-
shRNA Vector into 
pAAVMCS Vector

  3.5.  Sub-retinal 
Inoculation of AAV 
in Mice

  3.5.1.  Preparation of Mice 
for AAV Inoculation
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    4.    Under an operating microscope, a 34-gauge blunt-ended micro-
needle attached to a 10  m l syringe (Hamilton, Bonaduz, 
Switzerland) is inserted through the puncture, and a single 
3  m l of AAV vector is administered to the sub-retinal space, 
after a retinal detachment is induced (see  Notes 2  and  3  on 
viral titer).  

    5.    Following surgery, a reversing agent (100  m g/10 g body 
weight, Atipamezole hydrochloride) is delivered by i.p. injec-
tion. Body temperature is constantly maintained using a 
homeothermic heating device.       

  Western blot analysis allows for con fi rmation of AAV ef fi cacy (see 
Notes 4 and  5  on experimental design and usage of these vectors). 
This is normally undertaken 2–3 weeks post inoculation of AAV 
and subsequent supplementation of doxycycline hyclate (Sigma 
Aldrich, Ireland) in the drinking water (2 mg/ml doxycycline in 
5% sucrose diluted in water) or in the chow (Harlan Laboratories). 
It is an essential step prior to any experimentation with this AAV as 
the users must identify how effective the viral preparation will be 
for their own experimental paradigm. 

      1.    Electrophoresis plates are washed thoroughly before use, with 
water and ethanol. 12% Acrylamide resolving gels are made by 
adding the following components together: 6.6 ml H 2 O, 5 ml 
1.5 M Tris pH 8.8, 0.2 ml 10% SDS, 8 ml bis-acrylamide 
(30%), 0.2 ml 10% APS, and 20  m l TEMED.  

    2.    The gels are made up according to the reagents outlined above. 
Gels are poured into the plates, leaving a space the length of 
the Te fl on comb for the stacking gel, approximately 1 cm. 
Deionized H 2 O is gently pipetted on top of the resolving gel. 
This prevents bubbles from forming. The gel is allowed to set 
for approximately 30 min.  

    3.    4% Acrylamide stacking gels are made by adding the following 
components together: 6.8 ml H 2 O, 2.5 ml 0.5 M Tris pH 6.8, 
0.1 ml 10% SDS, 1.33 ml bis-acrylamide (30%), 0.1 ml 10% 
APS, and 10  m l TEMED.  

    4.    When the resolving gel is set, the stacking gel is poured on top 
and the Te fl on comb is placed into the gel. This is then allowed 
to set for approximately 20 min.  

    5.    The prepared plates are placed into electrophoretic apparatus. 
The electrophoretic apparatus is then  fi lled with 1× running buf-
fer prepared from a 10× solution containing 30.3 g Tris, 144.2 g 
glycine, and 10 g SDS, and made up to 1 l, with a pH of 8.6.      

      1.    Mice are sacri fi ced using CO 2  and immediately, retinas are dis-
sected from the eyecups, ensuring that all pigmented material 
is removed prior to preparation of protein lysates. Protein is 

  3.6.  Western Blot 
Analysis of Claudin-5 
Expression to Con fi rm 
Suppression Ef fi cacy

  3.6.1.  Preparation 
of SDS-PAGE Gels

  3.6.2.  Loading of Protein 
Samples into Wells



37726 Barrier Modulation in Drug Delivery to the Retina

isolated from total retinal tissue by homogenizing in lysis buffer 
containing 62.5 mM Tris, 2% SDS, 10 mM dithiothreitol, and 
10  m l protease inhibitor cocktail/100 ml (Sigma Aldrich, 
Ireland). The homogenate is centrifuged at 10,000 ×  g  for 20 min 
at 4°C, and the supernatant is then removed for SDS-PAGE.  

    2.    Protein levels are quanti fi ed using a BCA-assay kit (Pierce) and 
30  m l of protein sample is added to 10  m l of a 4× sample buffer 
(6.05 g Tris, 16 g SDS, 20 ml glycerol, 16 mg bromophenol 
blue, 10% mercaptoethanol, pH 6.6, in 100 ml), bringing the 
 fi nal concentration of sample buffer to 1×.  

    3.    Protein samples are then boiled for 2 min, to allow for 
denaturing.  

    4.    Retinal protein samples are then loaded into separate lanes of 
the 12% gel, with a pre-stained protein marker on the outer-
most lane in order to determine the molecular weight of 
resolved bands.  

    5.    The electrophoretic equipment is then run at ~30 mA per gel 
for approximately 2 h 20 min.      

      1.    Once the protein front has reached 1 cm from the bottom of 
the gel, the plates are removed from the electrophoretic appa-
ratus, and the stacking gel removed.  

    2.    A BIO-RAD semidry electroblot apparatus is prepared by cut-
ting eight pieces of blotting paper to the exact size of the 
resolving gel.  

    3.    Four pieces of blotting paper are soaked in transfer buffer, and 
placed on the anode of the electroblot apparatus. Transfer buf-
fer contains 3.03 g Tris, 14.42 g glycine, and 200 ml metha-
nol, and is made up to 1 l with deionized water.  

    4.    Polyvinylidene di fl uoride (PVDF) membrane is cut to the same 
size as the resolving gel and then placed in methanol for 30 s 
to activate the membrane. The PVDF is then placed in transfer 
buffer for 30 s to equilibrate and  fi nally is placed on top of the 
soaked blotting paper, and the resolving gel is gently placed 
over this, followed by the remaining four pieces of blotting 
paper, which are also soaked in transfer buffer.  

    5.    The cathode is placed over this, and the electroblot apparatus 
is run at 40 mA per gel for approximately 2–3 h.  

    6.    The proteins should move from the gel to the PVDF mem-
brane due to the negative charge induced by SDS, and will be 
attracted to the positive charge of the anode on which the 
PVDF membrane is placed.      

      1.    Following electroblotting to PVDF, the membrane is brie fl y 
washed in Tris-buffered saline (TBS, 50 mM Tris, 150 mM 
NaCl, pH 7.4; i.e., 6.05 g Tris-base, 8.766 g NaCl, adjust the 

  3.6.3.  Semidry Transfer 
to PVDF Membrane

  3.6.4.  Processing of Blots 
and Detection of Claudin-5
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pH with HCl, and bring the volume to 1 l with dH 2 O), in 
order to remove trace amounts of methanol in the transfer 
buffer which may increase background.  

    2.    The membrane is incubated with 5% blocking solution (i.e., 
5 g Marvell nonfat dry skimmed milk in 100 ml TBS). Blocking 
can be carried out for 1 h at room temperature on a shaker, or 
overnight at 4°C. This will prevent nonspeci fi c binding of the 
primary antibody.  

    3.    Following blocking, the membrane is washed with TBS 
brie fl y.  

    4.    A primary antibody, speci fi c for claudin-5 (Invitrogen) (1:500 
dilution), is added to the membrane in 5% blocking solution.  

    5.    The membrane is incubated with primary antibody overnight 
at 4°C.  

    6.    The antibody/blocker solution is pipetted off the membrane, 
and the membrane is washed for 15 min with TBS (3× 15 min 
with TBS).  

    7.    A secondary anti-rabbit IgG-HRP antibody is then incubated 
with the membrane at a dilution of 1:2,000 for approximately 
3 h at room temperature. HRP-conjugated antibodies can cleave 
the chemiluminescent substrate luminol to an activated interme-
diate which decays to the ground state by emitting light.  

    8.    Following incubation with the secondary antibody, the mem-
brane is washed 4× 15 min with TBS/Tween (0.1%), ensuring 
that the shaker is moving at a high speed.      

      1.    Using a PIERCE reagent kit, equal volumes of substrate solu-
tion and enhancer solution are added to a SARSTEDT tube.  

    2.    Detection solution is pipetted on the membrane and left for 
1 min, after which time it is drained off the membrane using 
tissue or blotting paper.  

    3.    PVDF membrane is placed on a transparent sheet (acetate 
 fi lm), and a sheet of X-ray  fi lm is cut to cover the PVDF 
membrane.  

    4.    The  fi lm is placed over the blot in a  fi lm cassette, and exposed 
to the membrane for 3, 5, 10, and 20 min. Typically claudin-5 
signal will need a 5-min development.  

    5.    The  fi lm is developed using a  fi lm-developing machine.  
    6.    For protein loading normalization, the PVDF is stripped using 

Pierce stripping solution Pierce and a rabbit anti- b -actin anti-
body is applied to the membrane overnight (1:2,000 dilution) 
at 4°C. The protocol for subsequent development of  b -actin 
blot is identical to that described above for claudin-5.        

  3.6.5.  Chemiluminescent 
Detection of Proteins
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     1.    Once the inducible vector is cloned, puri fi ed plasmid DNA is 
prepared in high concentration and can be sent to specialist 
commercial entities for AAV synthesis or the standard triple 
transfection protocol described elsewhere can be used.  

    2.    It is essential that vector titer is established by the end user 
whether the AAV is synthesized commercially or “in-house.”  

    3.    Once synthesized, the AAV vectors can be aliquoted and stored 
at −80°C. Once thawed, the vectors should be used immedi-
ately. They can be stored at 4°C but it is not recommended to 
store them in these conditions for longer than 3 months. It is 
not recommended to freeze–thaw the AAV vectors as ef fi cacy 
will be compromised.  

    4.    An initial experiment should be undertaken whereby mice, 
post sub-retinal inoculation, should be dosed with doxycycline 
for 1, 2, and 3 weeks and subsequently sacri fi ced at each indi-
vidual time-point and levels of claudin-5 expression analyzed. 
This will allow for the determination of vector ef fi cacy.  

    5.    These vectors can be used for a wide variety of experiments 
involving systemic drug delivery to the retina and indeed the 
brain. Therefore careful attention should be paid to the choice 
of low-molecular-weight compound to be studied as the size-
selectivity post claudin-5 suppression is to molecules with a 
molecular weight below approximately 1 kDa.          
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