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Preface
Genetic technology is the buzzword of the new millennium. Via the media,
we are informed day by day about new genes, disease-causing mutations, cloned
animals, “Frankenstein” food, and further advances in the Human Genome Project.
However, in spite of the constant media attention, most people remain confused about the importance and application of these new discoveries. It seems
that only the high priests of this new technology, armed with PhDs in molecular biology, understand the meaning, importance, and consequences of these
new breakthroughs. But should it be like this? After all, molecular biology is
only a tool, though one that enables us to study the secrets of life, death, and
disease development.
Vision Research Protocols has been written for those scientists, optometrists,
and ophthalmologists who are interested in eye research, but have not been
trained in molecular biology. It covers molecular biological techniques from
the basics to the most sophisticated recent technologies. In each case, the techniques described have been adapted to the special requirements of eye research. The first four chapters discuss crucial molecular biological
methodologies that create a basis for the more complex methodologies presented later. The last chapter discusses the impact of these new technologies
on everyday clinical services.
The first four chapters follow the basic dogma of molecular biology.
They describe the extraction of DNA and detection of mRNA and protein
expression in vitro and in vivo. In addition, Chapter 2 gives a description of
the basics of tissue culture technology, which has significantly advanced biological research since the 1970s.
In a philosophical sense, diseases can be considered as disturbances in
the normal balance within a complex organism. In molecular terms, certain
genes become up or down regulated, or turned on and off out of sequence. In
this respect, the new molecular biological techniques can have a significant
impact both in the development of animal models and on new treatments for
diseases. Chapters 5, 6, and 12 discuss technologies suitable for the down
regulation of gene expression. Chapters 7–10 are devoted to the new gene
therapy technologies. Following a very enthusiastic start in the early 1990s,
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gene therapy proved to be a difficult technology to apply, and further improvements are required before it can be considered ready for clinical application.
However, even in its present form, it is particularly suitable for the development of animal models and for testing new therapies in transgenic and knockout animal models. Vision Research Protocols contains a detailed description
of the three most popular viral delivery vehicles: recombinant adeno, adenoassociated, and retroviruses. In addition, delivery methods for the most popular animal models are also described.
In summary, I recommend Vision Research Protocols to all medical and
nonmedical scientists who are thinking of using these new technologies in
their research, or those clinicians who would like to find out the current state
of progress in this important field of molecular medicine.
I would like to sincerely thank all the contributors, who are leading scientists in their fields with real hands-on experience in the different techniques.
They were wonderful to work with, and I would specifically thank them for
providing their invaluable comments in the troubleshooting sections of each
chapter. I also would like to thank Ms. Louise Kemp, who has been superb in
organizing the contributions of experts from three continents.
P. Elizabeth Rakoczy
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1
Basic Molecular Biology Techniques
Chooi-May Lai

1. Introduction
Molecular biology was first referred to as the study of the chemical and physical structure of biological macromolecules such as
nucleic acids and proteins. Nucleic acids, deoxyribonucleic acid
(DNA), and ribonucleic acid (RNA) are polymers that consist of
nucleotides. Proteins are polymers that consist of several amino
acids. DNA and RNA encode the genetic information that specifies
the primary structure of the proteins unique to the organism. Thus, a
study of the interrelation between nucleic acids and proteins may
provide an understanding to the biological function of a gene.
The field of molecular biology has progressed rapidly in the past
three decades. This progress has, in many ways, been because of the
development of new laboratory techniques that have enabled the
efficient isolation, cloning, expression, manipulation, and identification of genes of interest. In recent years, molecular biology techniques have been used in ocular research, revolutionizing diagnostic
tests for both inherited and acquired ocular diseases. Genes such as
RPE65 and cellular retinaldehyde-binding protein (CRALBP),
which are abundantly expressed in the retinal pigment epithelium
(1–3), have been isolated and mutations in both of these genes have
been linked to ocular diseases (4,5). A number of laboratories are
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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currently using molecular biology techniques to produce transgenic
animals (6) and gene knock-out animals (7–9) to study the importance of certain genes in the eye. At the same time, molecular biology-based gene therapy techniques are being used on animal models
for ocular diseases to try to find a cure or to slow down the progression of the disease (10–14). In this chapter, some basic molecular
biology techniques commonly used in ocular research are presented.
2. Materials

2.1. Solutions for Extraction
of Genomic and Plasmid DNA
1. Digestion buffer: 100 mM NaCl, 10 mM Tris-HCl (pH 8.0), 25 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 0.5% sodium dodecyl sulfate (SDS), 100 µg/mL proteinase K.
2. Phosphate-buffered saline (PBS): 140 mM NaCl, 2.7 mM KCl,
6.5 mM Na2HPO4, 1.5 mM KH2PO4. Autoclave.
3. Tris-EDTA (TE) buffer: 10 mM Tris-HCl, 1 mM EDTA. Adjust pH
to 8.0. Autoclave.
4. Luria Bertoni (LB) broth: 1% (w/v) bactotryptone, 0.5% (w/v) yeast
extract, 1% (w/v) NaCl. Autoclave.
5. Sucrose/Triton X/EDTA/Tris (STET) solution: 8% (w/v) sucrose,
5% (w/v) Triton X-100, 50 mM EDTA, 50 mM Tris-HCl (pH 8.0).
Filter sterilize and store at 4°C.
6. Glucose/Tris/EDTA (GTE) solution: 50 mM glucose, 25 mM TrisHCl (pH 8.0), 10 mM EDTA (pH 8.0). Autoclave and store at 4°C.
7. NaOH/SDS solution: 200 mM NaOH, 1% (w/v) SDS.
8. 3 M potassium acetate solution: 3 M potassium acetate, 11.5% (v/v)
glacial acetate acid. Adjust pH to 4.8 with KOH pellet. Do not autoclave. Store at room temperature.
9. Ethidium bromide stock solution: 10 mg/mL ethidium bromide in
distilled water. Store in a dark bottle at 4°C.
10. 20X SSC: 3 M NaCl, 300 mM trisodium citrate.

2.2. Solutions for Extraction of RNA
1. Denaturing solution: 4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% (w/v) N-lauroylsarcosine, 100 mM `-mercaptoethanol.
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2. Diethyl pyrocarbonate (DEPC)-treated water: 0.2% DEPC in doubledistilled water. Leave overnight and autoclave.
3. Column wash buffer: 100 mM NaOH, 5 mM EDTA solution.
4. Equilibration buffer: 500 mM LiCl, 10 mM Tris-HCl (pH 7.5),
1 mM EDTA, 0.1% (w/v) SDS.
5. Wash buffer: 150 mM LiCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA,
0.1% (w/v) SDS.
6. Elution buffer: 2 mM EDTA, 0.1% (w/v) SDS.

2.3. Solutions for Analysis of DNA
1. Tris/acetate (TAE) buffer: 40 mM Tris-HCl (pH 8.0), 1 mM EDTA.
2. Tris/borate (TBE) buffer: 89 mM Tris-HCl (pH 8.3), 89 mM boric
acid, 2 mM EDTA.
3. DNA loading buffer: 25% (w/v) Ficoll 400 or 50% (w/v) sucrose,
100 mM EDTA, 0.1% (w/v) bromophenol blue.
4. Denaturation buffer: 1.5 M NaCl, 500 mM NaOH.
5. Neutralization buffer: 1.5 M NaCl, 500 mM Tris-HCl (pH 7.0).
6. Transfer buffer: 20X SSC: 3 M NaCl, 300 mM trisodium citrate or
0.4 M NaOH.

2.4. Solutions for Analysis of RNA
1. 10X MOPS buffer: 200 mM MOPS (pH 7.0), 50 mM sodium acetate,
10 mM EDTA (pH 8.0).
2. RNA loading buffer: 1 mM EDTA (pH 8.0), 0.25% (w/v) xylene
cyanol, 0.25% (w/v) bromophenol blue, 50% (v/v) glycerol.
3. 10X SSC: 1.5 M NaCl, 150 mM trisodium citrate.

2.5. Solutions for Analysis of Proteins
1. 4X gel buffer: 1.5 M Tris base (pH 8.8), 0.4% (w/v) SDS.
2. 2X stacking gel buffer: 250 mM Tris base (pH 6.8), 0.2% (w/v) SDS.
3. Electrode buffer: 25 mM Tris base (pH 8.3), 0.1% (w/v) SDS, 192 mM
glycine.
4. Sample loading buffer: 125 mM Tris base (pH 6.8), 4% (w/v) SDS,
10% glycerol, 0.02% (w/v) bromophenol blue, 4% (v/v) `-mercaptoethanol.
5. Fixing solution: 50% (v/v) methanol, 10% (v/v) acetic acid.
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6. Coomassie staining solution: 50% (v/v) methanol, 10% (v/v) acetic
acid, 0.05% (v/v) Coomassie brilliant blue.
7. Destaining solution: 5% (v/v) methanol, 7% (v/v) acetic acid.
8. Sliver nitrate solution: 3.5 mL concentrated NH4OH, 42 mL 0.36% NaOH,
154.5 mL water, swirl while adding 8 mL 20% (w/v) AgNO3 in water.
9. Developer: 0.05% (v/v) citric acid in water. Add 5 µL 37% formaldehyde solution to each mL 0.05% citric acid.
10. Transfer buffer: 25 mM Tris base, 192 mM glycine, 20% (v/v) methanol.
11. TBS: 100 mM Tris base, 150 mM NaCl, adjust pH to 7.6.
12. Blocking buffer: 10% (w/v) skim milk in TBS.

2.6. Solutions for Subcloning
1. Dephosphorylation buffer:
• 10X alkaline phosphatase buffer
5 µL
• Water
24 µL
• Alkaline phosphatase
1 µL
2. Cloning buffer:
• Cut insert (0.3 µg)
2 µL
• Linearized and dephosphorylated vector (0.1 µg)
1 µL
• T4 DNA ligase
1U
• 10X ligase buffer
2 µL
• Water to final volume of
20 µL
3. LB broth: 1% (w/v) bactotryptone, 0.5% (w/v) yeast extract, 1% (w/v)
NaCl. Autoclave.
4. Agar plates: 1.5% (w/v) bactoagar, 1% (w/v) bactotryptone, 0.5% (w/v)
yeast extract, 1% (w/v) NaCl. Autoclave. Cool to 50°C. Add antibiotics and pour into plastic Petri dishes (20–25 mL per 15-mm-diameter plate).
5. TE buffer: 10 mM Tris-HCl, 1 mM EDTA. Adjust pH to 8.0. Autoclave.
6. DNA loading buffer: 25% (w/v) Ficoll 400 or 50% (w/v) sucrose,
100 mM EDTA, 0.1% (w/v) bromophenol blue.

3. Methods

3.1. Extraction of Nucleic Acid
Genomic DNA and RNA are used for preparation of genomic or
complementary DNA (cDNA) libraries, respectively. Genomic DNA
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is also frequently used for mapping of genes, and total or messenger
RNA (mRNA) is normally used for gene expression studies.
Genomic DNA fragments or cDNA from transcription of total RNA
are often cloned into plasmid vectors for further analysis or
manipulation (Subheading 3.4.). Currently, kits are available from
a number of companies for nucleic acid extraction, but the following sections outline some basic steps involved in their extraction.

3.1.1. Extraction of Genomic DNA
Different techniques for genomic DNA extraction are used, but
they all involve the lysis of cells (either from tissues removed or from
cell culture), deproteination, and recovery/purification of DNA.
3.1.1.1. MAMMALIAN TISSUE

When using mammalian tissue, including the retina layer gently
peeled off the choroid layer, the following steps are performed:
1. Remove tissue rapidly, mince and freeze tissue in liquid nitrogen.
2. Grind to a fine powder frozen tissue suspended in liquid nitrogen in
prechilled mortar and pestle.
3. Resuspend 100 mg powdered tissue in 1.2 mL digestion buffer. Proceed to step 5 in Subheading 3.1.1.2.

3.1.1.2. CULTURED CELLS

When using cultured cells, the following steps are followed:
1. Remove adherent cells from flask by trypsin dispersion and pellet
cells by centrifugation. Discard supernatant. For suspension culture,
pellet cells by centrifugation and discard supernatant. Centrifugation is normally carried out at between 500–1000g for 5 min at 4°C.
2. Wash cells by resuspending cells in ice-cold PBS. Pellet cells by
centrifugation and discard supernatant.
3. Repeat step 2.
4. Resuspend washed cells in digestion buffer at a ratio of 108 cells
per mL digestion buffer. Digestion buffer can also be added directly
to adherent cells that have been washed with PBS. The resulting
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5.
6.

7.
8.

9.
10.

cell lysate can then be transferred to a microfuge tube for subsequent steps.
Incubate samples in digestion buffer at 50°C overnight with gentle
shaking. (The sample is normally very viscous at this stage.)
Extract DNA by adding an equal volume of 25:24:1 phenol/chloroform/isoamyl alcohol to the sample and shaking gently to thoroughly
mix the two phases. Centrifuge at 1500–2000g, then transfer the
aqueous (top) phase to a new tube.
Repeat extraction as in step 6.
Add to the aqueous phase, 0.5 vol 7.5 M ammonium acetate and
2 vol 100% ethanol. Mix gently by rocking tube. The DNA will
form a stringy precipitate, which can be recovered by either centrifugation at 2000g for 2 min or transferred using the tip of a drawn-out
silanized Pasteur pipet to a new tube.
Rinse the DNA with 70% ethanol to remove residual salt and phenol,
decant ethanol, and air-dry the pellet.
Resuspend DNA in TE buffer with gentle shaking at 37°C until dissolved. Adjust DNA concentration with TE buffer to 1 mg/mL and
store immediately at 4°C.

3.1.2. Boiling Miniprep for Plasmid DNA Extraction
This is a rapid method for preparing partially purified plasmid
DNA for restriction digestion before large-scale growth. It involves
alkaline lysis to release the plasmid DNA from the cell, leaving
behind bacterial chromosomal DNA and cell wall debris, and precipitation of the resulting plasmid DNA.
1. Select transformants (bacteria colonies seen on agar plate after overnight incubation) with sterile loop and place in 3-mL LB broth and
the appropriate selective agent such as antibiotics (see Note 1). Grow
at 37°C overnight with shaking.
2. Transfer 1.5 mL of culture to a microfuge tube. Centrifuge for 2 min
at 2000g to pellet cells. Discard supernatant.
3. Resuspend pellet in 50 µL STET solution. Vortex to ensure that pellet is completely resuspended.
4. Add 4 µL of freshly prepared lysozyme (10 mg/mL). Mix by
vortexing for 3 s.
5. Immediately transfer tube to boiling water and leave for 40 s.
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6. Transfer to microfuge and immediately centrifuge for 10 min at
10,000g.
7. Remove the gelatinous pellet with a sterile toothpick.
8. Precipitate DNA by adding 50 µL cold isopropanol to remaining
supernatant. Mix, then incubate in dry ice-ethanol bath for 5 min or
at –70°C for 30 min.
9. Centrifuge for 15 min at 10,000g to pellet DNA. Remove supernatant and dry DNA pellet briefly under vacuum.
10. Resuspend DNA in 30 µL TE buffer.

3.1.3. Large-Scale Preparation
of Plasmid DNA: Alkaline-Lysis Method/
CsCl-Ethidium Bromide Equilibrium Centrifugation Method
The alkaline lysis method is a fairly rapid and very reliable
method for purifying plasmid DNA from Escherichia coli. The
resulting plasmid DNA is suitable for most molecular biological
applications and with the additional cesium chloride (CsCl)ethidium bromide equilibrium centrifugation step, the high-quality
plasmid DNA obtained can be used to transfect cells or inject
directly into animals. The alkaline-lysis method involves the lysis
of plasmid-bearing E. coli with a solution containing SDS and
NaOH, followed by precipitation with potassium acetate before
separation of plasmid DNA from proteins and chromosomal DNA
by centrifugation. The plasmid DNA is then precipitated using isopropanol and purified by CsCl-ethidium bromide centrifugation.
1. Prepare preinoculum by inoculating a single colony of E. coli containing the plasmid of interest into 5–10 mL LB broth with the
appropriate selective agent (see Note 1). Shake vigorously overnight
at 37°C.
2. Inoculate overnight culture from step 1 into 1 L LB broth containing
the appropriate selective agent in a 5-L flask. Shake culture vigorously overnight at 37°C.
3. Centrifuge culture at 5000g at 4°C to pellet cells.
4. Resuspend cell pellet from 1-L culture in 40 mL GTE solution.
5. Add 80 mL freshly prepared NaOH/SDS solution to resuspended
cells. Mix by gently stirring with a pipet or by gentle inversion until
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6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

solution becomes homogenous and clear. Incubate at room temperature for 10 min.
Add 60 mL 3 M potassium acetate solution. Mix gently by inversion.
Incubate for 5 min at room temperature
Centrifuge at 5000g for 20 min.
Decant supernatant through four layers of sterile cheesecloth.
Precipitate the plasmid DNA by adding isopropanol to a final volume of 400 mL.
Pellet plasmid DNA by centrifuging at 10,000g for 15 min.
Remove supernatant and wash pellet with 70% ethanol. Centrifuge
briefly at 10,000g for 5 min.
Aspirate supernatant and vacuum dry pellet. This pellet can be stored
indefinitely.
Resuspend pellet in 8 mL TE buffer.
Add 0.8 mL ethidium bromide (10 mg/mL concentration) to resuspended plasmid DNA.
Centrifuge to pellet any complex formed between ethidium bromide
and protein present. Transfer supernatant to a fresh tube.
Add 1.1 g cesium chloride (CsCl) to each mL of supernatant recovered.
Using a refractometer or a balance, check the density of the solution
and adjust density of solution to between 1.55 and 1.59 g/mL by
adding TE buffer or CsCl, as appropriate.
Transfer solution to 5-mL or 12-mL quick-seal ultracentrifuge tubes.
Top tubes, if necessary, with CsCl/TE buffer solution adjusted to
density of 1.55–1.59 g/mL and seal tubes.
For a 5-mL tube, centrifuge for 4 h at 20°C, 200,000g in a VTi80 rotor
and for a 12-mL tube, centrifuge for 16–20 h at 20°C at 200,000g in
a Ti70.1 rotor.
Remove tube from ultracentrifuge. Generally, two bands are
present and they are visible under normal light. However, for small
amounts of DNA, visualization can be enhanced using a short-wave
UV light.
Insert a 19-gage needle at the top of the sealed tube to prevent any
vacuum being formed when the DNA band is being removed. Insert
a 19–21-gage needle fitted to a 3-mL syringe (bevel side up) just
below the lower band containing the plasmid DNA. Remove this
band carefully and avoid extracting the upper band that contains the
chromosomal DNA. (Caution: If using UV light, protect eyes by
wearing UV-blocking face shield. Do not prolong exposure of bands

Molecular Biology Techniques

22.
23.

24.

25.
26.

9

to UV light as prolonged exposure may cause damage to DNA. Do not
use a needle smaller than 21-gage as it may shear the DNA).
Transfer plasmid DNA removed to a fresh 15-mL tube.
Extract ethidium bromide by adding an equal volume of 20X SSCsaturated isobutanol to DNA/ethidium bromide solution. Shake well.
Centrifuge briefly to separate the two phases. Remove the upper
phase containing the ethidium bromide. Repeat extraction until the
lower DNA-containing phase is colorless.
Transfer DNA solution to dialysis tubing or to commercially available dialysis cassettes Dialysis tubing has to be pretreated by boiling
in 2% sodium bicarbonate/1 mM EDTA solution and then thoroughly
rinsed in double-distilled water or by autoclaving before use.
Dialyze against 500 to 1000 vol TE buffer with three changes overnight at 4°C.
Transfer plasmid DNA to a new tube and determine concentration
and purity using a spectrophotometer at OD260 and OD280. Electrophorese an aliquot on agarose gel (Subheading 3.2.1.1.) to check
integrity of DNA.

3.1.4. Extraction of Total RNA
Any work involving the use of RNA must be carried out using
RNase-free reagents, solutions, and laboratory wares (see Note 2).
Many protocols are available for RNA extraction and a single-step
isolation method for total RNA is outlined below. The total RNA
isolated is comprised mainly of transfer RNA (tRNA), ribosomal
RNA (rRNA), and a small amount of mRNA, and it can be used for
gene-expression studies, reverse transcription-polymerase chain
reaction (RT-PCR) work, and S1 nuclease or ribonuclease protection assay.
1. When using tissue samples, homogenize 100 mg freshly removed tissue in 1 mL denaturing solution using a glass Teflon homogenizer or a
powered homogenizer. For cultured adherent cells, remove growth
medium and add denaturing solution directly to the cell monolayer.
For suspension cells, pellet the cells by centrifugation at 500–1000g
for 5 min, remove and discard supernatant and then add denaturing
solution to cell pellet. Normally, 1 mL denaturing solution is required
for 107 cells. Pass the cell lysate several times through a pipet.
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2. Transfer the homogenate or cell lysate to a 5-mL polypropylene tube.
When 1 mL of denaturing solution is used, add 0.1 mL 2 M sodium
acetate (pH 4.0) and mix thoroughly, followed by 1 mL water-saturated phenol. Mix thoroughly by repeated inversion and then add
0.2 mL 49:1 chloroform/isoamyl alcohol. Mix thoroughly and incubate on ice for 15 min.
3. Centrifuge at 10,000g at 4°C for 20 min. Carefully remove and transfer the aqueous (top) phase, which contains the RNA, to a new tube.
4. Add 1 mL 100% isopropanol and incubate mixture at –20°C for
30–60 min to precipitate the RNA.
5. Recover the RNA by centrifuging at 10,000g at 4°C for 10 min and
dissolve RNA pellet in 0.3 mL denaturing solution.
6. Reprecipitate the RNA by adding 0.3 mL 100% isopropanol. Centrifuge at 10,000g at 4°C for 10 min. Discard supernatant. RNA extracted
for Northern blot preparation can be dissolved in formamide immediately after centrifugation without going through the following steps.
7. Wash resulting RNA pellet by resuspending and vortexing it in 75% ethanol. Leave at room temperature for 15 min to dissolve any contaminating guanidine.
8. Centrifuge at 10,000g at 4°C for 5 min. Discard supernatant and
vacuum dry RNA pellet for 3–5 min. Avoid complete drying of RNA
as this reduces its solubility.
9. Dissolve RNA pellet in DEPC-treated water. Pass the solution a few
times through a pipet tip and incubate at between 55 and 60°C. Store
dissolved RNA at –70°C.

3.1.5. Isolation of mRNA
Polyadenylated or poly(A)+ RNA species (most eukaryotic
mRNAs) represent only a small fraction of total RNA. Poly (A)+
RNA can be purified from nonpoly (A)+ RNA (rRNA and tRNA)
using oligo(dT) cellulose. This method relies on the binding
between the poly(A)+ residues on the 3' end of the mRNA and
oligo(dT) residues coupled to the cellulose column matrix. The
unbound RNA is then washed off the column and the poly (A)+
RNA is eluted by lowering the amount of salt in the column
buffer. Poly (A)+ RNA is the starting material for cDNA library
construction.
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3.1.5.1. PREPARATION OF OLIGO(DT) COLUMN
1. Pour 0.5 mL oligo(dT) cellulose slurry into a sterile disposable
plastic column or autoclaved silanized Pasteur pipet plugged with
autoclaved silanized glass wool. The final packed volume is
approx 0.25–0.5 mL.
2. Wash with 3 mL column wash buffer.
3. Rinse column with water until pH of effluent is approx 7.5 (measured with pH paper).
4. Equilibrate with equilibration buffer.

3.1.5.2. PREPARATION OF SAMPLE, PURIFICATION, AND CONCENTRATION
1. Denature (1–10 mg) total RNA by heating in a 70°C water bath for
10 min. This step is necessary for the disruption of any secondary
structure that might form.
2. Add LiCl to a final concentration of 0.5 M.
3. Apply the RNA sample to oligo(dT) column. Wash column with
1 mL equilibration buffer.
4. Collect eluate. Heat eluate to 70°C for 5 min. Cool to room temperature.
5. Pass the eluate through the column two more times.
6. Wash column with wash buffer. This eluate contains nonpoly(A)+ RNA.
7. Elute RNA with 2 mL elution buffer. This RNA is poly(A)+ RNAenriched.
8. Reduce the amount of contaminating nonpoly(A)+ RNA, by reequilibrating the column with equilibration buffer and reapplying the
eluted RNA (repeat steps 3–7).
9. Precipitate poly(A)+ RNA by adding 0.1 vol 3 M sodium acetate
(pH 6.0) and 2.5 vol ethanol.
10. Incubate on dry ice for 30 min or at –20°C overnight.
11. Collect precipitate by spinning in microfuge for 10 min at 4°C.
For recovery of small amounts of poly(A) + RNA, centrifuge for
30 min at 50,000 rpm in Beckman SW-55 rotor.
12. Wash RNA pellet with 0.5 mL 70% ethanol.
13. Discard supernatant and dry RNA pellet under vacuum.
14. Resuspend RNA pellet in DEPC-treated water at concentration of
1 µg/mL.
15. Check quality of RNA by formaldehyde agarose gel electrophoresis
(Subheading 3.2.2.1.1.) and store at –70°C.
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3.2. Analysis of Nucleic Acid
3.2.1. Analysis of DNA
3.2.1.1. AGAROSE GEL ELECTROPHORESIS

Agarose gel electrophoresis is useful for separating DNA fragments. Minigels are good for rapid separation of small amounts of
DNA for quick analysis of restriction digestion. The larger scale
gels are used for longer electrophoresis for better resolution of DNA
fragments and are well suited for Southern blotting.
1. Add appropriate amount of electrophoresis grade agarose to electrophoresis buffer (see Note 3). The electrophoresis buffer generally
used is either TAE or TBE buffer. Melt agarose in microwave oven
and mix well by swirling.
2. Cool melted agarose to 50°C (see Note 4). Seal ends of casting tray
with adhesive tape before pouring cooled agarose. The thickness of
the gel varies from 5 to 10 mm and is dependent on the sample volume to be loaded.
3. Insert comb and ensure comb is vertical and no bubble is trapped
under the comb.
4. Let gel set. Remove adhesive tapes and comb carefully so as not to
break the sample wells.
5. Place casting tray and gel on platform of electrophoresis tank.
Fill the electrophoresis tank with electrophoresis buffer until the gel
is covered to a depth of 1 mm.
6. Add DNA loading buffer to DNA samples to be electrophoresed,
mix well, and load into the wells with a micropipettor. Include
molecular weight markers.
7. Place the lid of the electrophoresis tank on and ensure that the leads
are properly attached so that the DNA will migrate into the gel from
the negative to the positive pole (see Note 5).
8. Stain gel in solution containing ethidium bromide (0.5 µg/mL).
View resolved DNA fragments on an UV transilluminator.

3.2.1.2. RESTRICTION ENDONUCLEASES AND RESOLUTION
OF DNA FRAGMENTS BY AGAROSE GEL ELECTROPHORESIS

Restriction endonucleases or restriction enzymes (REs) are bacterial enzymes that cleave double-stranded DNA. Type II restric-
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tion endonucleases cleave DNA at very specific sites and are
extremely useful in molecular biology as they allow the DNA to be
cleaved for cloning. More than 500 different types of restriction
endonucleases are available commercially and they require different conditions such as temperature, salt concentration, and pH for
optimum activity. A typical reaction is set up as follows:
1. Add the following in a microfuge tube:
a. 2 µL appropriate 10X buffer (normally supplied with the RE)
b. 1 µL DNA sample (0.1–1 µg)
c. 1 µL RE (containing 1 to 5 U)
d. Water to make 20 µL
2. Mix and incubate at 37°C in a water bath or heating block.
3. Add DNA loading buffer to DNA samples and load into the well of
an agarose gel.
4. Electrophorese on an agarose gel with molecular weight markers and
an original uncut DNA sample as outlined in Subheading 3.2.1.1.
5. If ethidium bromide has not been added to the gel prior to electrophoresis, the gel can be stained at the end of electrophoresis by placing
it in a dilute solution of ethidium bromide (0.5 µg/mL in water). Gently agitate the gel for 20 min. Visualize DNA by placing the stained
gel on a UV light source and photograph with a ruler placed along the
side of the gel if the DNA is to be transferred on to a membrane.

3.2.1.3. SOUTHERN BLOT

Southern blot is a technique first developed by Southern in 1975
(15) for transferring DNA from its position in an agarose gel to a
membrane placed directly above or below the gel by capillary transfer (see Note 6). The DNA transferred onto the membrane is then
hybridized to labeled probes. In this subheading, the downward capillary transfer of DNA will be described. Prior to transfer, the DNA
on the gel must undergo denaturation and neutralization before
being transferred in a high-salt or alkaline buffer by capillary action.
The denatured single-stranded DNA is then permanently bonded to
the filter by UV crosslinking or by baking the filter. The DNA is
then hybridized to a labeled probe for detection of the DNA fragment of interest. The steps involved for this transfer are as follows.
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1. After gel electrophoresis (Subheading 3.2.1.1.), remove gel and
rinse in distilled water.
2. Depurinate gel by placing it in 0.25 M HCl for 8–10 min at room
temperature with slow shaking on a platform shaker.
3. Remove HCl and rinse gel gently with distilled water.
4. Denature DNA by adding denaturation buffer at room temperature
and gently shake gel for 30 min.
5. Remove denaturation buffer and rinse gel in distilled water. Neutralize by adding neutralization buffer at room temperature. Gently
shake gel in platform shaker for 20 min, replace with fresh neutralization buffer, and shake for another 20 min.
6. Assemble the following:
a. A stack of paper towels, about 3-cm high and slightly wider than
the gel.
b. Place four pieces of Whatman 3MM filter paper on the stack of
paper towels and a fifth sheet that has been wet with transfer
buffer on top.
c. Wet a piece of membrane, large enough to cover the exposed surface of the gel, by placing it on the surface of distilled water for
5–10 min and lay it on the top piece of wet 3MM filter paper.
d. Remove any trapped air bubbles by rolling a 5-mL pipet over the
surface.
e. Place plastic wrap around the membrane to prevent the gel from
direct contact with the 3MM filter paper.
f. Place the gel on top of membrane.
g. Place three pieces of wet Whatman 3MM filter paper, the same
size as gel, with transfer buffer and place them on top of the gel.
h. Soak two large pieces of Whatman 3MM filter paper and place
them together on top of the above set up and submerge the end of
the filter paper in a container of transfer buffer. These filter papers
act as a bridge between the gel and the reservoir of transfer buffer.
For alkaline transfer, 0.4 M NaOH is used as the transfer buffer,
whereas for high-salt transfer, 20X SSC is used.
i. Place a gel plate over the top of the final assembly and leave for
1–2 h. The transfer is normally complete in this time.
j. Remove the membrane from the assembly and immobilize the
transferred DNA. For nylon membranes, dry the membrane completely by baking it at 80°C for 30–60 min. Wrap membrane in
UV-transparent plastic wrap and then place it DNA-side down on
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an UV transilluminator and irradiate for the recommended time.
For nitrocellulose membranes, place membrane between Whatman
3MM filter paper and bake under vacuum at 80°C for 2 h.
k. Store membrane between Whatman 3MM filter paper at room
temperature. For long-term storage, store in desiccator at room
temperature or at 4°C.

3.2.1.4. PCR

This is a very sensitive technique for amplifying DNA sequences.
It can be used to isolate specific sequences from genomic DNA for
cloning into plasmid vectors. PCR is commonly used to reengineer
the gene by adding RE site to it for ease in cloning, or for introducing mismatches or deletions in DNA sequences (mutations) for
structure/function analysis. A few factors have to be considered
before setting up any PCR work (see Note 7).
A typical PCR reaction is carried out in a final volume of 25 µL
by addition of the following to the plasmid or genomic DNA sample
of interest or to 1–2 µL of reverse transcription products (Subheading 3.2.2.2.1.):
1.
2.
3.
4.

dNTPs (0.2 mM final concentration of each).
MgCl2 (to final optimized concentration).
1 U Taq polymerase.
1X reaction buffer (usually supplied with the Taq polymerase as 5X
or 10X reaction buffer).
5. Distilled water to a final volume of 25 µL.

3.2.2. Analysis of RNA
Changes in gene transcriptional levels within a cell occur in
response to a variety of factors such as cell differentiation, cell
development, and disease. Such changes may, in turn, alter the
steady-state levels of individual mRNA. Levels of individual
mRNAs can be analyzed by procedures such as Northern blots,
RNA-dot or slot-blot hybridization, nuclease protection, in situ
hybridization, and RT-PCR. Basic steps involved in carrying out
some of these procedures are given below.
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3.2.2.1. NORTHERN BLOT HYBRIDIZATION

The blotting and hybridization of RNA fractionated in an agarose-formaldehyde gel is a quick and reliable method for analysis of
specific sequences in RNA isolated from eukaryotic cells. This protocol involves the electrophoresis of RNA under denaturing conditions in an agarose-formaldehyde gel, transfer of the RNA from the
gel onto appropriate membrane (nylon or nitrocellulose), and
hybridization of the RNA to labeled probes.
3.2.2.1.1. Agarose/Formaldehyde Gel Electrophoresis
1. Prepare a 1% gel by dissolving 1 g agarose in 72 mL DEPC-treated
water (see Note 8).
2. Cool agarose to 60°C and in a fume hood add 10 mL 10X 3-[morpholino]propanesulfonic acid or MOPS running buffer and 18 mL 12.3 M
formaldehyde.
3. Pour gel and allow to set for 1 h. Remove comb and place gel in gel
tank. Add sufficient 1X MOPS running buffer to cover the gel to a
depth of about 1 mm.
4. Use 10–20 µg of total RNA or 1–2 µg polyA+ RNA. Adjust volume
to 11 µL and then add to it 5 µL 10X MOPS running buffer, 9 µL
12.3 M formaldehyde, and 25 µL deionized formamide. Mix by
vortexing and microcentrifuge briefly.
5. Incubate for 15 min at 55°C.
6. Add 10 µL RNA loading buffer. Add 1 µL 10 mg/mL ethidium bromide solution. Mix by vortexing and microcentrifuge briefly to collect the liquid.
7. Load onto gel and electrophorese gel at 5 V/cm. Stop the electrophoresis when the bromophenol blue dye has migrated two-thirds
the length of the gel.
8. Remove gel and examine on an UV transilluminator to visualize the
RNA. Photograph gel with a ruler placed alongside the gel to enable
the band positions to be identified on the membrane.
9. Wash gel three times, 10 min per wash, in 20 mM NaCl to reduce
formaldehyde level and background.
10. Rinse gel in two changes of 500 mL 10X SSC for 20 min to remove
formaldehyde from gel.
11. Wet a piece of Whatman 3MM filter paper in 10X SSC.
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12. Place a glass plate over a tray containing 10X SSC. Drape the wet
Whatman 3MM filter paper over the glass plate with both ends of the
filter hanging into the 10X SSC to act as a wick. Remove any air
bubbles trapped by gently rolling the Whatman 3MM filter paper
with a 5-mL pipet.
13. Place gel, topside down, over wick.
14. Cut a piece of nitrocellulose membrane to size of gel and wet membrane. Place the wet membrane over gel. Remove any air bubbles
trapped by rolling membrane gently with a 5-mL pipet.
15. Place two pieces of Whatman 3MM filter paper (same size as membrane) that have been wetted with water over the membrane and
smooth with 5-mL pipet to remove trapped air bubbles.
16. Place a stack of paper towels (3-cm thick) on top of Whatman 3MM
filter paper.
17. Cover with a glass plate. Place a small weight on top of glass plate.
18. Allow transfer by capillary action to proceed overnight.
19. Remove and discard paper towels and Whatman 3MM filter paper.
20. View gel over UV transilluminator to ensure that transfer is complete.
21. Rinse membrane in 10X SSC, then vacuum dry at 80°C between two
pieces of Whatman 3MM filter paper.

3.2.2.2. RT-PCR

3.2.2.2.1. Reverse Transcription (cDNA Synthesis). The RT-PCR
method is a rapid and highly sensitive method for analysis of transcripts. It requires the isolation of high quality RNA to be used as a
template for reverse transcription to cDNA, which, in turn, is used
as the template for PCR. The high-quality RNA can be extracted
using the method described earlier (Subheading 3.1.4. and Subheading 3.1.5.). cDNA is synthesized by a process known as reverse
transcription (RT) (see Note 9). A RT reaction in a total volume of
30 µL can be set up as follows.
1. Incubate RNA (1–2 µg) in DEPC-treated water at 70–80°C for
3–5 min. Spin briefly and keep on ice.
2. Add the following components
a. 3' specific primer or oligo(dT) primer or random hexamer primer.
b. 1X RT buffer, normally supplied with the reverse transcriptase used.
c. dNTP mix to final concentration of 0.5 mM.
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d. RNase inhibitor (RNasin) to final concentration of 1 U/µL.
e. Reverse transcriptase to final concentration recommended.
3. Incubate at recommended temperature and time.
4. Incubate at 70–80°C for 15 min to terminate reaction. Centrifuge
briefly in microfuge tube at 4°C.
5. Remove 1–2 µL for PCR (Subheading 3.2.1.4.). The remaining
reaction mix can be stored at –70°C for several months.

3.3. Analysis of Proteins
Separation of individual proteins from a heterologous mixture
based on their molecular weights in polyacrylamide gels is a quick
and easy way of characterizing proteins. There are many ways for
separating native and denatured proteins, but the most widely used
technique is by SDS polyacrylamide denaturing gel electrophoresis
(SDS-PAGE).

3.3.1. Separation of Proteins on SDS-PAGE
This involves heat denaturation of the proteins in the presence of
SDS and a reducing agent such as `-mercaptoethanol or dithiothreitol (DTT) to reduce disulfide bonds. The SDS coats the proteins, giving them a negative charge proportional to their length.
On application of an electric field, the proteins separate by charge
and by the sieving effect of the gel matrix. The separation of the
proteins can be enhanced using a discontinuous gel system that
has stacking and separating gel layers differing either in salt or
acrylamide concentration, pH or a combination of these (see Note 10).
The method outlined below is based on a 12.5% gel.
1. Prepare resolving gel by mixing 6.25 mL deionized 30% acrylamide/
bis-acrylamide (29:1) with 3.75 mL 4X gel buffer (use 16 mL and
32 mL acrylamide/bis-acrylamide for 8% and 16% gels, respectively) and 5 mL water in a 25-mL side-arm flask. Degas under
vacuum for 5–10 min.
2. Add 50 µL 10% freshly prepared ammonium persulfate. Swirl to mix.
3. Clean glass plates for protein gel and assemble the plates with spacer
onto the gel system according to manufacturer’s instructions. The
thickness of the gel is dependent on the thickness of the spacer used.
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4. Add 10 µL TEMED to acrylamide/bis-acrylamide/ammonium
persulfate mixture. TEMED catalyzes polymerization and should be
added just before pouring into prepared plates. Mix well and pour
into the prepared plates to a height of 10–11 cm.
5. Gently overlay with 1 mL water-saturated isobutanol to keep surface
of gel flat as it polymerizes. Leave for 1 h.
6. Prepare stacking gel by mixing 1 mL 30% acrylamide/bis-acrylamide
(29:1) with 4 mL water and 5 mL 2X stacking gel buffer in a
25-mL side-arm flask. Mix and degas under vacuum for 5 min.
Add 10 µL ammonium persulfate and 5 µL TEMED.
7. Remove isobutanol from the top of polymerized gel by decanting it
or with a piece of Whatman 3MM filter paper. Rinse with 1X gel
buffer. Remove buffer.
8. Pour stacking gel mixture on top of resolving gel until it is 1 cm from
the top of the plates. Insert comb for samples. Allow stacking gel to
polymerize. The stacking gel is added to give better resolution of
protein bands.
9. Transfer gel assembly to electrophoresis unit. Pour the required
volume of electrode buffer to both top and bottom chambers. Check
for leaks.
10. Clean sample wells by pipetting electrode buffer in and out of each
well gently.
11. Add 10 µL sample buffer to 10 µL sample (1–50 µg protein or
molecular weight marker). Heat sample to 95°C for 2–5 min or to
55°C for 15 min. Mix sample by vortexing before, during, and after
the heating.
12. Load samples on gel with a micropipet.
13. Electrophorese samples. The typical setting for electrophoresis is
10 mA constant current or between 80 and 100 V until the blue dye
front just runs out of the gel.
14. Remove gel and protein bands can be visualized after silver staining
or Coomassie brilliant blue staining. If the protein samples have
radioactive amino acids incorporated, the gel can be processed for
autoradiography.

3.3.2. Visualization of Proteins Resolved on Gel
3.3.2.1. COOMASSIE BRILLIANT BLUE STAINING

This method depends on the nonspecific binding of the dye to proteins and the limit of detection is between 0.3 and 1 µg protein per band.
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1. Remove gel from plate and place in container. Cut corner of gel for
orientation. Add five gel volumes of fixing solution. Gently rock gel
for 2 h in orbital shaker.
2. Remove fixing solution and replace with fresh fixing solution with
0.05% (v/v) Coomassie brilliant blue added. Leave for 2–4 h.
3. Remove solution and rinse with 50 mL fixing solution. Remove fixing solution.
4. Destain gel by adding destaining solution for 2 h with gentle rocking.
5. Discard destaining solution. Replace with fresh destaining solution
and gently rock. Continue destaining until a clear background and
blue protein bands are visible.
6. Gel can be stored in 7% acetic acid or in water. For a permanent
record, gel can be dried between Whatman 3MM filter paper
wrapped in plastic in conventional gel dryer at 80°C for 1–2 h.

3.3.2.2. SILVER STAINING

This is a very sensitive method for detection of protein and the limit
of detection is 1–5 ng protein per band. Silver staining is dependent on
the binding of silver to various chemical groups in the proteins.
1. Place gel in container. Add five gel volumes of fixing solution. Rock
gently for 30 min.
2. Replace fixing solution with an equal volume of destaining solution.
Rock gently for 30–60 min.
3. Discard destaining solution and add five gel vol 10% glutaraldehyde.
Rock gently in a fume hood for 30 min.
4. Discard glutaraldehyde. Wash gel with gentle rocking in water four
times, 30 min each. Leave gel in last wash overnight. Discard water.
5. Stain gel by adding five gel volume of silver nitrate solution.
6. Shake vigorously for 15 min. Watch carefully. If gel starts to turn
brown before the end of 15 min, go immediately to next step.
7. Transfer gel to another container. Rinse five times, exactly 1 min per
time, with water. Shake gently with each wash.
8. Add developer to cover the gel during rocking.
9. Shake vigorously until bands appear. Change developer if it turns
brown.
10. Stop development immediately when gel background starts to appear
or when desired band intensity is achieved by washing gel in two
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changes of water over 2 h or transfer gel to Kodak Rapid Fix solution
A for 5 min, followed by washing in water 4–5 times.
11. Photograph gel and store gel in sealed plastic bag, if desired.

3.3.2.3. AUTORADIOGRAPHY
1. Remove gel from plate and place in container. Cut corner of gel for
orientation. Add five gel volumes of fixing solution. Gently rock gel
for 1 h in orbital shaker.
2. Discard fixing solution and replace with fresh fixing solution. Gently rock for 1 h.
3. Discard fixing solution. Add 10% glycerol solution to gel and let
stand for 1–2 h. Discard glycerol solution.
4. Dry gel at 80°C under vacuum for 2 h.
5. Expose gel to X-ray film for required time.
6. Process film.

3.3.3. Immunoblotting and Immunodetection
of Specific Proteins
This method is used for identifying specific proteins that have
been resolved by SDS-PAGE. The resolved proteins are first transferred to a nitrocellulose, nylon, or PVDF membrane and then incubated with specific antisera. The primary antibody specifically binds
to its epitope and the antigen-antibody complex is then detected
directly with secondary antibodies conjugated with different
enzymes. The activities of the enzymes are then visualized using
chromogenic or luminescent substrates.
3.3.3.1. WET TRANSFER/BLOTTING OF PROTEINS

In this method, the protein resolved in the polyacrylamide gel is
electrophoretically transferred to the membrane with the gel in a
vertical position. The method outlined below is based on the transfer of proteins without prior staining.
1. Switch power supply off. Remove gel from tank at the end of electrophoresis.
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2. Equilibrate gel and membrane that has been cut to size (not larger
than gel) in transfer buffer.
3. Soak the two filter pads in transfer buffer and place one of them on
top of the back plate of gel cassette.
4. Wet two pieces of Whatman 3MM filter paper. Place one piece
on top of filter pad. Remove any air bubbles by rolling with a
5-mL pipet.
5. Place gel on top of the filter paper. Then, place the wet membrane over the top of the gel. Smooth filter paper by rolling with
a 5-mL pipet to remove any trapped air bubbles.
6. Place the second piece of filter paper on top of membrane and the
second filter pad on top of this filter paper. Gently remove any
trapped air bubbles.
7. Close the cassette and insert cassette into the buffer tank of the
wet transfer unit according to manufacturer’s instructions for the
unit used.
8. Fill tank with transfer buffer to cover gel.
9. Connect to power supply and use settings suggested by manufacturer. Transfer is normally carried out overnight or at least for 4 h.
10. On completion of transfer, switch off power supply, remove membrane and gel from tank. Cut a corner off membrane for orientation
and then briefly rinse membrane in water.
11. If prestained molecular weight standards are used, the efficiency of
transfer can be gaged from the transfer of the prestained markers.
Alternatively, stain the gel in Coomassie blue to check efficiency of
transfer.
12. Membrane is now ready for immunoprobing and detection of specific proteins.

3.3.3.2. SEMIDRY TRANSFER/BLOTTING OF PROTEINS

This system of transfer has the gel placed in a horizontal position
between buffer-saturated filter paper that is in contact with the electrode. This transfer is rapid and uses minimal buffer.
1. Switch power supply off. Remove gel after electrophoresis and
equilibrate gel in transfer buffer.
2. Prewet three pieces of Whatman 3MM filter paper with transfer
buffer and stack them on top of anode of semidry transfer unit.
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3. Cut membrane to size and prewet in transfer buffer. Place membrane
on top of the stack of Whatman 3MM filter paper. Smooth membrane with a 5-mL pipet to remove any air bubbles.
4. Place gel on top of membrane. Gently roll gel with a 5-mL pipet to
remove air bubbles and to ensure contact between gel and membrane.
5. Prewet three more pieces of Whatman 3MM filter paper and stack
them on top of gel. Remove any air bubbles by rolling gently with a
5-mL pipet.
6. Carefully place cathode on top of stack, put safety cover on and plug
leads to power pack. Use power settings recommended by manufacturer. The time of transfer is normally between 15 and 45 min. This
system of transfer is not recommended for prolonged transfers.
7. Switch off supply. Remove gel and membrane and check for transfer
efficiency as described for wet transfer in Subheading 3.3.3.1.
Membrane is now ready for use.

3.3.3.3. IMMUNOPROBING

There are three steps to follow in immunoprobing. The first
involves the binding of primary antibodies to the epitope of interest.
The second involves the application of a secondary antibody (usually an enzyme–antibody conjugate) directed against the primary
antibody used. The final step is the identification of the epitope by
chromogenic or luminescent visualization.
3.3.3.3.1. Primary and Secondary Antibody Reaction. The
method described here is for proteins immobilized on neutral and
positively charged nylon membranes (see Note 11).
1. Block membrane by incubating membrane in blocking buffer at room
temperature for 1 h or overnight at 4°C with rocking on an orbital
shaker.
2. Discard blocking buffer. Place membrane in plastic bag.
3. Dilute primary antibody in blocking buffer and add to membrane in
the bag. The dilution of primary antibody used varies with the antibody used. Seal bag. Incubate at room temperature for 1 h, with
gentle rocking.
4. Remove membrane from bag and transfer to shallow tray. Wash
membrane with four changes of TBS over 60 min. Then place washed
membrane in plastic bag.
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5. Dilute secondary antibody in blocking buffer and add to membrane
in plastic bag. Seal bag and incubate at room temperature with constant rocking for 30–60 min.

3.3.3.3.2. Visualization. The visualization of the antigen of interest is carried out using chromogenic or luminescent substrates and
is dependent on the enzyme that is conjugated to the secondary
antibodies. Enzymes that are commonly conjugated to the secondary antibodies include horseradish peroxidase and alkaline phosphatase. The protocol used for each system is normally according to
the manufacturer’s suggestion.

3.4. Subcloning and Ligation of Insert from Library
Genomic DNA fragments or cDNA inserts from clones of interest in genomic or cDNA libraries are normally subcloned into plasmids. Plasmids are very useful subcloning vectors as they can be
easily transformed into cells, amplified, and purified to yield
large quantities of DNA. The choice of the vector is dependent on
the kind of study to be carried out later. In general, the vector will
have to be linearized by restricting with one or more RE to generate
termini that are compatible with the cohesive and/or blunt termini
of the DNA fragment to be subcloned. The restricted vector should
contain an intact drug resistance gene that allows selection for
E. coli transformation with the recombinant plasmid, and an origin
of DNA replication that allows for autonomous replication of plasmid DNA circle in the E. coli host. The termini are then ligated and
the ligation mix is then transformed into E. coli. The transformants
are selected using the drug-resistance gene present on the plasmid.
If the fragment to be subcloned has identical ends, that is, cleaved
with one RE, then the linearized vector used has to be dephosphorylated (removal of 5' phosphate) to inhibit the religation of the compatible ends, thus, enhancing the frequency of ligation to insert termini.

3.4.1. Dephosphorylation
The dephosphorylation of the vector is performed as follows.
1. Restrict vector DNA with RE (Subheading 3.2.1.2.) in a total reaction volume of 20 µL (see Note 12).
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2. At the end of the reaction, add to it the dephosphorylation buffer
(see Subheading 2.6.1.)
3. Centrifuge briefly to collect liquid at bottom of tube. Incubate for
30 min at 37°C.
4. Phenol/chloroform extract DNA, precipitate DNA by adding to it
0.1 vol 3 M sodium acetate (pH 5.2) and at least 2.5 vol ethanol.
Place on dry ice for at least 10 min or store for several hours at –20°C.
5. Recover DNA by centrifuging at 4°C for 10 min and resuspend DNA
in 50 µL TE.

3.4.2. Symmetric Cloning/Nondirectional Cloning
1. Put together 0.3 µg cut insert (2 µL) and cloning buffer (see Note 13).
2. Incubate at between 4 and 16°C for 4 h to overnight.
3. Transform ligated insert into bacteria as described in Subheading 3.4.4.

3.4.3. Asymmetrical Cloning/Directional Cloning
When the insert is cleaved with different REs, asymmetrical ends
result and the following has to be carried out.
1. Cleave fragment and vector DNA with the REs required.
2. Electrophorese cleaved DNA on agarose gel (Subheading 3.2.1.1.).
Isolate insert and vector fragment required.
3. Follow the same protocol from steps 1–3 of Subheading 3.4.2.

3.4.4. Transformation of Bacteria
The bacteria cells used can either be prepared by the user or purchased as competent cells. Different grades of competent cells with
different transformation efficiencies are available commercially.
1. Aliquot 10–20 ng plasmid DNA or DNA from ligation mix in a
total volume of 20 µL in a sterile 15-mL round-bottom tube. Leave
on ice.
2. Thaw competent cells on ice and add 200 µL immediately to the DNA
in the tube. Gently mix and leave on ice for 30 to 60 min.
3. Heat shock cells by transferring tube into a 42°C water bath for
2.5 min or 37°C water bath for 5 min.
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4. Add 3 mL LB broth into tube and incubate mixture for 1 h at 37°C
with shaking.
5. Plate aliquots (a few different dilutions) of transformation culture
onto agar plates containing the appropriate antibiotics. Dry plates
and incubate overnight at 37°C.

Following transformation of ligation reaction, mix into E. coli
cells (Subheading 3.4.4.), successful subclones are screened. Generally, colonies are picked from agar plates and “miniprep” plasmid
DNA are prepared. Many methods are available and one quick
method is described in Subheading 3.1.2. and the desired recombinant plasmid is then identified by RE digestion and analysis. However, in instances where large numbers of putative subclones are
present, this “miniprep” plasmid DNA preparation is tedious and
time consuming. For such cases, PCR-based screening methods
have the advantage and these methods normally involve the following steps.
1. Determine the number of colonies to be tested and prepare a master
mix for PCR where 10 µL are used for each colony. Each 10 µL
contains 0.5 µM reverse and 0.5 µM forward oligonucleotide primers, 1X PCR buffer, 0.02 µM of each dNTP, 0.2–0.5 U Taq polymerase and distilled water.
2. Number the wells of a microtiter plate suitable for use in the
thermocyler used. Add to each well 10 µL of master mix for PCR.
3. Label a second microtiter plate in the same way as the first. Add to
the well 100 µL LB broth with the appropriate antibiotics. A 96-well
tissue-culture plate could be used for this purpose.
4. Pick each colony with a sterile toothpick.
5. Dip toothpick with colony first into the well containing master mix
for PCR. Swirl toothpick.
6. Dip same toothpick into well with corresponding number on second
plate containing LB broth. Swirl toothpick.
7. When all the colonies have been picked, incubate the plate with LB
broth at 37°C for 6 h to overnight.
8. If the thermocycler used does not have a heated lid, overlay each
well containing master mix for PCR with 50 µL mineral oil. Seal
microtiter plate and place it on the appropriate block in thermocycler.
Set program for 30–35 cycles with denaturation at 95°C for 30 s,
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annealing at between 50 and 55°C (depending on primers used) for
30 s, extension at 72–74°C for 5 min for the first cycle. Use the same
settings for denaturation and annealing, but for extension, set the
time to 30 s for the remaining cycles.
9. At the end of the reaction, add 1 µL DNA loading buffer to each
sample and electrophorese on agarose gel as described in Subheading 3.2.1.1. Select samples with amplified bands of the correct size.
Inoculate sample from corresponding well in second plate into fresh
LB broth with antibiotics for “miniprep” DNA preparation. Analyze
DNA by RE digestion to check for correct orientation of DNA fragment or for sequencing.

4. Notes
1. Genes encoding resistance to antibiotics, the most common bacterial
selectable markers for plasmid vectors, are carried on plasmid and
phage vectors and cells that contain the vector are identified by their
ability to grow and form colonies in the presence of the antibiotic.
The choice of antibiotics used in the LB broth or on agar plates
depends on the selectable marker present on the plasmid. Commonly
used antibiotic are ampicillin (50–100 µg/mL), kanamycin (25 µg/mL),
tetracylin (12.5–15 µg/mL), and chloramphenicol (10 µg/mL).
2. Reagents and solutions can be treated by addition of DEPC to inactivate the RNases present. Glassware can be baked at 300°C for 4 h or
200°C overnight and some plastic wares can be treated by rinsing
with chloroform to inactivate the RNases. Gloves should be worn at
all times, as the hands are a major source of contaminating RNases.
3. The percentage of agarose gel used is dependent on the size of the
expected DNA fragments. In general, 0.5% agarose gel is used for
DNA ranging from 1–30 kb, 1% agarose gel for 0.5–10 kb, and
1.5% agarose gel for 0.2–3 kb.
4. Ethidium bromide can be added to the cooled agarose and the DNA
could be viewed at anytime during the electrophoresis.
5. For minigels, set the voltage to 80 V for approx 1 h or until bromophenol blue dye is 75% across the gel. For larger gels to be used
for Southern blotting, electrophorese gel at 40 V for 4 h to overnight
with ethidium bromide added to gel during gel preparation.
6. One disadvantage of upward capillary transfer is the weight of the
filter paper and paper towels placed on top of the gel which could
crush the gel and reduce capillary action.
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7. One of these factors is the design of the primers used. The location
of the primer template within the target DNA defines the length of
the product. Typically, products ranging from 500–2000 bp are ideal
as they do not necessitate the use of special gels for good resolution
in the case of small products or the use of special polymerases in the
case of large products. When cDNA from a RT reaction is the target
sequence, the region on the cDNA to be amplified has to be taken
into consideration based on the primers used in cDNA synthesis. For
example, in cDNA synthesis using oligo(dT) primers, the priming
and extension are from the 3' end of the mRNA and long templates
are difficult to transcribe. Hence, the 5' primer used in amplification
of the resulting cDNA should be no further than 2–3 kb from the
3' end of the mRNA. Typically, PCR primers should be between 20
and 30 bp long and the optimal annealing temp of the two primers
should be similar. Another factor to consider is the MgCl2 concentration. The MgCl2 concentration has to be titrated to optimize the
PCR. The annealing temperature, though worked out empirically
from the primers designed, has to be tested. Also, if the sample is from
a RT reaction, it is important to establish that there is no contaminating genomic DNA that will result in false-positive results. In this case,
it is advisable to design primers that span across an intron so as to
ensure that the contaminating genomic DNA is not amplified. In some
cases where no intron is present in the gene, e.g., Type 1 interferons,
the presence of contaminating genomic DNA has to be addressed by
DNase treating the total RNA sample used in the RT reaction.
8. A 1% agarose/formadehyde gel is good for detection of RNA molecules from 500 bp to 10 kb.
9. There are three ways to prime the mRNA for cDNA synthesis.
The first is specific priming and it involves the use of a 3' (antisense)
gene-specific primer to anneal to the mRNA and extended with
reverse transcriptase. The second and third involve the use of
oligo(dT) and random hexamers as primers in which the entire
mRNA population is first converted to cDNA by priming with
oligo(dT) and random hexamers, respectively.
10. The percentage of polyacrylamide gel used is dependent on the size
of the proteins to be separated. For example, an 8% gel is effective
for proteins in the 80,000-Da range, whereas 12.5% and 16% gels
are effective for proteins in the 50,000-Da and 10,000–30,000-Da
range, respectively.
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11. For other types of membrane used such as nitrocellulose or
PVDF, follow the above, but use TBS containing 0.1% Tween20 (TTBS) as the blocking buffer and wash membrane in TTBS
instead of TBS.
12. Ensure vector DNA is completely digested by electrophoresing a
small aliquot on miniagarose gel. Incomplete digestion of vector
results in high background of colonies without inserts.
13. Different amounts of vector and insert can be used and very often the
amounts used are based on molar ratios of vector to insert of 1:1, 1:3,
and so on.
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2
Transient Transfection
of Human Retinoblastoma Cells
Application to the Analysis of the Regulatory Regions
of Photoreceptor-Specific Genes
Debora B. Farber, Leonid E. Lerner,
and Andrea S. Viczian

1. Introduction
Retinoblastoma (Rb) is an intraocular tumor usually diagnosed in
children under four years of age (1). The tumor rises when both alleles of the Rb tumor suppressor gene become inactivated in a retinal
precursor cell during development (2,3). The first retinoblastoma cell
line to be established in culture, Y-79 (4), has been shown to originate
from neuroectodermal cells that express both neuronal and glial cell
markers (3). Both Y-79 cells and Rb tumor cells produce mRNAs
encoding several proteins unique to the photoreceptors (5), including
different subunits of cone- and rod-specific cGMP-phosphodiesterases (6). Therefore, cultured Y-79 cells, which have a human
retinal origin, could be particularly useful for studying the regulatory
mechanisms of photoreceptor-specific gene expression (7).
In order to introduce DNA into eukaryotic cells several methods
have been developed. The most commonly used techniques are
calcium phosphate-mediated transfection, electroporation, and
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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lipofection. Briefly, calcium phosphate-mediated transfection takes
advantage of the formation of DNA-calcium phosphate precipitates
which enhance the introduction of foreign DNA into the cells (8). It
is a convenient and inexpensive technique, although the efficiency
of DNA uptake may vary significantly between different cell types.
During electroporation, a high-voltage electric pulse of a brief duration is applied to the cells to generate transient and reversible
“electropores” in the plasma membrane. The optimal conditions for
efficient electroporation which is not harmful to the cells must be
determined empirically for each cell type (9). Lipofection (10) is
often useful for cell types that transfect inefficiently by other methods. However, the selection of an efficient, convenient, and costeffective transfection technique depends, to a large extent, on the
particular cell line to be transfected.
Various reporter genes may be used in transient transfection
assays for transcriptional regulation studies. These include chloramphenicol acetyl transferase (CAT) (11), `-galactosidase (12),
luciferase (13), and `-globin (14). In particular, we have used the
GeneLight™ reporter vectors pGL2-Basic and pGL2-Control
(Promega Corp., Madison, WI) that contain the coding region of the
firefly Photinus pyralis luciferase gene. Luciferase activity can be
easily quantified with low background (there is no endogenous
luciferase activity in eukaryotic cells) using a rapid and sensitive
assay that allows the analysis of a large number of samples.
Transient transfections have been employed for the study of the
regulatory cis-elements and their interactions with trans-acting
nuclear factors that control the level of transcriptional activation of
various photoreceptor-specific genes including the `-subunit of
cGMP-phosphodiesterase (`-PDE) gene (7). In order to prepare
constructs suitable for transient transfections, various lengths of the
5'-flanking region of the human `-PDE gene were generated by
polymerase chain reaction (PCR) using sequence-specific primers;
the 3' primers contained a BglII linker and the 5' primers contained
an NheI linker. PCR products were digested with BglII and NheI,
and directionally subcloned into the pGL2-Basic vector upstream
of the luciferase reporter gene. Inserts were sequenced in both
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directions to assure 100% identity with the 5'-flanking region of the
human `-PDE gene.
This chapter describes the detailed protocols for the propagation
of Y-79 retinoblastoma cells in culture, for calcium phosphatemediated transient transfections of Y-79 cells using luciferase
reporter constructs, for the preparation of Y-79 cell extracts and for
the determination of the levels of the luciferase gene expression.
2. Materials

2.1. Equipment
1. Luminometer (Monolight 2010; Analytical Luminescence, MD).
2. Standard cell culture equipment (e.g., a cell-culture incubator preset
at 37°C with 5% CO2 in air atmosphere, laminar flow hood, centrifuge, microscope, Coulter counter or hemocytometer).

2.2. Reagents
2.2.1. Cell Culture
1. Y-79 Human retinoblastoma cells obtained from American Type
Culture Collection (Rockville, MD, Cat. No. HTB18).
2. Complete growth medium: RPMI-1640 with L-glutamine and without sodium phosphate (Gibco BRL, Grand Island, NY) supplemented
with 15% fetal bovine serum (FBS; Gibco BRL).
3. Transfection medium: Dulbecco’s modified Eagle’s medium (DMEM)/
F12 (50/50 mix, Cellgro™, Mediatech, Inc., Herndon, VA) supplemented with 15% FBS.

2.2.2. Transient Transfections of Human Rb Cells
Using Calcium Phosphate Precipitation
1. 2× HEPES-buffered saline/Na2HPO4, pH 7.0 (HBS/P): 45 mM HEPES
(tissue-culture grade), 280 mM NaCl, and 2.8 mM Na2HPO4. Adjust
pH accurately to 7.0 with NaOH, filter sterilize. This buffer may be
stored at 4°C for several months; recheck pH after prolonged storage.
2. Phosphate-buffered saline (PBS), pH 7.4: 140 mM NaCl, 2.7 mM KCl,
4.5 mM Na2HPO4, and 1.5 mM KH2PO4. Adjust pH to 7.4 with HCl,
filter sterilize.
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3. 2.5 M CaCl2 (tissue-culture grade), filter sterilize.
4. 10× TE buffer, pH 7.0: 10 mM Tris-HCl and 1 mM ethylenediaminetetraacetic acid (EDTA), filter sterilize. This buffer may be
stored at 4°C for several months.
5. 0.2 mg/mL poly-D-lysine in PBS, filter sterilize, store at 4°C.
6. 5 µg/mL fibronectin (Sigma Chemical Company, St. Louis, MO) in
PBS, filter sterilize, store at 4°C.

2.2.3. Preparation of Cell Lysate
and Measurement of Luciferase Activity
1. Luciferase assay mixture (LAM): 20 mM Tricine, 1 mM MgCO3,
2.7 mM MgSO 4, 0.1 mM EDTA, 30 mM dithiothreitol (DTT),
0.3 mM coenzyme A, 0.5 mM luciferin, and 0.5 mM ATP; adjust pH
to 7.8 with 1 M HCl. Store 1 mL aliquots at –20°C in complete darkness (may be wrapped in aluminum foil).
2. Prepare the cell lysis buffer by adding 1 vol of 5× Reporter Lysis
Buffer (Promega) to 4 vol of ddH2O. Vortex.

2.2.4. Determination of Galactosidase Activity
and Quantification of Transcription Levels
1. `-galactosidase assay buffer, pH to 7.0 (buffer Z): 60 mM Na2HPO4,
40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, and 50 mM `-mercaptoethanol (15). Do not autoclave. This buffer is stable at 4°C.
2. 4 mg/mL o-nitrophenyl-`-D-galactopyranoside (ONPG) in buffer Z,
store in 1-mL aliquots at –20°C.
3. 1 M Na2CO3 in ddH2O.

3. Methods
In the identification of specific nucleotides involved in proteinDNA interactions, it is important to ensure that mutational analysis
does not disrupt the spatial relations between potential regulatory
elements. In this regard, site-specific nucleotide substitutions are
preferred to sequence deletions or additions as they preserve the
overall length and the internal structure of the tested DNA region.
There are thee main criteria for selecting Y-79 human Rb cells as
the cell line in which to study the transcriptional regulation mecha-
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nisms of photoreceptor-specific genes in general and the `-PDE
gene in particular:
1. Y-79 Rb cells express a number of photoreceptor-specific genes (5,6)
that indicates that they possess the regulatory factors necessary for
their transcription. For example, the fact that Y-79 Rb cells produce
readily detectable levels of the `-subunit of cGMP-phosphodiesterase (`-PDE) indicates that these cells have the appropriate transcription machinery for the expression of the gene encoding this
protein.
2. A convenient method for the introduction of DNA into Y-79 Rb cells
by transient transfections has been established (see Subheading 3.3.)
that allows for sufficiently high transfection efficiency.
3. Promoters of many photoreceptor-specific genes, e.g., the `-PDE
gene, as well as the SV40 early promoter are capable of directing
high levels of expression of the luciferase reporter gene in Y-79 retinoblastoma cells (7).

3.1. Propagation of Y-79 Human Rb Cells in Culture
1. Rapidly thaw in a water bath preheated to 37°C the frozen stock of
Y-79 human Rb cells. Rinse the exterior of the cryovial with 70% ethanol and dry it.
2. Transfer the cells to a 175-cm2 flask containing 25 mL of the complete growth medium.
3. Incubate the cells at 37°C in 5% CO2 and 95% air for 24 h (see Note 1).
4. Replace the growth medium as follows:
a. Gently pellet the cells by centrifugation at 125g for 2 min at room
temperature.
b. Carefully aspirate the culture medium.
c. Resuspend the cells in 35 mL of fresh complete growth medium.
5. Allow the cells to grow undisturbed in the humidified incubator at
37°C in 5% CO2 and 95% air for 7–10 d or until the medium becomes
slightly yellow. When this occurs, change the medium again.
6. Allow the cells to grow in 35 mL of the complete growth medium for
another 10–14 d or until the medium turns light yellow. Clusters of
Y-79 cells in suspension can now be seen with the naked eye. As the
population of cells increases, they may be transferred into two or
more flasks, and the growth medium needs to be changed more frequently. Thus, daily observation of the cells is recommended.
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3.2. Isolation of Plasmid DNA Suitable
for High-Efficiency Transient Transfections
For efficient and consistent transfection results in Y-79 Rb
cells, it is very important to prepare highly purified plasmid DNA
(see Note 2) (Fig. 1).
1. Late in the afternoon, transform DH5_™ competent cells (GibcoBRL) with a desired plasmid, e.g., a pGL2-based construct or the
pSV-`-Galactosidase control plasmid (Promega). Select the transformed colonies by growing the cells overnight in an appropriate
medium supplemented with antibiotic, e.g., LB medium supplemented with ampicillin.
2. The following morning inoculate 2 mL of LB/ampicillin media with
one small colony selected from the plate (large overgrown colonies
may not grow well). Grow the bacterial culture in a 14-mL Falcon®
tube in a shaker incubator at 250 rpm at 37°C until the OD595 is about
0.5 (in the late afternoon).
3. Inoculate the entire volume (2 mL) into a 2-L flask containing
250 mL of LB/ampicillin and incubate in a shaker incubator at 250 rpm
at 37°C until the OD595 is about 1.0 (usually by the next morning).
4. Harvest the cells by centrifuging at 6000g for 15 min at 4°C. Decant
the supernatant. At this stage, the cells can either be frozen or processed further for plasmid isolation using the Endofree Maxi kit
(Qiagen, Valencia, CA).

The concentration of the purified DNA is calculated based on the
OD260 measurements, the plasmid is digested with a restriction endonuclease and both digested and undigested samples are resolved on
a 1% agarose gel to ensure the quality of the plasmid preparation.

3.3. Transient Transfections of Human Rb Cells
Using Calcium Phosphate Precipitation
1. Initiate Y-79 Rb cell cultures at least 2 wk before transfection. Cells
maintained in culture for a long period of time may not produce
optimal results, therefore, we prefer to use cell cultures less than
1.5 mo old. Propagate the cells in suspension as described above.
The day before plating the cells for transfection, change the complete growth medium.
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Fig. 1. Relative luciferase activity in transient transfections of Y-79
human Rb cells using pGL2-based constructs containing unidirectional
nested deletions of the –197 to +4 bp of the 5'-flanking region of the
human PDE6B gene. Plasmid nomenclature (p-197 to p+4) refers to the
5'-most nucleotide in the subcloned fragment. Constructs p-93M and
p-72M contain site-specific nucleotide substitutions (7). Plasmids were
cotransfected with pSV-`-Galactosidase control vector. Luciferase activity was normalized to the corresponding `-galactosidase activity for each
sample and expressed as percent activity of the construct p-197. Values
represent the average of at least three transfections and standard deviation bars are shown.
2. The following day, under sterile conditions coat 60-mm diameter
tissue-culture plates with 0.4 mL of poly-D-lysine (spread over the
surface with brisk rotational movements), replace the lid and wait
for 10 min. Add 0.2 mL of fibronectin solution and spread over the
surface, replace the lid, and wait for 30–60 min. Meanwhile, count
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the cells and dilute them with complete growth medium to 1.5 × 106
cells/mL. Aspirate the remaining fibronectin/poly-D-lysine solution
and wash the dishes briefly with 3 mL of serum-free RPMI-1640
followed by aspiration. Plate 3 mL of cell suspension per plate
(approx 4.5 × 106 cells/plate) and incubate them overnight at 37°C
in 5% CO2 and 95% air. If larger dishes are used, the number of cells
plated and the volumes given should be adjusted accordingly.
The next morning, gently aspirate the complete growth medium
(including any dead cells) and add 4 mL of the transfection medium
(see Note 3). Place the cells back into the humidified incubator for 3 h.
In a 14-mL Falcon tube prepare the following transfection mixture
that will be used for three plates (transfection of each construct is
carried out in triplicate to ensure the reproducibility of the results):
1.35 mL of 10× TE buffer, pH 7.0; 15 µg of pSV-`-Galactosidase
vector (5 µg per plate) and 30 µg of the appropriate pGL2 construct
(10 µg per plate) in a total volume of 45 µL of TE buffer; 0.15 mL of
2.5 M CaCl2. Add 1.5 mL of 2× HBS/P, pH 7.0 and mix thoroughly
by pipeting up and down.
Add 1.0 mL of transfection mixture to each plate and spread over the
cells by grid movements (forward-backward and left-right). Rotational movements are undesirable because the precipitate tends to
spread around the periphery of the plate.
Place the plates into the humidified incubator overnight (see Note 4).
The following morning, a fine-grained precipitate is readily visualized under the microscope around the cells and attached to the surface of the cells (see Note 5).
Carefully aspirate the medium from the plates to avoid cell loss. Cells
may be gently washed with 5 mL of serum-free medium for up to
three times. Feed the cells with 5 mL of the complete growth
medium, incubate for 24 h, and harvest (see Notes 6 and 7).

3.4. Preparation of Cell Lysate
and Measurement of Luciferase Activity
It is accepted that the level of luciferase activity measured following transient transfection correlates well with the level of the
luciferase reporter gene expression.
In order to prepare cell lysates suitable for luciferase activity measurements, the luciferase assay system (Promega) is used according
to the manufacturer’s instructions with minor modifications:
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1. Aspirate the medium from the plates and wash the cells twice with
4 mL of PBS at room temperature (see Note 8).
2. Add 0.1 mL of cell lysis buffer directly onto the cell monolayer and
spread it over the surface by tilting the plate in all directions. Leave
the plate horizontal for 15 min at room temperature. The cells will
be lysed (if viewed under the microscope, only intact nuclei are
visible).
3. Scrape the plate thoroughly with a cell scraper and transfer the cell
lysate into a precooled microfuge tube. Keep on ice. Centrifuge for
2 min at 4°C at 16,000g to pellet the cell debris, and transfer the
supernatant into a clean 1.5-mL tube. Store on ice.
4. Pipet 20 µL of the extract obtained from different plates into appropriately labeled polystyrene luminometer cuvettes. Bring the cuvets
and LAM alongside a luminometer and turn it on.
5. Add 0.1 mL of LAM to each cuvet and measure the luciferase activity (see Note 9).

3.5. Determination of `-Galactosidase Activity
and Quantification of Transcription Levels
The luciferase activity measured following transient transfections
must be normalized for transfection efficiency and for general
effects on transcription using an internal control vector (see Note 10).
Therefore, all cells are routinely cotransfected with a control plasmid containing the bacterial lacZ gene driven by the SV40 early
promoter, the pSV-`-galactosidase control vector (Promega).
The method of Sambrook et al. is used (15) with minor modifications.
1. Pipet 40 µL of 4 mg/mL ONPG stock solution into appropriately
labeled glass tubes.
2. Add 40 µL of cell extract followed by 120 µL of buffer Z. Mix.
3. Incubate at 37°C until yellow color develops (approx 1.5–3 h).
4. Add 100 µL of 1 M Na2CO3 to each tube and determine the OD at
420 nm.

The following formula is used to calculate Relative Luciferase
Activity (RLA; see Note 10):
RLA = luciferase activity (light units)/
`-galactosidase activity (OD420 U) × 1000
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A typical example of relative luciferase activity obtained following transient transfections of Y-79 Rb cells with pGL2-based constructs containing different lengths of the 5'-flanking region of the
human B-PDE gene and the luciferase reporter gene is shown in
Fig. 1 (see Note 11).

3.6. Summary
In order to achieve high-efficiency transfection of plasmid DNA
into Y-79 Rb cells, sufficiently high levels of expression of the
luciferase reporter gene and a good reproducibility of the results,
several factors have to be taken into consideration: (1) cell density
used for transfections, (2) quality of the plasmid DNA preparation,
(3) the length of the incubation of cells with transfection mixture,
and (4) the duration of post-transfection incubation.
Briefly, the highest luciferase activity is observed when cells are
transfected with plasmid DNA isolated using the Endofree Maxi
Prep kit (Qiagen), and when the cells are plated at a density of
3–4.5 million per 60-mm diameter plate. The optimal results are
obtained when Y-79 cells are incubated for 16–24 h with calcium
phosphate/DNA transfection mixture and harvested 24 h following
the removal of the mixture.
4. Notes
1. The medium used for the storage of Y-79 cells in a frozen state contains 95% complete growth medium and 5% dimethyl sulfoxide
(DMSO). DMSO is toxic for the growing cells and should be
removed within 24 h following thawing of the Y-79 cells by changing the growth medium.
2. We have compared three different plasmid isolation techniques. The
Endofree Maxi kit (Qiagen, Valencia, CA), designed to remove bacterial endotoxin, provided the highest levels of luciferase activity,
followed by the Maxi Prep kit (Qiagen); the lowest levels were
observed using the alkaline lysis/lysozyme isolation technique (16).
3. The transfection medium differs from the complete growth medium
in that it contains DMEM/F12 instead of RPMI-1640 (see Subhead-
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ing 2.). The latter medium has a high Ca2+ content which may interfere with calcium phosphate-mediated transfection.
We have compared the levels of luciferase activity after Y-79 cells
were incubated with the DNA/calcium phosphate transfection
mixture for various periods of time (3, 6, 12, 16, and 24 h). The
transfection mixture was then replaced with complete growth
medium and the cells were harvested the next day. The highest
luciferase activity was observed following the 24-h incubation.
It is important to examine all the plates for the amount of precipitate
formed, which should be comparable, as well as to make sure that
the cells remain attached to the plate. If there are plates with significantly less precipitate or with many cells detached, those plates
should be disregarded.
We have compared the effect of various posttransfection incubation
periods on the level of luciferase reporter gene expression. Upon
removal of the calcium phosphate mixture, the cells were allowed to
grow in fresh complete growth medium for 24 or 56 h. Luciferase
activity was measured for both incubation times and found to be the
same, but at 56 h many cells were detached from the plate. Therefore, we routinely use the 24-h incubation.
Essentially, the same protocol can be used for transient transfections
of WERI-Rb-1 human Rb cells.
Thoroughly remove all PBS after the final wash by tilting the plate
(residual PBS may interfere with the cell lysis buffer and prevent
complete lysis of the cells).
LAM is thawed at room temperature in the dark. Add LAM to one
cuvet at a time, briefly mix by hand-vortex, using one finger tap on
the lower portion of the cuvet, insert the cuvet into the luminometer
and measure the luciferase activity. It is important to perform
these step in a timely fashion consistent for all the cuvets because
once LAM is added to the extract, the light-emitting reaction begins.
One can perform this sequence to a count of one to four. Alternatively, if the luminometer is equipped with a dispenser, LAM can be
injected automatically.
Although the luciferase activity measured directly in cell lysates
may vary between different transfections or batches of Y-79
cells, the activity of the promoter of interest may still be evaluated
provided it is normalized relative to an internal control plasmid,
e.g., pSV-`-Galactosidase vector (Promega).
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11. For negative controls, the measurements of luciferase activity in
LAM alone or in the extracts from mock-transfected cells can be
used (between 90 and 150 light units). Luciferase activity measured
in Y-79 cells transfected with the pGL2-Control vector can be used
as a positive control and the values obtained usually range between
70,000 and 110,000 light units.
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3
In Situ Hybridization
Xian-Jie Yang

1. Introduction
In situ hybridization techniques involve specific annealing of
labeled nucleic acid probes with complimentary cellular RNAs, and
the subsequent detection of these labeled probes within fixed cells
(1,2). In situ hybridization can be applied to monolayer cells, tissue
sections, or whole mount tissues. It is a powerful technique for the
cellular or subcellular localization of transcribed RNA, and is especially useful when antibodies recognizing a particular protein are
not available for immunocytochemical staining.

1.1. Preparation of Probes
Probes commonly used for in situ hybridization are singlestranded DNAs, single-stranded RNAs, or oligonucleotides. Hybrids
formed between RNA–RNA molecules are more stable than RNA–
DNA, or DNA–DNA hybrids. Large quantities of single-stranded
RNA probes consisting of either the sense or the antisense transcripts can be easily synthesized by in vitro transcription reactions
employing recombinant bacteriophage RNA polymerases. The
lengths of probes can vary from less than 100 bases to a few
kilobases. Longer probes allow more extensive annealing and thus
more labeled moiety per target RNA.
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ

45

46

Yang

Two types of labels, radioactive and nonradioactive, can be
incorporated into probes for visualization. Radioactive probes typically contain 35S- or 3H-labeled nucleotides, and can be stored for
up to one month. Hybridization signals of radioactive probes may
be detected by exposure to photographic emulsion. Nonradioactive
probes contain nucleotides covalently linked to haptens such as
biotin, digoxigenin, or fluorescein. These probes are generally stable
when frozen and thus can be stored for prolonged periods of time.
The nonradioactive probes are detected with the use of reagents that
bind to the incorporated haptens with high affinity and are conjugated to enzymes that catalyze histochemical reactions facilitating
visualization.

1.2. Preparation of Specimen
Tissues or cells used for in situ hybridizations are typically fixed
with 4% paraformaldehyde, 4% formaldehyde, or 1% glutaraldehyde. Glutaraldehyde is the strongest of these three fixatives and
can result in better preservation of morphology, but can also reduce
signal strength because of decreased probe penetration. Fresh tissues are essential because RNAs are labile and can be easily
degraded by ribonucleases released from dying cells. Most in situ
hybridization protocols use either paraffin sections or cryosections
of tissues. However, fixed whole mount embryos or dissected tissues, as well as dissociated cells that have been attached to slides
and fixed for processing, are also commonly used.

1.3. Pretreatment of Tissues
Tissue specimens can be treated in a variety of ways before probe
hybridization to improve the signal-to-noise ratio. Dewaxing is necessary when using paraffin sections in order to ensure the aqueous
environment required for efficient in situ hybridization. Acetylation is commonly used in combination with paraffin sections to prevent nonspecific binding of negatively charged probes to positively
charged amino groups. A bleaching step is frequently included to
reduce background caused by blood cells or pigmented cells,
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although this step is not essential for many samples. Perhaps the
most critical pretreatment of a specimen is a controlled protease
digestion to allow better probe penetration. Proper digestion with
protease can significantly enhance hybridization signals. However,
excess digestion will result in poor tissue morphology and even loss
of signal.

1.4. Hybridization of Probes and Washing
The hybridization of nucleic acid molecules in fixed tissues is a
complex process, and at present is not fully understood. Therefore,
hybridization conditions are largely tested empirically. The melting
temperature (Tm) of a given nucleic acid hybrid depends on the
extent of homology between the probe and the target, the length of
the probe, the base composition of the probe, and the type of hybrid
formed (RNA–RNA, RNA–DNA, or DNA–DNA). In addition, the
Tm of a nucleic acid hybrid in tissue is generally lower than its Tm in
solution. Most hybridization buffers contain high salts, excess
probes, and other components that favor the formation of hybrids.
Under these conditions, RNA–RNA hybridization is completed
within 6 h at 25°C below the Tm.
Washing after hybridization is performed to eliminate probes partially hybridized or nonspecifically bound to tissues. Washing temperatures should be 5°C lower than the hybrid’s Tm. Increasingly
lower monovalent salt concentrations are typically used to destabilize hybrids that form because of partial homologies. Furthermore,
formamide is often included in the washing buffer to decrease the
Tm, and, therefore, effectively increase the stringency of washing.

1.5. Detection and Visualization of Bound Probes
Radioactive in situ hybridization signals are detected by overlaying tissue sections with a light-sensitive photographic emulsion.
The radioactive signals are captured as reduced silver grains in the
emulsion layer and visualized using light microscopy. 35S-labeled
probes are commonly used because the hybridization signals are
easily detected and relatively defined (Table 1). Exposure times
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Table 1
Summary of Labeling and Detection Methods Used for In Situ Hybridization
Type of labels
Radioactive
S35 or H3 nucleotides
Nonradioactive
Fluorescein

Digoxigenin

Biotin

Detection reagents

Visualization

Photographic emulsion

Bright field light microscopy,
or epilumination
and dark field.

a. Direct detection of fluorescence
b. Antifluorescein antibodies conjugated with fluorochromes
c. Antifluorescein antibodies conjugated with AP:
Enzymatic reaction with:
Color
NBT/BCIP (X-Phos)
Purple
Naphthol-AS-GR-phosphate/Fast Blue BN Green
Naphthol-AS-phosphate/Fast Red TR
Red
Naphthol-AS-phosphate/Fast Blue BN
Blue
a. Antidigoxigenin antibodies conjugated with fluorochromes
b. Antidigoxigenin antibodies conjugated with AP (see above)

Fluorescence microscopy.
Fluorescence microscopy.

Fluorescence microscopy.
Bright field
or Nomaski microscopy.
Bright field
or Nomaski microscopy.

Yang

Straptavidin coupled antibodies conjugated with HRP:
Enzymatic reaction with:
Color
DAB
Brown

Bright field
or Nomaski microscopy.
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vary greatly depending on expression levels of target RNAs, and
typically range from 3 to 7 d.
Nonradioactively labeled probes can be detected either directly
without using any secondary reagents (as in the case with fluorescent haptens), or indirectly with the use of secondary reagents
including hapten-specific antibodies (in cases of digoxigenin and
fluorescein) or other high-affinity reagents like streptavidin (in the
case of biotin). These secondary reagents are conjugated with
enzymes including alkaline phosphatase (AP) and horse radish peroxidase (HRP), which catalyze histochemical reactions within cells
when appropriate substrates are provided. Digoxigenin is a plant
derived steroid that is not present in animal cells (3). Therefore,
detection of digoxigenin using specific antibodies results in low
endogenous background in animal tissues.

1.6. Artifacts and Controls
When using in situ hybridization to study the expression patterns
of new genes, it is crucial to include proper controls. A commonly
chosen control probe is the sense strand transcript. In most cases,
the sense strand is complimentary to a nonsense sequence that
should not exist as a transcript in target cells. Hence, it is expected
that hybridization of sense probe will not result in any specific signal. Another type of control experiment involves competing the
labeled probe with nonlabeled antisense probe. Authentic signals
should decrease with increasing concentrations of nonlabeled probe.
It is important to realize that in situ hybridization is generally not
a quantitative assay. Signal levels between two probes are not
directly comparable; signal levels detected by the same probe can
only be qualitatively compared when a number of criteria are met.
Radioactive probes may be more sensitive under some circumstances compared to other labeling methods. However, nonradioactive in situ hybridization procedures offer several advantages over
radioactive procedures: (1), it does not involve handling and disposing of radioactive materials; (2), the probes have an indefinite
theoretical half-life; (3), the procedure can be accomplished in a
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shorter period of time; (4), a higher cellular and subcellular resolution similar to antibody staining can be achieved; (5), it can be used
to detect global expression patterns in embryos or other whole
mount tissues; (6), it can simultaneously detect different RNA transcripts in the same specimen; and (7), it can be combined with
immunocytochemical staining of proteins. These advantages have
made nonradioactive in situ hybridization the method of choice to
detect temporal and spatial distribution of RNAs.
In this chapter, nonradioactive in situ hybridization protocols
using single-strand RNA probes for monolayer cells, paraffin and
cryosections, and whole-mount tissues are described. In addition,
variations of these protocols that allow detection of multiple transcripts, and combinations of in situ hybridization and immunocytochemistry are discussed.
2. Materials

2.1. Supplies and Equipment
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Pretreated glass slides (Superfrost Plus, Fisher Scientific).
Glass scintillation vials.
Glass staining dishes or Coplin jars.
Plastic (polypropylene) slide mailers for section hybridization.
Shaking water bath.
Orbitron rotator.
Filter units (0.2–0.45-µm pore size, Nalgene, Rochester, NY).
OCT Tissue-Tek embedding compound (Fisher Scientific).
Cryostat used to section OCT embedded tissues.
Slide storage box with desiccant.

2.2. Reagents, Solutions, and Recipes
1. 10X phosphate-buffered saline (10X PBS), pH 7.3: Dissolve 80 g NaCl,
2 g KCl, 11.5 g Na2HPO4·7H2O, and 2 g KH2PO4 in double-distilled
(dd) H2O to a final volume of 1 L. Titrate to pH 7.3 with 1 N NaOH.
2. 30% Sucrose/PBS: Dissolve 30 g of sucrose in 1X PBS to a final
volume of 100 mL. Filter and store at 4°C.
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3. 10 mg/mL poly-D-lysine solution: Dissolve 1 g of poly-D-lysine
(high molecular weight, Sigma) in 100 mL of dd H2O. Filter, and
store in aliquots at –20°C. Dilute to 10 µg/mL with H2O before coating glass slides.
4. 10% Tween solution: Add 90 mL of dd H2O to 10 mL of Tween-20
(Sigma), mix until homogenous. Store at room temperature.
5. PBT: Add 10 mL of 10% Tween solution to 1 L of 1X PBS, mix, and
filter before use.
6. 4% Paraformaldehyde (PFA): Add 40 g of paraformaldehyde to
800 mL of dd H2O preheated to 65°C. Stir while adding 10 N NaOH
drop by drop until the solution becomes clear. Continue to stir while
adding 100 mL of 10X PBS. Measure pH with pH paper, and titrate
to pH 7.5 with 1 N HCl. Adjust volume to 1.0 L with dd H 2 O.
Let solution cool to room temperature, filter through Whatman No. 4
filter paper. Either use fresh, or divide into aliquots, store at –20°C.
Thaw and use the same day. Preparation of this solution should
be carried out in a fume hood, and it is necessary to wear gloves
and a mask.
7. 25% Glutaraldehyde: This stock can be purchased from Sigma. Store
at –20°C. Can be repeatedly frozen and thawed. Wear gloves when
handle the solution.
8. Diethylpyrocarbonate (DEPC) H 2O: Water used to prepare in situ
hybridization solutions should first be treated with DEPC. Add
1 mL DEPC to 1 L of dd H2O, shake vigorously to disperse DEPC,
and autoclave. Wear gloves when handle DEPC, because it is a suspected carcinogen.
9. 5X Transcription buffers: For T7 and T3 RNA polymerases,
200 mM Tris HCl, pH 8.0, 40 mM MgCl2, 10 mM spermidine,
250 mM NaCl; for SP6 RNA polymerase, 200 mM Tris-HCl, pH 7.5,
30 mM MgCl2, 10 mM spermidine.
10. Nucleotide mixtures for transcription (10X): 10 mM each of GTP,
ATP, CTP, 6.5 mM UTP, and 3.5 mM digoxygenin-11-UTP or fluorescein-12-UTP. Store frozen at –20°C. Thaw on ice before use.
11. RNase inhibitor: Purchase from Boehringer Mannheim.
12. RIPA: 50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% Nonidet P-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate (SDS). Make with DEPC
H2O. Filter before use.
13. Proteinase K stock: Dissolve proteinase K (Boehringer Mannheim)
in the original bottle to 10 mg/mL with DEPC-treated H2O. Immedi-
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14.
15.

16.
17.
18.
19.

20.

21.

22.

Yang
ately distribute as 0.5-mL aliquots into Eppendorf tubes and store at
–20°C. When thawing a frozen tube, make sure that it is fully resuspended before pipeting and diluting. Each batch of proteinase K may
have different specific activities and may require titration to determine the optimal concentration for different applications.
20X SSC, pH 4.5: 3 M NaCl, 0.3 M trisodium citrate. Use citric acid
(anhydrous) to adjust pH. Autoclave before use.
Hybridization solution: 5X SSC, pH 4.5, 50% formamide (Boehringer
Mannheim, no need to deionize), 50 µg/mL yeast RNA (Sigma),
1% SDS, 50 µg/mL Heparin (Low molecular weight, sodium salt,
Sigma). All components should be made up with DEPC-treated H2O
at room temperature and filtered. Aliquots of the solution can be
stored in 50-mL sterile polypropylene tubes at –20°C for up to 1 yr.
Before each use, heat the solution to 70°C. For hybridization,
directly add single strand RNA probe to a final concentration of
approx 1 µg/mL. Hybridization solutions containing probes can also
be stored at –20°C, and reused several times. Before each use, heat
to 70°C to denature probes.
Washing solution I: 5X SSC, pH 4.5, 50% formamide, 1% SDS.
Make up fresh the day of use and filter.
Washing solution II: 2X SSC, pH 4.5, 50% formamide. Make up
fresh the day of use and filter.
Sheep serum: Inactivate normal sheep serum by heating to 55°C for
60 min, swirling every few minutes. Store aliquots at –20°C.
Antidigoxigenin and antifluorescein antibodies: Antidigoxigenin
antibody conjugated to alkaline phosphatase (from sheep, Fab fragment, Boehringer Mannheim) and antifluorescein antibody conjugated to alkaline phosphatase (from sheep, Fab fragment, Boehringer
Mannheim) are used at 1:2000 dilutions.
TBST: 25 mM Tris-HCl, pH 7.0, 140 mM NaCl, 2.7 mM KCl,
0.1% Tween-20, 2 mM Levimasole. Make from stock solutions.
Add Tween-20 and Levimasole (to inhibit endogenous alkaline
phosphatase activities) the day of use, then filter. Does not require
DEPC water.
NTMT: 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl2,
0.1% Tween-20, 2 mM Levimasole. Make up fresh from stock solutions, add Levimasole, and filter before use.
NBT: Dissolve 75 mg nitroblue tetrazolium (NBT) in 1.0 mL 70% (v/v)
N, N-dimethylformamide. Make fresh daily.
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23. BCIP (X-Phos): Dissolve 50 mg 5-bromo-4-chloro-3-indolyl phosphate (BCIP) sodium salt in 1.0 mL of H2O; or 50 mg BCIP toluidine
salt in 1.0 mL of N, N-dimethylformamide. Make fresh daily.
24. Multicolor alkaline phosphatase (AP) detection set: Can be purchased from Boehringer Mannheim. It contains AP substrates to give
“green” (naphthol-AS-GR-phosphate and Fast Blue BN), “red”
(naphthol-AS-phosphate and Fast Red TR), and “blue” (naphtholAS-phosphate and Fast Blue BN) reaction precipitates. Use as
directed.
25. Alkaline phosphatase (AP) reaction mix with NBT/BCIP: 250 µg/mL
NBT, 130 µg/mL BCIP diluted in NTMT. To make 2.0 mL of the
reaction mix, add 6.75 µL of NBT solution and 5.25 µL of BCIP
solution to 2.0 mL of NTMT. Make these solutions immediately
before use and keep in the dark.
26. PBS, pH 5.0: Titrate 1X PBS with 1 N HCl until pH 5.0.
27. Embryo powder: Embryo powders are used to preabsorb antibodies in order to reduce backgrounds in whole mount in situ hybridizations. Embryo powders should be derived from the same species,
e.g., mouse, rat, or chicken, that will be used in in situ hybridization assays. For mice, embryos at gestation day 12–13 are used;
for chicks, embryos at approx stage 32 (embryonic day 6) can be
used. Dissect embryos free of embryonic membranes in cold PBS,
and remove hearts. Homogenize dissected embryos in a minimum
volume of ice-cold PBS. Add 4X volumes of ice-cold acetone,
vortex, and put on ice for 30 min. Spin in oak ridge tubes at
10,000g for 10 min at 4°C. Decant and rinse pellet in ice-cold
acetone. Allow tissue pellet to air-dry completely on wax filter
paper, and grind to powder in mortar and pestle. Store at –20°C in
a sealed container.
28. ABC Elite kit for HRP staining: Purchase from Vector Lab (Burlingame, CA). Appropriate secondary antibodies (e.g., biotinylated
antirabbit antibody) can also be obtained from Vector Lab. Use these
secondary antibodies at 1:200 dilution.
29. DAB substrate solution: Make 10 mg/mL 3,3-diaminobenzidine
tetrahydrochloride (DAB), store as aliquots at –20°C. Add 250 µL of
1 M Tris-HCl, pH 7.5, 250 µL of 10 mg/mL DAB, and 5 µL of
30% H 2O2 to 5 mL of ddH2O right before use. DAB is a carcinogen,
therefore, wear gloves and dispose wastes according to institutional
guidelines.
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3. Methods

3.1. Preparation of RNA Probes
Single-stranded sense and antisense RNA probes are synthesized
by in vitro transcription reactions using bacteriophage RNA polymerases (T7, T3, or SP6). To obtain appropriate DNA templates
suitable for transcription reactions, DNA sequences encoding the
probes should be subcloned into restriction sites of a plasmid
flanked by two distinct bacteriophage promoters (e.g., Bluescript,
Strategene). The size of the probe can range from 200 basepairs up
to a few kilobases (see Notes 1 and 2).
Linear DNA templates for sense and antisense RNAs are generated by restriction cutting circular template plasmid DNA at either
end of the probe. In general, 5' protruding or blunt-end restriction
enzymes are preferred to generate linear templates. To prepare transcription reactions, use autoclaved Eppendorf tubes and pipet tips,
and wear gloves to reduce RNase contamination. A 20-µL reaction
containing 1 µg of template DNA can synthesize up to 10 µg of
RNA transcripts (see Note 3).
1. Mix the following reagents together at room temperature in the following order:
10 µL
DEPC H2O
Transcription buffer (5X)
4 µL
0.2 M DTT
1 µL
Nucleotide mix (10X)
2 µL
Linearized DNA (0.5 µg/µL)
2 µL
RNase inhibitor
0.5 µL
RNA polymerase (T7, T3, or SP6)
1 µL (10 U)
2. Incubate at 37°C for 2 h.
3. Check transcription by running a 1-µL aliquot of the reaction on a
1% agarose gel. A single predominant band of greater intensity than
the DNA template band indicates that transcription has been successful (see Note 4).
4. Add 1 µL DNase (RNase-free) and incubate at 37°C for 15 min.
5. Add 100 µL DEPC-treated H2O, 10 µL 4 M LiCl, 300 µL of 100% ethanol, and incubate at –20°C for 60 min to overnight.
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6. Spin for 10 min in a microfuge, and wash with 70% ethanol. Air-dry.
7. If using fluorescein-labeled probes, repeat steps 5 and 6.
8. Redissolve in 10 µL DEPC-treated H2O. Add 10 µL hybridization
buffer. Probe can be stored in 50% hybridization buffer for at least
several months at –20°C.

3.2. Preparation of Paraffin Sections
3.2.1. Fixation of Samples
1. Place dissected organs or embryos in clean scintillation vials containing fresh (or freshly thawed) 4% PFA fixative. Allow fixation to
proceed at 4°C for desired time (see Notes 5–7).

3.2.2. Dehydration of Samples
1. Melt sufficient amount of paraffin wax in a 60°C oven.
2. Replace fixatives with 50% ethanol, immediately change the
50% ethanol to fresh 50% ethanol and incubate at room temperature for 20 min. Repeat the 20-min incubation with fresh ethanol
two more times.
3. Perform the same dehydration procedure three times each using 70%,
95%, and 100% ethanol, allowing 20 min for each change. (Samples
can be stored in 70% ethanol for a few days. Complete dehydration
is critical for paraffin embedding.)
4. Replace 100% ethanol with xylenes in a fume hood. Immediately
change to fresh xylenes and incubate at room temperature for 10 min.
Repeat incubation with xylenes two more times. (Longer xylene
incubations may be necessary for larger samples).

3.2.3. Embedding in Wax
1. Pour off xylenes. Add 5 mL fresh xylenes, and an equal volume
of molten wax. Mix and leave at room temperature overnight.
(The wax/xylenes will harden, but impregnation of tissue will occur.)
2. Place the vial in a 60°C oven until the wax/xylenes mix melts.
Replace the wax/xylenes mix with fresh wax, and leave at 60°C
for 1 h. Repeat this step two more times for a total of 3 h incubation
in wax.
3. Move the vial to a 60°C heat block. Fill embedding mold with fresh
molten wax using a hot Pasteur pipet. Immediately place and orient
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the sample in the mold using hot forceps. Place an embedding ring
on the mold and fill with more wax. Label the embedding ring to
allow the identification of samples (see Note 8).
4. Leave the wax blocks to harden completely at room temperature.
The blocks can be stored in dry conditions for several years.

3.2.4. Sectioning Paraffin-Embedded Samples
1. Mount paraffin blocks onto the microtome, and trim away excess
paraffin. The final shape of the block face is typically trapezoidal to
facilitate ribbon formation.
2. Collect 5–8 µM sections on glass slides coated with H2O. Allow sections to stretch on a 45°C slide warmer for 30 min, and then drain
excess water. Incubate the slide in a dry 37°C incubator overnight.
If desired, paraffin sections can now be stored in a desiccated slide
box at room temperature.

3.2.5. Dewaxing and Rehydrating Paraffin Sections
1. Incubate slides with paraffin sections twice in fresh xylenes for 5 min
each to dissolve the wax.
2. Transfer slides to 100% ethanol twice for 5 min each, similarly
incubate slides with 95%, 70%, and 50% ethanol for 5 min each, and
then transfer to PBS. The paraffin sections are now ready for in situ
hybridization.

3.3. Preparation of Cryosections
1. Dissect tissues in cold PBS, then transfer to fresh 4% PFA at 4°C,
overnight.
2. To cryoprotect samples, wash the tissues once with 30% sucrose/PBS,
then leave them in 30% sucrose/PBS until they sink to the bottom of
the vial. Change to fresh 30% sucrose/PBS for another hour and make
sure samples remain sunk. (For large pieces of tissues, longer incubation periods and multiple changes of sucrose solution are necessary.)
3. Transfer tissues to a 1:1 mixture of 30% sucrose/PBS and OCT, gently rock for 1 h. Use enough of the sucrose/PBS/OCT mixture to
completely cover all tissues.
4. Transfer tissues to chilled OCT in embedding molds using plastic
Pasteur pipetors, and orient tissues with a pair of forceps. Freeze on
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dry ice. Wrap OCT blocks with aluminum foil, label the blocks, and
store at –80°C.
5. Equilibrate OCT tissue blocks to –20°C before sectioning. Carefully
collect 10–20 µM cryosections on pretreated glass slides (Superfrost
Plus, Fisher).
6. Dry sections overnight at room temperature, and use the next day.
Alternatively, place slides in slide storage boxes with desiccants, seal
the box with tape, and store at –80°C for up to 6 mo. Avoid repeated
freezing and thawing. Before opening, let slide boxes warm up to
room temperature to prevent condensation.

3.4. Preparation of Monolayer Cells
1. Coat glass slides with 10 µg/mL poly-D-lysine at room temperature
for 30 min. Rinse the slides once with PBS, and set horizontally in a
moist chamber.
2. Pipet suspensions of cells (2 × 107 – 1 × 108 cells/mL) onto a slide as
10 to 100 µL drops. Place slides in a 37°C, 5% CO2 tissue-culture
incubator for 1 h to allow cell attachment. Alternatively, one can
directly culture cells on the slides for prolonged periods.
3. Fix cells by submerging slides in fresh 4% PFA at room temperature
for 10 min.
4. Wash slides twice with PBS for 5 min each. Slides can then be use
for in situ hybridization. Alternatively, slides can be submerged and
stored in 100% methanol at –20°C.

3.5. Preparation of Whole-Mount Embryos and Tissues
1. Dissect embryos or tissues in cold PBS. Transfer samples to scintillation vials containing 15–30 mL of fresh 4% PFA, and fix at 4°C
overnight with gentle rocking (see Note 9).
2. Remove the fixative and wash samples in 5–10 mL PBT twice for
5 min each at 4°C with gentle rocking.
3. Dehydrate samples by washing in 25%, 50%, 75% methanol/PBT
sequentially, 5 min each at room temperature with gentle rocking.
Then wash two times with 100% methanol for 5 min each with gentle
rocking.
4. Dehydrated samples are ready to be used for in situ hybridization, or
can be stored in 100% methanol at –20°C for several months.
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Fig. 1. Whole-mount in situ hybridization of chick embryos with Pax6
RNA probes. Images of early chick embryos processed for whole-mount in
situ hybridization as described in this chapter are shown. Chick embryos
ranged from 30 h (HH stage 8.5) to 4.5 d (HH stage 24) of incubation were
hybridized to antisense chick Pax6 RNA probes labeled with digoxigenin,
which was detected by an antidigoxigenin antibody conjugated to alkaline
phosphotase. Hybridization signals appear as magenta-colored precipitates.
Images of whole-mount embryos were photographed with dark-field stage
illumination. A and B are dorsal views of embryos. C is a frontal view. D
and E are lateral and ventral views of the head region of E 4.5 embryos,
respectively. Pax6 mRNA are detected in the developing eye primordium
in addition to other regions of the developing central nervous system.
Abbreviations: fb, forebrain; ov, optic vesicle; so, somites; sc, spinal cord;
di, diencephalon; te, telencephalon; oc, optic cup; le, lens vesicle; mb, midbrain; hb, hindbrain; os, optic stalk; np, nasal placode.

3.6. Whole-Mount In Situ Hybridization (Figs. 1 and 2)
The protocol described below is derived from the method used by
Riddle et al. (4–7). All washes are performed in vials with 5–10 mL
of solution at room temperature for 5 min with gentle rocking on an
Orbitron rotator, unless otherwise noted.
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Fig. 2. Section in situ hybridization of chick retina with Pax6 RNA
probes. Micrographs of chick eyes processed for section in situ
hybridization as described in this chapter are shown. Cryosection of
15-µm thickness were hybridized to antisense chick Pax6 RNA probes
labeled with digoxigenin, which was detected by an antidigoxigenin
antibody conjugated to alkaline phosphotase. Hybridization signals
appear as magenta-colored precipitates on sections. Images were photographed using Normaski optics. (A) Pax6 mRNA is detected in the developing eye including the pigmented epithelium, the retina, and the lens.
During retinal neurogenesis (B–D), Pax6 is expressed in retinal progenitor cells as well as differentiated cells. After the completion of neurogenesis (E16), Pax6 expression is maintained in amacrine cells and
ganglion cells (E). Abbreviations: ret, retina; le, lens; pe, pigmented epithelium; os, optic stalk; gc, ganglion cell layer; vz, ventricular zone; onl,
outer nuclear layer; inl, inner nuclear layer.

3.6.1. Pretreatment and Hybridization (Day 1)
1. Rehydrate samples stored in 100% methanol by sequential 5-min washes
in 75%, 50%, 25% methanol/PBT, followed by two washes with PBT.
2. Bleach samples with 2% H2O2 in PBT for 1 h at room temperature,
followed by three washes with PBT.
3. Treat samples with 10 µg/mL proteinase K in PBT for 15 min at
room temperature while rocking.
a. The concentration and duration of proteinase K treatment are
critical, and must be empirically determined. For younger
embryos or ectodermal detection, less proteinase K is necessary;
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e.g., 1/5 (approx 2 µg/mL) proteinase K for ectodermal layer and
1/200 (approx 50 ng/mL) for mouse gestation day 9 embryos.
b. For younger embryos, the following method without H2O2 or proteinase K has been used successfully. Wash embryos with three
changes of RIPA buffer, each for 30 min at room temperature,
followed with three washes of PBT. Proceed to step 5 (see Note 10).
Wash with freshly made and filtered 2 mg/mL glycine in PBT for
10 min at room temperature. Then wash twice with PBT.
Postfix with 4% PFA and 0.2% glutaraldehyde in PBT for 20 min,
then wash two times with PBT.
Add 1 mL hybridization solution to the vial, mix gently by inversion.
Remove and add sufficient amount of hybridization solution to cover
the samples.
Incubate samples at 70°C for 1 h to initiate prehybridization.
(Samples can be stored in hybridization solution at –20°C before or
after this heating step.)
Add labeled RNA probes to fresh hybridization solution to a final
concentration of approx 1 µg/mL probe, and keep warm at 37°C.
Replace the prehybridization buffer with the hybridization solution
containing probe. Use enough solution to cover the samples. Mix gently by inversion. Hybridize overnight at 70°C (see Note 11).

3.6.2. Posthybridization Washes and Antibody Binding (Day 2)
1. Carefully remove the hybridization solution from scintillation vials
using a Pasteur pipet. Wash samples with prewarmed washing solution I for 30 min at 70°C with gentle rocking in a shaking water bath.
Decant and repeat the same wash two times.
2. Similarly, wash samples three times with washing solution II for
30 min each at 65°C.
3. Wash with fresh TBST three times for 5 min each at room temperature while rocking.
4. Incubate embryos with 10% sheep serum in TBST for 2.5 h at room
temperature to block nonspecific binding sites.
5. Absorb the antidigoxigenin antibody with embryo powders. Begin
this step during the first posthybridization wash (see Subheading
3.6.2., step 1):
a. Put approx 3 mg of embryo powder into Eppendorf tubes (can be
scaled up into larger tubes as necessary).
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b. Add 0.5 mL TBST, incubate at 70°C for 30 min.
c. Vortex for 10 min.
d. Cool on ice, add 5 µL sheep serum and 1 µL antidigoxigenin
antibody.
e. Shake gently at 4°C for 1 h.
f. Spin in a microfuge at full speed for 10 min at 4°C.
g. Collect the supernatant and dilute it with 1% sheep serum/TBST
to a volume of 2 mL. The effective dilution of the digoxigenin
antibody is 1:2000.
6. Remove blocking serum from embryos. Add 1 mL of diluted
antibody (or approx five times the volume of tissue sample), mix
gently, and then remove antibody solution. Add another 1 mL of
the antibody solution to samples, mix, and rock gently overnight
at 4°C.

3.6.3. Postantibody Washes (Day 3)
1. Remove antibody and rinse samples briefly with fresh TBST. Wash
three times for 5 min each with TBST at room temperature.
2. Wash samples five times in TBST for 1–1.5 h each, rocking at room
temperature.
3. Wash overnight in TBST, rocking at 4°C.

3.6.4. Detection and Visualization of Hybridized Probes (Day 4)
1. Wash three times in NTMT, each for 10 min at room temperature.
2. Incubate with freshly made X-Phos reaction mix. Cover tubes with
foil, place on rocker at room temperature. Check on reaction
progress after 20 min, and then monitor about once an hour, as
necessary (see Note 12).
3. When reaction is judged complete, wash two times in NTMT for
10 min each, rocking in dark.
4. Wash two times in PBT (pH 5.5), for 10 min each at room temperature.
5. Postfix with 4% Paraformaldehyde and 0.1% Glutaraldehyde in PBS
for 1 h at room temperature.
6. Wash two times with PBT for 10 min each at room temperature.
7. Visualize the AP reaction signals using dissecting microscope and
appropriate lighting. Samples can be stored at 4°C in the darkness
(see Notes 13–15).
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3.7. In Situ Hybridization
Using Tissue Sections or Monolayer Cells
The following protocol is a modification of the whole-mount
in situ hybridization described in Subheading 3.6. (8). Procedures
are performed at room temperature using staining trays with slides
resting in racks, unless otherwise noted.

3.7.1. Pretreatment and Hybridization (Day 1)
1. Rehydrate and equilibrate cryosections, or dewaxed paraffin sections
in PBS for 5 min.
2. Fix in fresh 4% PFA for 15 min.
3. Wash two times with PBT for 5 min each.
4. Bleach with 0.5–1% H2O2 in PBT for 5 min.
5. Wash three times in PBT for 5 min each.
6. Treat with 1 µg/mL proteinase K /PBT, for 1 to 15 min (see Note 16).
7. Wash with freshly made 2 mg/mL glycine/PBT for 10 min.
8. Wash two times with PBT for 5 min each.
9. Fix with 4% PFA/0.2 % Glutaraldehyde/PBT for 15 min. (Omit the
glutaraldehyde if using a fluorescence detection method.)
10. Wash three times with PBT for 5 min each. (Steps 1–9 can be eliminated completely with no loss of signal or increase in background in
many tissues. Monolayer cells stored in 100% methanol can be
directly used at step 11).
11. Incubate slides in hybridization solution for 30 min at 70°C. This
can be easily accomplished by arranging slides back-to-back (tissue
sections facing outward) within commercially available slide mailers that have been filled with hybridization solution, and then placing these slide mailers at 70°C (see Note 17).
12. Add RNA probe to tissue sections or cells attached to slides: This is
usually done by dropping approx 100 µL of hybridization solution
containing 1 µg/mL RNA probe onto sections, overlaying sections
with a glass cover slip, and then placing slides horizontally in a
humidified slide chamber at 70°C. Alternatively, if enough RNA
probe solution is available, slides can be directly transferred to slide
mailers containing 1 µg/mL RNA probe in hybridization solution.
The mailer is then sealed with plastic wrap, and incubated at 70°C
overnight in a vertical position (see Notes 18 and 19).
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3.7.2. Posthybridization Washes and Antibody Binding (Day 2)
1. Carefully lift cover slips from slides or remove slides from slide mailers, and place individual slides directly into prewarmed washing
solution I in a slide tray or a Coplin jar.
2. Wash three times for 15 min each in washing solution I at 70°C.
3. Wash three times for 15 min each in washing solution II at 65°C.
4. Wash three times for 10 min each in TBST at room temperature.
5. Block in 5% sheep serum/TBST, for 1 h at room temperature, or
overnight at 4°C.
6. Dilute the antidigoxigenin antibody conjugated with AP 1:2000 in
1% sheep serum/TBST. Place slides in a horizontal position in a
humidified chamber and incubate sections with the diluted antibody
solution for 2 h at room temperature, or overnight at 4°C.

3.7.3. Postantibody Washes and Detection (Day 3)
1. Place individual slide in a slide tray or a Coplin jar filled with TBST.
Wash slides four times for 15 min each in TBST.
2. Wash three times for 10 min each in NTMT.
3. Incubate with fresh X-Phos reaction mix in the dark at room temperature until the desired staining intensity is achieved (see Note 20).
4. Wash two times with NTMT for 5 min each.
5. Wash with PBT pH 5.5, for 10 min.
6. Wash two times with PBT. Mount slides with a glycerol based
mounting medium, and seal the edges of the cover slip with nail polish. Keep slides in a dry and dark place (see Note 15).
7. The AP reaction signals are best visualized using bright field or
Nomaski microscopy.

3.8. Detection of Two RNA Probes
Double detection of two RNA probes labeled with distinct haptens can be applied to both whole mount and section in situ hybridizations. The basic protocol for detecting two RNA probes is similar
to single probe detection, except for the following modifications:
1. Add the digoxigenin-labeled and fluorescein-labeled probes together
in hybridization solution, to 1 µg/mL each. Perform hybridization
with two probes simultaneously (for whole-mount in situ hybridiza-
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tion, see Subheading 3.6.1., step 8; for section in situ hybridization,
see Subheading 3.7.1., step 12).
Follow the protocol as described in Subheading 3.6. or Subheading
3.7. Proceed with the detection of the antidigoxigenin antibody using
NBT and BCIP (X-Phos) as substrates until the desired AP signal
intensity is achieved (for whole-mount in situ hybridization, this is
Subheading 3.6.4., step 2 for section in situ hybridization, this is
Subheading 3.7.3., step 3).
Do not postfix following X-Phos detection, instead, wash the samples
twice for 10 min each with TBST. Heat at 70°C for 30 min. Wash
again with TBST at room temperature for 10 min.
Incubate tissue samples with 1% sheep serum/TBST containing
antifluorescein antibody conjugated to AP (1:2000 dilution) (see
Note 21).
Continue with postantibody washes using TBST as described in Subheading 3.6. or Subheading 3.7., and proceed to predetection
NTMT washes.
Incubate with AP reaction mix containing substrates (e.g., Boehringer
Mannheim) that will give color precipitates other than the purple
X-Phos reaction precipitates, e.g., red, until signals reach desired
intensity. Continue to the end of protocols (see Note 21).

3.9. Combinations of In Situ Hybridization
and Immunocytochemistry
The simultaneous detection of RNA and protein expression can
be accomplished by combining in situ hybridization techniques with
immunocytochemistry methods.
1. Follow the in situ hybridization protocol through to the antibody blocking step (see Subheading 3.6.2., step 4 or Subheading 3.7.2., step 5).
The in situ antibody blocking solution (10% sheep serum/TBST)
can be supplemented with 2% normal serum from the species of secondary antibody that will be used to detect the primary antibody.
For the detection of protein antigens, the proteinase K treatment
prior to hybridization can be detrimental, and thus should be reduced
or eliminated.
2. Incubate samples for 2 h at room temperature or at 4°C overnight
with 1% sheep serum/TBST containing both the antidigoxigenin in
antibody (1:2000) and a suitable dilution of the primary antibody.
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3. Wash four times with PBT for 15 min each if using sections, or wash
five times with PBT for 1 to 2 h each if using whole-mount samples.
4. Incubate with appropriate secondary antibody diluted in 2% sheep
serum/TBST for 60 min at room temperature for sections, or overnight at 4°C for whole-mount samples.
5. Prepare the “ABC complex” using the Elite ABC kit by adding
2 drops of solution A and 2 drops of solution B to 5 mL of PBS, mix,
and incubate at room temperature for 60 min. This step should be
carried out on the same day of the HRP detection.
6. Wash sections four times with PBT for 10–20 min each, or wash
whole-mount samples five times for 1 h each in PBT to get rid of
nonspecifically bound secondary antibodies.
7. Incubate slides with the “ABC complex” that contains horse radish
peroxidase (HRP) at room temperature for 30 to 60 min. Wash sections four times with PBS for 10–20 min each, or wash whole-mount
samples five times for 1 h each in PBS.
8. Carry out HRP reaction by incubating with the DAB substrate solution at room temperature (brown precipitates). Wash samples with
PBS when HRP reaction is completed. If fluorochrome conjugated
secondary antibodies are used, omit all glutaraldehyde fixation steps.
9. Proceed with NTMT washes of samples, followed by incubation with
the X-Phos reaction mix (purple precipitates) following in situ
hybridization protocols (for whole mount, follow Subheading 3.6.4.;
for sections, follow Subheading 3.7.3., steps 2–7).
Double staining with fluorescent and cytochemical methods is not
recommended if signals are expected to colocalize because the dark
AP and HRP reaction products may partially or completely quench
overlapping fluorescence.

4. Notes
1. The nonradioactive protocols described in this chapter have been
tested and used successfully by a large number of researchers (3–7).
The hybridization and washing conditions employed in these protocols are highly stringent. They allow specific hybridization signals
to be observed for probes with very high homologies (90% or
higher), e.g., different homeo-domain containing RNAs, BMPs, and
tyrosine kinases. Cross-species probes with lower amounts of
homology may not generate sufficient signal under these conditions,
and whenever possible, species-specific probes should be used.
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2. The probes synthesized can be of various length, from 200 basepairs
to 4 kilobases. Probes shorter than 200 bases may yield less signals
under these conditions. Long probes (>2 kb) seem to work well under
these conditions and no further hydrolysis of probes is necessary.
3. The quality of the RNA probe is crucial for the success of the technique. Incompletely linearized templates will produced long “runon” transcripts instead of homogeneous “run-off” products, and thus
increase background signals. Incomplete removal of nonincorporated
label can also result in a high background.
4. Because these agarose gels are not denaturing, the apparent size of
the RNA may appear different than predicted for double-stranded
DNAs. Higher molecular-weight bands may also be seen; these are
likely products of transcribing the circular plasmid caused by incomplete digestion of template DNA.
5. Equally important is the fixation and preservation of RNAs in the
tissue samples. Therefore, dissection and fixation of tissues should
be carried out swiftly, and only fresh fixatives should be used.
6. Optimal fixation results in well-preserved morphology and good
signal-to-noise ratio, and needs to be determined for each tissue.
In general, 4°C overnight is sufficient for most embryonic tissues.
For homogenous and rapid fixation of animal organs, e.g., adult
mouse brain, perfusion is necessary.
7. In general, paraffin tissue blocks used to generate sections for in
situ hybridization can be the same as prepared by standard pathological embedding protocols. However, there are two critical
parameters that need to be observed for in situ hybridization in order to achieve good results. First, tissues should be fresh. Small
tissues (e.g., mouse eyes) should be fixed immediately following
dissection. Larger tissues, such as humans or monkey eyes, and
chick eyes at late embryonic or posthatching stages will be better
fixed by perfusion procedures. If perfusion is not possible and only
the retina and pigmented epithelium are of interest, denucleation
should be followed by the quick removal of the cornea and lens,
and submersion of the entire eye in fixatives. This protocol allows
the rapid access of posterior segment tissue to the fixatives. Second, the preferred fixative is 4% paraformaldehyde in PBS. The
fixative solution should be freshly prepared. Alternatively, large
quantities can be prepared ahead of time and stored frozen at
–20°C in 40-mL aliquots in standard cornical tubes. Frozen fixative can be thawed on the same day of tissue collection.
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8. The embedding ring is used to attach the paraffin block to the microtome during sectioning.
9. Embryos may have cavities that can trap probes and detecting
reagents during in situ hybridization. Use a fine needle or forceps to
make a hole to allow solutions to flow in and out of these cavities.
10. Proteinase K treatments can greatly influence the outcome of in situ
hybridization. The optimal concentration and duration of this treatment depends on the age and type of tissue sections, and even the
species of origin. For examples, paraffin sections in general are more
resistant to proteinase K treatment than cryosections; and embryonic
tissues are more sensitive to proteinase K digestion. Thus, it is crucial
to empirically determine optimal proteinase K treatment parameters.
11. If hybridization signals on tissue sections appear weak, hybridization can be carried out at 65°C overnight, followed by two 30-min
washes at 65°C with 1X SSC, 0.1% Tween-20, 50% formamide.
Then the sections can be washed with TBST and processed for blocking and antibody incubation as described.
12. Incubation at 37°C can accelerate the AP reaction. Most probes
require from 20 min to a few hours to develop at room temperature.
Prolonged developing times maybe necessary for transcripts expressed
at low levels. When developing for long periods (e.g., overnight),
change to freshly made X-Phos reaction mix.
13. To clear embryos, wash in increasing concentrations of glycerol
(30%, 50%, 70%, 80%) for 15 min to 1 h each, depending on the size
of the embryo. Samples should be photographed as soon as possible
after the completion of the procedure. Prolonged storage can result
in increased background signals. Samples can also be embedded and
sectioned. However, the tissue morphology and resolution of signals
may not be as good as in situ hybridization performed directly with
tissue sections.
14. High background can also result from incomplete removal and
replacement of the various solutions. For whole-mount in situ
hybridization, a gyration type of shaking device (e.g., an Orbitron
rotator) is highly recommended. “Trapping” caused by incomplete
elimination of probe or antibodies during wash steps can be avoided
by making small holes at appropriate positions in the sample.
For example, when using mouse gestation day 10 embryos, small
holes can be punctured at positions of the forebrain and in the roof of
the hindbrain to prevent “trapping” in the developing neural tube.
In general, whole-mount in situ hybridization does not work well
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with large pieces of solid tissue because probe penetration will be
superficial. In situ hybridization using sections, however, can reliably reveal expression patterns of most tissues and cell types at high
resolution. When performing section in situ hybridization, it is
important to keep sections moist throughout the procedure and prevent antibodies from drying on sections.
The time required for nonradioactive in situ hybridization is relatively short (3–4 d) compared with the traditional radioactive
detection method, and is comparable to immunocytochemistry.
Furthermore, it allows detection of two or more RNA targets when
using two probes labeled with distinct haptens, and can be combined
with antibody staining. Both double-probe in situ hybridization and
in situ hybridization in combination with immunocytochemistry can
be applied to whole-mount samples, as well as sections. It is recommended to first work out conditions required for each individual
probe and/or antibodies before performing the combination experiments. In general, whole-mount samples require more extensive
incubation and washes throughout the procedure.
The optimal duration of proteinase K treatment may vary depending
upon type, age, and thickness of tissues, as well as the specific activity of the proteinase, and thus must be empirically determined.
Each slide mailer takes about 12 mL of solution with four slides
positioned back-to-back. If using less than four slides, use blank
slides to take up the space. When transferring slides into mailers,
care should be taken to prevent smearing or scratching the samples.
When using AP or HRP conjugated antibodies to visualize hybridization signals, it is important to inactivate endogenous AP and
peroxidase activities. The bleaching step with H2O2 during the pretreatment before hybridization effectively eliminates endogenous
peroxidase activities. The hybridization step carried out at 70°C
serves to inhibit endogenous alkaline phosphatase activities within
most tissues.
Hybridization solutions containing probes can be reused several times
if stored at –20°C in slide mailers. When reusing hybridization solutions, make sure to first heat to 80°C to melt secondary structures.
The time required for the AP reaction differs for individual probes. For
new probes, it is recommended to check the reaction every 20–30 min.
For overnight incubations, fresh X-Phos reaction mix should be used.
For whole-mount in situ hybridization, the antifluorescein antibody
can be similarly preabsorbed with embryo powders as described.

In Situ Hybridization

69

References
1. Wilkinson, D. G. (1992) In Situ Hybridization: A Practical Approach.
(Wilkinson, D. G., ed.), Oxford University Press, New York.
2. Harris, N. and Wilkinson, D. G. (1990) In Situ Hybridisation: Application to Developmental Biology and Medicine. Cambridge University Press, New York.
3. Kessler, C. (1991) The digoxigenin system: anti-digoxigenin technology—a survey on the concept and realization of a novel bioanalytic indicator system. Mol. Cell. Probes 5, 161–205.
4. Riddle, R. D., Johnson, R. L., Laufer, E., and Tabin, C. (1993) Sonic
hedgehog mediates the polarizing activity of the ZPA. Cell 75, 1401–1416.
5. Parr, B. A., Shea, M. J., Vassileva, G., and McMahon, A. P. (1993)
Mouse Wnt genes exhibits discrete domains of expression in the early
embryonic CNS and limb buds. Development 119, 247–261.
6. Sasaki, H. and Hogan, B. L. M. (1993) Differential expression of multiple folk head-related genes during gastrulation and axial pattern formation in the mouse embryo. Development 118, 47–59.
7. Rosen, B. and Beddington, R. S. P. (1993) Whole mount in situ
hybridization in the mouse embryo: gene expression in three dimensions. Trends Genet. 9, 162–167.
8. Yang, X.-J. and Cepko, C. L. (1996) Flk-1, a receptor for vascular
endothelial growth factor (VEGF), is expressed by retinal progenitor
cells. J. Neurosci. 16, 6089–6099.

Immunocytochemical Studies

71

4
Immunocytochemical Studies of the Retina
Ann H. Milam

1. Introduction
It is often desirable to localize a specific protein within a layer,
cell, or subcellular organelle in the retina. A variety of immunocytochemical techniques are available to achieve this goal. These
techniques all utilize an antibody that binds to the protein of interest
and is detected by a label (a fluorescent dye, enzyme, or electron
dense marker) to localize the specific antigen in the tissue.

1.1. Immunofluorescence Methods
Fluorescence immunocytochemistry involves initial treatment of
retina sections with a primary antibody in serum, ascites fluid, or
culture medium. The primary antibody is then localized by application of a fluorochrome-labeled secondary antibody made against the
IgG of the species of the first antibody. This technique can also be
used for simultaneous localization of more than one antigen. With
this approach, the section is incubated with a mixture of primary
antibodies made in different animal species. Each species-specific
secondary antibody is labeled with a different fluorochrome. The
section is examined sequentially with fluorescence filter sets specific for the different fluorochromes and photographed as multiple
exposures.
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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The most widely used fluorochromes are fluorescein isothiocyanate (FITC, yellow green), tetramethyl rhodamine (TRITC, red),
and 7-amino-4-methylcoumarin-3-acetic acid (AMCA, blue), available from DAKO, Molecular Probes, ICN, and Chemicon. Alternate fluorochromes are BODIPY FL (FITC substitute), Texas Red
(rhodamine substitute), BODIPY TMR (rhodamine substitute),
BODIPY TR (Texas Red substitute) Cascade blue, and Oregon
green (FITC substitute) from Molecular Probes. Recently developed, nonbleaching fluorochromes include indocarbocyanine CY-2
(FITC substitute) and indocarbocyanine Cy-3 (rhodamine substitute), from Jackson ImmunoResearch and Chemicon; and Alexa 488
(FITC substitute) and Alexa 568 (rhodamine substitute) from
Molecular Probes. A new indodicarbocyanine dye, Cy5, (Jackson
ImmunoResearch) cannot be used with a conventional epifluorescence microscope, but can be visualized with a confocal microscope
equipped with a krypton/argon or helium/neon laser for excitation
and a far-red detector (e.g., a CCD).
Cell nuclei in sections can be stained with DNA-specific fluorescent dyes, 4',6'-diamidino-2-phenylindole (DAPI, blue) or propidium
iodide (PI, red) added to the secondary antibody mixture, both from
Molecular Probes.
Retinas can be prepared for immunofluorescence as flat mounts,
or sectioned with a cryostat (8–14 µm sections) or vibratome
(approx 100 µm sections). In general, cryostat sections are examined and photographed with an epifluorescence microscope, and
retinal flat mounts and thick vibratome sections are suitable for confocal microscopy (1,2).
As an example, Fig. 1 demonstrates cryosections of normal
human retina that have been processed for immunofluorescence.
The left panel shows a normal human retina after application of
serum from a normal human subject, followed by treatment with
antihuman IgG labeled with FITC. The bright dots in the retina are
autofluorescent lipofuscin granules in the retinal pigment epithelium and photoreceptors. The right panel shows a human retina
section after treatment with serum from a patient with MAR (melanoma-associated retinopathy). In addition to autofluorescent lipo-
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Fig. 1. Illustration of immunofluorescence technique. Human retina
cryosections processed for immunofluorescence using serum from normal human subject on left, and serum from patient with melanoma-associated retinopathy (MAR) on right. Note specific labeling of bipolar cells
(arrows) in the inner nuclear layer (INL) with MAR serum. White bands
at top of panels correspond to autofluorescent lipofuscin granules in the
retinal pigment epithelium (R). G, autofluorescent ganglion cells; P, photoreceptor layer. Original magnification, X68. Reprinted from (3) with
permission of the Association for Research in Vision and Ophthalmology.

fuscin granules as seen in the left panel, a population of bipolar
cells is specifically labeled with the MAR serum. The clinical features of MAR and labeling of bipolar cells by autoantibodies from
MAR have been reported (3).

1.2. Avidin-Biotin Methods
A second useful technique is based on the same principle, but
instead of using a fluorochrome, employs a secondary antibody
labeled with biotin, followed by application of avidin, then of biotin
labeled with horseradish peroxidase (HRP). This technique, includ-
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Fig. 2. Illustration of ABC technique. The outer layers of rabbit retinas
were incubated over wells containing PBS with or without a biotinylated
protein tracer, followed by avidin-HRP to demonstration diffusion of the
tracer. Left panel shows retina incubated over PBS. Middle panel shows
retina incubated over biotinylated glyceraldehyde-P dehydrogenase,
which is retained in the subretinal space by the external limiting membrane (*). Right panel shows retina incubated over biotinylated-HRP,
which freely penetrates the external limiting membrane and diffuses
around the photoreceptors (P). O, outer segments. Original magnification, X480. Reprinted from (5) with permission of the Association for
Research in Vision and Ophthalmology.

ing a number of variations, is usually referred to as the ABC method
(avidin-biotin complex) and complete kits for processing tissues by
this method are available from Vector, DAKO, ICN, and Zymed.
The peroxidase is localized by enzyme cytochemistry using hydrogen peroxide substrate and the chromogen, diaminobenzidine
(DAB). This technique can be used on cryosections or retinal whole
mounts, and the DAB reaction produces a permanent, dark brown
reaction product. The reaction product is also electron dense, making it suitable for electron microscopic (EM) immunocytochemistry. Alternate peroxidase substrates can be employed to produce
reaction products of different colors, including red, blue, violet, and
bluish/gray (Vector, Zymed). Other enzyme markers available in
kits are alkaline phosphatase and glucose oxidase.
In addition to manufacturer’s instructions in ABC kits, more complete discussion of this technique is available in ref. 4.
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An example of application of the ABC technique to retina is given
in Fig. 2, taken from a previous publication (5). The two panels
show rabbit retina after incubation with various proteins labeled
with biotin. The biotin was detected by application of avidin-peroxidase, which was then reacted with hydrogen peroxide and DAB
to produce a dark brown reaction product. The left panel shows
retina incubated over phosphate-buffered saline (PBS), which produced no reaction product. The middle panel shows retina incubated over biotinylated glyceraldehyde-P dehydrogenase, which
diffused through the interphotoreceptor space, but stopped abruptly
at the external limiting membrane. The right panel shows retina
exposed to HRP, which penetrated the external limiting membrane
and diffused throughout the extracellular spaces of the neurosensory retina.

1.3. Electron Microscopic Methods
Two general methods are available for EM immunocytochemistry, preembedment and postembedment labeling. For preembedment
labeling, tissues are processed by the ABC technique using the electron dense chromogen, DAB. The tissues are then postfixed in
osmium tetroxide or gold chloride (3), embedded in epoxy resin,
and conventional ultrathin sections are prepared for EM.
Postembedment labeling involves embedding tissues in a resin
such as LR White or LR Gold (Ted Pella), with subsequent processing of ultrathin sections by the immunogold method. These resins
are blends of hydrophilic and acrylic monomers that rapidly penetrate the tissue and once polymerized, are permeated by most antibodies. More complete discussions of the immunogold technique
are available, see refs. 6 and 7.
Secondary antibodies adsorbed with gold particles are available
commercially (Jackson ImmunoResearch, ICN, Ted Pella, Vector).
Double labeling can be performed on ultrathin sections using primary antibodies made in two species, followed by two species-specific secondary antibodies labeled with two sizes of gold particles.
In general, more intense labeling is observed with smaller gold

76

Milam

Fig. 3. Illustration of immunogold technique viewed by darkfield
microscopy. Normal human retina (top panel) and human retina with
retinitis pigmentosa (RP) (middle and bottom panels) were labeled with

Immunocytochemical Studies

77

particles (e.g., 1 or 5 nm particles) than with the larger particles
(e.g., 20 nm). This may be because of less steric hindrance and/or
repulsion forces, as well as better section penetration by the smaller
probe. For simultaneous labeling of two proteins in a section, it is
recommended that the larger gold particle be used for the more
abundant antigen (e.g., rhodopsin in rod outer segments).
The immunogold method is also useful for light microscopy, particularly when the gold particles are enlarged by silver intensification and viewed by darkfield microscopy. Examples of immunogold
labeling of the retina are given in Fig. 3. The top panel shows
immunogold labeling of rhodopsin in a normal human retina. The
white dots over the rod outer segments show the normal localization of rhodopsin. The middle and bottom panels show rhodopsinlabeling in a human retina with retinitis pigmentosa (RP). Outer
segments are greatly reduced in length and the rhodopsin is localized in the surface membranes of the rod inner segments, somata,
and long neurites that project into the inner retinal layers.
When used for EM, the immunogold technique offers excellent
resolution, as shown in Fig. 4. The panel on the left shows conventional EM of a rod photoreceptor in an RP retina. The right panel
shows a similar rod photoreceptor after immunogold labeling with
antirhodopsin. The small black gold particles indicate rhodopsin
localization in the rod outer segment and plasma membranes.

(caption continued from the previous page) antirhodopsin by the
immunogold procedure with silver intensification. The gold particles
and the melanin granules in the retinal pigment epithelium (R) appear
as bright white dots. Original magnification, X160. In the normal retina,
rhodopsin labeling is restricted to the outer segments (*), while in the
RP retinas the labeling is present in the tiny rod outer segments (short
arrows) and the surface membranes of the rod inner segments (long arrows),
somata (open arrows) and neurites (arrowheads). N, inner nuclear
layer. (*) in bottom two panels, inner limiting membrane. Reprinted from
ref. 13 with permission of the Association for Research in Vision and
Ophthalmology.
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Fig. 4. Illustration of immunogold technique viewed by transmission
electron microscopy. Both panels illustrate rod photoreceptors in a human RP retina. Left panel illustrates rod (curved arrow) in retina
embedded in epoxy retina and stained with uranyl acetate and lead citrate. C, cone inner segment. Right panel illustrates similar rod processed
in LR White and labeled with anti-rhodopsin, followed by secondary
antibody complexed to gold particles. Note black dots indicating localization of rhodopsin in the outer segment (straight arrow) and surface
membrane of adjacent rods (open arrows).

2. Materials

2.1. Solutions for Immunofluorescence
1. Phosphate buffer (0.13 M): 3000 mL of distilled H2O (dH2O), 18 gm
of NaOH, 75 gm of NaH2PO4·H2O, add H2O to 4000 mL, adjust pH
to 7.3–7.4, store at 4°C.
2. Paraformaldehyde fixative (also available from Polysciences): dissolve 4.5 gm of NaOH pellets in 600 mL of dH2O, dissolve 40 gm of
paraformaldehyde with heating, add 18.75 gm of NaH2PO4·H2O, add
dH2O to 1000 mL, adjust pH to 7.3–7.4 and filter.
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3. Holding buffer for storing paraformaldehyde-fixed tissue: 80 gm
of D-glucose (dextrose), 0.5 gm of sodium azide, 1000 mL of phosphate buffer, 4 mL of 5% CaCl2 in dH2O, adjust pH to 7.4 and
filter.
4. PBS: 87.6 gm of NaCl, 4.3 gm of NaH2PO4·H2O, 9.7 gm of Na2HPO4,
add dH2O to 1000 mL.
5. Sodium borohydride (NaBH4) treatment of glutaraldehyde-fixed tissue (adapted from refs. 8 and 9)
a. Rinse buffer: 100 mL of 0.13 M phosphate buffer (pH 7.3), 4 gm
of sucrose.
b. Sodium borohydride solution: 100 mL of rinse buffer, 1 gm of
sodium borohydride, prepare immediately before use.
6. Subbed slides for cryostat sections: dissolve 6 gm of gelatin in
500 mL of dH2O with heat, add 0.5 gm of chromium potassium sulfate, filter, dip glass slides while solution is still warm, cover, and
air-dry overnight.
7. Blocking buffer for cryostat sections: 1 mL of normal horse serum,
1 gm of bovine serum albumin (BSA), 0.5 to 3 mL of 10% Triton
X-100, PBS to volume of 100 mL, aliquot, and store frozen.
8. Buffer for vibratome sections: 100 mL of PBS, 0.5 gm of BSA, 2 mL
of 10% Triton X-100, 0.05 gm of sodium azide.
9. Blocking buffer for vibratome sections: 100 mL of buffer for
vibratome sections, 2 mL of normal goat serum.
10. Coverslip mounting media: Compounds (1,4 diazabicyclo [2,2,2]octane [DABCO] or N-propyl-gallate) are added to the mounting
medium to minimize photobleaching of fluorescent probes.
a. Glycerol with DABCO: 90 mL of glycerol, 10 mL of PBS, 2 gm
of DABCO.
b. Glycerol with n-propyl gallate: 6 gm of n-propyl gallate, 100 mL
of absolute glycerol.
c. Kits containing DABCO in 50% glycerol and buffered wash solution (Molecular Probes):
i. SlowFade—reduces FITC fading but decreases FITC
intensity and quenches the fluorescence of AMCA and
Cascade blue.
ii. SlowFade-Light—slows FITC fading without quenching
FITC; minimally quenches fluorescence of AMCA and Cascade Blue.
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2.2. Solutions for ABC Procedure
1. Citrate buffer (pH 3.5) for antigen retrieval in paraffin sections: 0.18 M
citric acid, 0.129 M Na2HPO4.

2.3. Solutions for Immunogold Procedure
1. Blocking buffer for light microscopy: 100 mL of PBS, 0.3 mL of
10% Triton X-100, 1 mL of horse serum, 1 gm of BSA.
2. Tris-buffered saline (TBS, 20 mM): 900 mL of dH2O, 9 gm of NaCl,
2.42 gm of Tris base (tris hydroxymethylaminomethane), adjust pH
to 8.2 with concentrated HCl.
3. BSA-TBS: 90 mL of TBS, 0.1 gm of BSA, 0.5 mL of 10% Triton
X-100, add dH2O to 100 mL, filter through 0.2 µm membrane filter
immediately before use to remove microorganisms and particulates.
4. BSA-TBS-NaCl: 50 mL of BSA-TBS, 1.46 gm of NaCl.
5. Blocking buffer: 90 mL of TBS, 1 gm of BSA, 1 mL of normal horse
serum (or serum from animal used to produce the colloidal goldlinked antibody), dilute to 100 mL with dH2O.

3. Methods

3.1. Immunofluorescence Processing
of Cryo- and Vibratome Sections
3.1.1. Preparation of Cryosections
1. Fix retinal samples for 6 h or longer in 4% paraformaldehyde in
0.13 M phosphate buffer, pH 7.3.
2. For glutaraldehyde-fixed tissue, use sodium borohydride treatment.
3. Soak tissue overnight in 30% sucrose in phosphate buffer at 4°C.
4. Freeze tissue in OCT (Polysciences) on a cryostat chuck.
5. Section at 8–14-µm thickness.
6. Mount sections on subbed glass slides.
7. Air-dry overnight at RT. Slides can be stored at –80°C.

3.1.2. Sodium Borohydride (NaBH4) Treatment
to Restore Antigenicity to Glutaraldehyde-Fixed Tissues (see
refs. 8 and 9)
1. Wash small tissue samples for 1 h in rinse buffer.
2. Incubate 30 min–1 h in freshly prepared 1% NaBH4 in rinse buffer.
Incubate on shaker table in uncapped vials.
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3. Wash 2–5 h on shaker table in 4–5 changes of rinse buffer, until
bubbling ceases.
4. Process further for immunocytochemistry.

3.1.3. Immunofluorescence Processing of Cryosections
1. Unfixed tissue sections can be stabilized in chilled acetone for 5 min.
2. Mount plastic rings (Polysciences) around the sections with fingernail polish to form incubation chambers. The rings are easily
removed with a single-edge razor blade before cover slips are
applied. Alternatively, an incubation well can be made using a PAP
pen (Polysciences). Perform all incubations in a moisture chamber.
3. Fill well with blocking buffer for 30 min at RT.
4. Do not rinse after this step.
5. Fill well with primary antibody diluted in PBS with 0.3% Triton X-100,
overnight at 4°C.
6. Rinse three times for 1 1/2 h with PBS.
7. Fill well with secondary antibody diluted 1:50 in PBS with 0.3% Triton X-100, 30–60 min at RT. This and subsequent steps are performed under dim red illumination.
8. Rinse three times for 1 1/2 h with PBS.
9. Mount coverslips in glycerol containing antibleaching compound
(see Subheading 2.1.10.).

3.1.4. Controls for Immunocytochemistry
Process sections in the same manner with:
1. Omission of primary antibody, or
2. Adsorption of the primary antibody with an excess (generally
25–50 µg/mL) of the immunizing antigen, or
3. Substitution of non-immune serum from the same species as the
primary antibody.

3.1.5. Preparation of Vibratome Sections (see refs. 1 and 2)
1. Rinse paraformaldehyde fixed retinal samples in PBS.
2. Embed in warm (just below 40°C) 5% agarose (type XI, Sigma).
3. Harden agarose at 4°C and cut into blocks.
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4. Mount onto microtome supports with cyanoacrylate glue (Krazy Glue).
5. Section at 100 µm with a vibrating microtome (Leica, Allendale, NJ).
6. Collect sections in chilled PBS.

3.1.6. Processing Vibratome Sections
for Immunofluorescence
1. Treat sections free floating in the various solutions and transfer with
a fine brush.
2. To reduce nonspecific labeling, incubate sections for 4 h at RT in
blocking buffer with 2% normal goat serum.
3. Incubate sections with gentle agitation in primary antibody in blocking buffer solution for 14 h at 4°C.
4. Rinse sections in buffer, 3 × 15 min.
5. Incubate sections with gentle agitation in fluorochrome-labeled secondary antibody in blocking buffer solution for 14 h at 4°C.
6. A nuclear stain can be added to the secondary antibody; use DAPI at
1 µg/mL or PI at 2 µg/mL (both from Molecular Probes).
7. Rinse sections three times for 3 h in buffer.
8. Mount cover slips with glycerol containing DABCO or n-propyl gallate.
9. Rim cover slips with nail polish.

3.2. ABC Technique
The ABC technique, which employs avidin-biotin-coupled horseradish peroxidase, can be used for labeling of retinal flat-mounts
and sections. The ABC method is best performed using a commercial kit (see above). The manufacturer’s instructions are quite complete. It is recommended that the DAB solution be treated with dilute
bleach before disposal.

3.2.1. Retinal Flat-Mounts (see ref. 10)
1. Fix retina for 6 h or longer in 4% paraformaldehyde.
2. Treat free-floating samples with a mixture of methanol, dimethylsulfoxide, and 30% hydrogen peroxide (4:1:1, v/v) for 4 h at RT.
3. Rehydrate samples through a methanol series.
4. Block samples for 1 h at RT with 2% instant skim milk powder in
PBS with 0.3% Triton X-100.
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5. Incubate samples overnight at 4°C in primary antibody in PBS with
0.3% Triton X-100.
6. Control samples are incubated with nonimmune serum from the same
species.
7. Process samples with an ABC kit (Vector) according to the manufacturer’s instructions.

3.2.2. Antigen Retrieval
There are a number of techniques in the literature for antigen
retrieval, many of which involve microwave treatment in buffer at
low pH (11). One version of this technique has been used successfully on paraffin sections of human retina (12,13). Cryosections are
generally too delicate for this procedure, and will fragment and
detach from the glass slides.
1.
2.
3.
4.

Embed paraformaldehyde-fixed retina samples in paraffin and section.
Mount sections on Fisher “Probe-On Plus Slides” and dry thoroughly.
Deparaffinize sections and rehydrate them through an ethanol series.
Heat sections in citrate buffer on a hot plate at 90°C for 10–30 min.
Microwave treatment of the sections in citrate buffer is also effective
in antigen retrieval. Replenish buffer if boiling is very vigorous.
5. Process with ABC kit according to manufacturer’s instructions (see
Subheading 1.2.).

3.3. Electron Microscopic Immunocytochemistry
For electron microscopic (EM) localization of antigens, the retina
can be labeled before or after the tissue is embedded in EM resin.

3.3.1. Preembedment Labeling
1. Process free-floating pieces of tissue, cryo- or vibratome sections as
above by the ABC technique using DAB as the chromogen.
2. Postfix tissue in osmium tetroxide or gold chloride (7), embed in an
epoxy resin, and cut ultrathin sections for EM.
3. Examine and photograph sections unstained or lightly contrasted
with lead citrate. Advantages of this technique are the good sensitivity of the ABC technique and use of conventional EM resin. In addi-
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tion, semithin (1 µm) sections can be used for light microscopy. The
disadvantage is that the tissue preservation is sometimes suboptimal,
and EM contrast can be a problem with nonstained sections.

3.3.2. Postembedment Labeling
1. Fix tissue with paraformaldehyde.
2. Treat tissue with sodium borohydride if the fixative contained glutaraldehyde.
3. Embed tissue without postosmication in LR White or LR Gold resin
according to instructions of manufacturer (Polysciences).
4. Cure LR White cold or with heat, and cure LR Gold with UV light in
the cold.
5. Cut semithin and ultrathin sections and process them by the immunogold technique according to the manufacturer’s recommendations
(Ted Pella).

3.3.2.1. IMMUNOGOLD/SILVER INTENSIFICATION METHOD
FOR LIGHT MICROSCOPY
1. Mount semithin (1 µm) sections of LR White-embedded retina in
drops of syringe-filtered dH2O on clean glass slides and dry for several hours at 80–100°C.
2. Mount plastic rings around the sections with nail polish.
3. Treat sections with blocking buffer for 1 h at RT. Perform all incubations in a moisture chamber.
4 Dilute primary antibody in PBS with 0.3% Triton X-100.
5. Incubate sections for 2–3 h at RT, or overnight at 4°C.
6. Rinse sections three times for 30 min in PBS.
7. Dilute secondary antibody 1:100 in BSA-TBS with NaCl. The recommended secondary antibody is a 1- or 5-nm gold conjugate for
light microscopy (Ted Pella)
8. Incubate in secondary 1 h at RT.
9. Rinse sections three times for 30 min in BSA-TBS.
10. Wash sections five times for 25 min in dH2O. At this point the slides
can be stored dry at 4°C for several weeks.
11. Follow directions in “Silver Enhancing Kit—Light Microscopy”
(Ted Pella) Use a 1-mL syringe with a 4-mm 0.22-µm syringe filter
to apply the solution to the sections.
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12. Monitoring: At 20°C a typical development time is 10–15 min. View
sections with a microscope to monitor the development. Stop the
reaction when the staining is complete and the background is still
minimal.
13. Stop the reaction by washing the sections in several changes of tap
H2O for 1–2 min.
14. Air-dry sections and mount coverslips with Permount (Fisher).
15. View sections by brightfield or darkfield microscopy (Fig. 3).
If counterstaining is desired, apply Richardson’s mixture of methylene blue/azure II to the sections for several minutes at RT.

3.2.2.2. LR-WHITE IMMUNOGOLD LABELING FOR ELECTRON MICROSCOPY
1. Embed paraformaldehyde-fixed tissue in LR-White according to the
manufacturer’s recommendations. If the tissue has been fixed in glutaraldehyde, treat the tissue with sodium borohydride. Do not postfix
tissue in osmium tetroxide.
2. Place the tissue and fresh LR-White in Beem (Ted Pella) or gelatin
capsules and cap them tightly.
3. Polymerize blocks in vacuum oven flushed with pure N2 gas to remove
all oxygen. Polymerize at 50°C for 24–48 h. Do not add paper labels
to blocks, as trapped oxygen will interfere with polymerization.
4. Cut ultrathin sections and mount on parlodion/carbon coated nickel
or gold grids. Perform all incubations on drops of reagent placed on
clean sheets of dental wax.
5. Incubate grids on drops of blocking buffer for 1 h at RT. Do not filter
the blocking buffer or rinse after this step.
6. Place grids on drops of primary antibody in BSA-TBS without NaCl
overnight at 4°C in a moisture chamber.
7. Rinse two times for 10 min in BSA-TBS.
8. Rinse two times for 20 min in BSA-TBS-NaCl.
9. Place grids on drops of secondary antibody conjugated to 10–40-nm
gold particles (Janssen AuroProbe, available from Ted Pella). The
secondary antibody is diluted 1:100 (range of 1:10 to 1:200) in BSATBS-NaCl. The grids are incubated for 1–2 h at RT (see Note 3).
10. Rinse three times for 30 min in BSA-TBS-NaCl.
11. Rinse three times for 15 min in dH2O.
12. After drying, grids may be stained with uranyl acetate (10 min) and
lead citrate (6–8 min) for additional contrast.
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4. Notes
1. False Positives: Areas in the retina that are rich in proteins (e.g., Müller
cell end feet) often show nonspecific labeling with even nonimmune
primary antibody. This emphasizes the importance of the control of
incubating the section in the same concentration of nonimmune primary antibody to rule out this artifact.
To minimize nonspecific labeling, perform a dilution series with
the primary antibody. Use the most dilute concentration of primary
antibody that produces unequivocal labeling of the structure of interest.
2. False Negatives: It cannot be emphasized too strongly that immunocytochemistry is a method to detect a certain antigenic epitope in the
tissue by means of an antibody that specifically recognizes this
epitope. Even though a negative result is obtained by immunolabeling, this result per se does not demonstrate absence of the protein. There are a number of reasons why negative results can be
obtained:
a. Fixation: The most common reason for a negative result is the
fixation step, which crosslinks proteins and may alter the epitope
recognized by the antibody. This problem may be solved by using
a weaker strength fixative for a shorter time, by omitting glutaraldehyde from the fixative, or by using the sodium borohydride
method given above. Some proteins are extremely sensitive to
fixation and can be demonstrated only in unfixed retina sections;
an example is the MAR antigen, shown in Fig. 1 (3).
b. Detergent-sensitivity: Other antibodies are nonreactive with proteins exposed to detergents, such as the Triton X-100 commonly
used in immunocytochemistry protocols. In this case, the incubations must be performed with no added detergent and incubation
times increased because of loss of detergent-enhanced antibody
penetration.
c. Autofluorescence: The retina contains abundant lipid that may
produce severe autofluorescence, particularly if the tissue has
been fixed with glutaraldehyde. The photoreceptor outer segments are usually weakly autofluorescent, but this can usually be
quenched in glutaraldehyde fixed tissue by the borohydride treatment given above.
Lipofuscin granules in the RPE are highly autofluorescent,
making immunofluorescent labeling of RPE cytoplasmic proteins
very difficult. This is a particular problem in retinas from older
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humans and monkeys, where lipofuscin, an aging pigment, is
abundant in the RPE.
d. Nonspecific labeling of outer segments: In addition to autofluorescence discussed above, outer segments are often “sticky”
for proteins, including primary and secondary antibodies. It is
essential that the proper controls be performed to rule out nonspecific outer segment labeling, particularly if the antigen under
study is present in the outer segments. This problem is sometimes encountered with the ABC and immunogold techniques for
EM, again emphasizing the necessity of proper controls.
3. Resolution: Retinas processed for EM by the immunogold technique
offer very high resolution. However, the resolution is not that of the
gold particle, but rather that of the diameter of the secondary antibody, which is on the order of 10 nm (6). One way to improve the
resolution is to use Fab fragments of the primary antibodies and
couple them directly to colloidal gold (6).
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Antisense DNA Technology
Piroska Elizabeth Rakoczy

1. Introduction
Antisense DNA technology is a method to inhibit or downregulate the production of a target protein by using antisense DNA
or RNA molecules. An antisense sequence is a DNA or RNA that is
perfectly complementary to the target nucleotide sequence present
in the cell. There are two possible mechanisms for an antisense
effect. The method that relies on targeting of the mRNA is called
the antisense strategy. When the double-stranded DNA or genes
situated in the nucleus are targeted, the approach is called the
antigene strategy. Whereas the antisense strategy is well established
with several examples of in vitro and in vivo applications (1), the
antigene approach is still in its infancy and our understanding of
the mechanism involved is limited. The antisense strategy utilizes
the ability of a 100% complementary DNA or RNA sequence to
interlock or hybridize with the target mRNA thus inhibiting the
translation of the target protein. This inhibition can be achieved
either by blocking the binding sites for the 40S ribosomal subunit
and for other translation initiation signals. Alternatively, the formation of a double-stranded DNA/RNA complex can render the RNA
susceptible to RNase H digestion (2). The antigene approach is based
on the binding of an antisense or sense DNA to the complimentary
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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DNA sequence in the nucleus thus forming a triplex structure.
This triplex prevents the transcription of the DNA coding sequence
into mRNA (2).
The essence of antisense DNA technology is the uniqueness of
the gene or targeted DNA sequence. The recognition that even
short parts of the genetic code are unique resulted in the introduction of short DNA molecules called oligodeoxynucleotides (ODN),
for gene expression regulation. It has been proposed that even a
15–17 basepair (bp) long fraction of the target DNA sequence could
specifically inhibit the expression of the target gene (3).
There are several prerequisites that ODNs have to satisfy to
become potentially suitable for the downregulation of transgene
expression. ODNs have to be able to reach the target cells, which
might be a problem, particularly in vivo. ODNs have to cross the
cell membrane or, in the case of the antigene strategy, the membrane of the nucleus, and they have to be present in a biologically
active concentration within the cells for an extended period of time.
In addition, ODNs have to resist the DNase activity or quick decomposition within the cells and have to be specific for the target gene.
Although ODNs are nontoxic, in diseases where systematic
delivery of large doses of ODNs is required, they may be the source
of potential complications. These difficulties have limited the range
of successful in vivo applications of ODN technology. In contrast,
the eye is an excellent target for ODN delivery as it provides a confined space (4,5) separated by the retina-brain barrier from the rest
of the body. Depending on the target tissue within the eye, there are
several delivery methods available. Superficial viral infection and
corneal cells can be targeted with high efficiency when using ointments covering the surface of the cornea. Following injection into
the anterior chamber, cells of the cornea, iris, and perhaps the lens,
can be targeted. Intravitreal, subretinal injections can successfully
target cells of the retina (4,5). In addition, choroidal injections can
be used to target cells residing in the choroid cells.
With the development of synthetic DNA technologies ODNs can
now be synthesized easily in bulk using DNA synthesizers. This chap-
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ter will focus on the utilization of the antisense approach for the
downregulation of gene expression in the eye.
2. Materials

2.1. Equipment
1.
2.
3.
4.
5.

Computer with Internet access.
Any tissue-culture incubator.
Centrifuge suitable to sediment cells.
Microtone (LKB 2088 Ultratone, LKB-Produkter, Sweden).
Fluorescence Activated Cell Sorter (FACS), any type that can generate 488-nm absorption and 530-nm emission wavelength.
6. Light microscope with X40 lens.
7. Confocal microscope (MRC-1000, Bio-Rad, Hercules, CA).

2.2. Reagents
1.
2.
3.
4.
5.
6.
7.
8.

PBS: phosphate-buffered saline.
DMEM: Dulbecco’s modified Eagle’s medium.
FBS-Fetal bovine serum.
Saline: 10% sodium chloride.
FCS: Fetal calf serum.
BSA/PBS: 0.1% bovine serum albumin (BSA) dissolved in PBS.
Phosphate buffer: 0.1 M Na2HPO4/KH2PO4, pH 6.8.
F12 medium.

3. Methods

3.1. Selection of Antisense ODN Sequence
3.1.1. Analysis of Target DNA Sequence
For the selection of antisense ODNs, it is necessary to download
either the genomic or cDNA sequence of the target DNA. Both the
genomic and cDNA sequences preferably should contain some of
the 5' untranslated region. The genomic DNA sequence is usually
long 10–20,000 bp. The cDNA sequence is derived from the mRNA,
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thus it only contains the exons. Exons are the parts of the genomic
DNA that are translated into protein. Generally, the cDNA sequence
usually is not longer than 2000 bp. For antisense DNA selection,
it is preferred to use the short cDNA sequence or the part of the
genomic DNA sequence that contains the first exon (Exon 1).
1. Access GenBank either through an Internet search engine by typing
Genbank or through Email under the address retrive@ncbi.nlm.nih.gov.
2. Using GenBank Keyword Search, identify all files containing your
target gene.
3. If there are several sequences available, narrow the selection for the
species, and then further to the organ from which your target cells
are derived.
4. If your target species’ genomic or cDNA sequence has not been
found, perform sequence comparison between the published DNA
sequences.
5. If the comparison demonstrates that the sequence in the 5' untranslated
region and in Exon 1 is highly conserved (99% homology), then the
published related sequences can be used for the selection of your
antisense ODNs. However, if there are significant differences, it is
desirable to identify the target sequence region from the target cells by
sequencing the cDNA PCR product (see Chapter 1).
6. Print the selected or obtained genomic or cDNA sequence and identify 19–25 bp long fragments.
7. Select fragments including the ATG initiation codon.
8. Prefer fragments which have approx 50 % GC content.
9. Make sure, that the ends are not complimentary (to avoid loop formation).
10. Try to select fragments where the distribution of A, G, C, and T units
is even.
11. Having selected the fragments, perform Blast analysis on GenBank
to see if there is any other gene, other than your target, with high
homology to the selected fragment (see Note 1).

3.1.2. Generation of Antisense DNA Sequence
from Target DNA Sequence
Most DNA analysis programs are capable, or automatically, produce the antisense DNA sequence. However, for those who are
interested in performing this easy procedure, the relevant steps are
described below.
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Each DNA sequence has a complimentary sequence that follows
the laws of the Watson and Crick model. It is based on the ability of
the base components Thymidine (T) and Adenosine (A) to form
hydroxyl bonds with Cytidine (C) and Guanosine (G), respectively.
The two ends of the double-stranded DNA are called 5 prime (5')
and 3 prime (3') ends. These two positions are differentiated from
the rest of the DNA chain by the presence of unsubstituted hydroxil
groups.
1. Write down the selected DNA sequence clearly marking the 5' position 5'-AGCTGCATGGAACTTCACGCT.
2. Create the complementary sequence by deriving the complementary
sequence one by one (T-A, A-T, G-C, C-G)
5'-AGCTGCATGGAACTTACGCT 3'
3'-T….……………………………... 5'
5'-AGCTGCATGGAACTTACGCT 3'
3'-TCGACGTAG………….………. 5'
5'-AGCTGCATGGAACTTACGCT 3'
3'-TCGACGTACCTTGAATGCGA 5'
3. The antisense ODNs sequence is: 5'-AGCGTAAGTTCCATG
CAGCT. It is this sequence that has to be given to the company or
person synthesizing the ODNs. DNA synthesis service providers usually do not take responsibility for deriving the antisense sequence.
4. As the identification of an effective antisense ODN is an empirical
process in addition to the 10–20 antisense ODNs controls, usually
sense ODNs of the same regions, or containing scrambled sequences
and ODNs targeting genes other than the target gene have to be used.
Generally, to make a successful selection 10–15 ODNs (antisense
and controls) have to be synthesized.

3.2. ODN Synthesis and Storage
3.2.1. Ordering ODNs
1. Always provide the sequence that you want to be synthesized. The
DNA sequence has to be written clearly (beware of clearly distinguishing between G and C) with the 5' end marked. For example:
5'-CAAACCAGCCGTTTCATCT.
2. The scale of the synthesis will depend on the intended use. If a good
sensitive screening method, such as enzyme-linked immunosorbent
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assay (ELISA), is available to test the efficacy of the oligonucleotide
than the smallest scale of 40 nmol might be sufficient for an initial
selection process. If the efficacy test is a functional analysis or other
protein analysis, the 1 µmolar scale is recommended (see Note 2).
For inhibition experiments, always use protected ODNs. Suppliers
generally provide a list of protective groups of which phosphothioates are the most frequently used. On the order form, clearly mark
if protected or unprotected ODN is requested.
There is usually a list of purification techniques that are offered on
the order form such as crude, desalted, or high-performance liquid
chromatography (HPLC) purified. For initial antisense studies, no
special purification are required. Crude products are suitable both
for in vitro and in vivo experiments.
Usually, the cleavage of the ODN from the column and deprotection
of the cleaved ODN does not have to be requested, but if so, always
request cleaved and deprotected ODN.
Some suppliers provide ODNs with a variety of labeling. The use of
FITC labeling to track the uptake of ODNs has been widely tested
and it is recommended to request at least one of the ODNs with FITC
labeling for easy in vitro and in vivo uptake studies.

3.2.2. Storage of ODNs
1. ODNs are usually supplied in the form of a powder in which from
they are stable and can be stored for up to 1 yr at –20°C.
2. The average molecular weight (MW) of a phosphothioate protected
ODN is 349. Thus the MW of a 20 mer ODN is: 20 × 349 = 6980.
The amount of the ODN in µg is provided by the supplier.
3. Dissolve ODN in water or PBS in the glass flask the ODN was delivered to a final concentration of 5–10 mM using the average MW
provided above. It is desirable to make 10–20-µL aliquots and store
dissolved ODNs at –70°C.

3.3. Delivery and Uptake of ODNs In Vitro and In Vivo
As the effect of ODNs will largely depend on their ability to enter
into the cells, it is essential to establish if the target cells are able to
take up and retain ODNs at a concentration suitable to induce a biological effect. In this section, an uptake study will be described by
quantification of the uptake of an FITC-labeled ODN by retinal pigment epithelial (RPE) cells (see Note 3).
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Table 1
Cellular Uptake of ODNs In Vitro
RPE cells
RPE
RPE
aAverage

ODNs

FACS readingsa

no
FITC-ODN

4.20 ± 0.38
453.50 ± 27.1

of three measurements.

3.3.1. In Vitro Uptake Studies
1. Subculture frozen RPE cells (American Tissue Culture Collection,
Rockville, NY) in 40% Ham’s F12, 40% DMEM including 20% FBS,
0.4% glucose, and 50 µg/mL gentamicin at 37°C in 5% CO2.
2. From confluent cultures seed cells at a concentration of at 105 cells/well
into a 24-well plate and incubate them in the medium described
above with 10 µM FITC labeled ODN added.
3. After 3 d of incubation, discard the medium and harvest the cells
using trypsin at 0.025%. Sediment the cells with centrifugation
(1000g). Resuspend pellets in 5 mL incomplete PBS and filter them
through a nylon sieve mesh (44 µm). Centrifuged the filtrate and
resuspended pellet in 300 µL balanced salt solution (saline).
4. Use a FACS to analyze the fluorescent signal at 488 nm absorption and
530 nm emission wavelength by counting 105 cells from each of the wells.
5. Following FACS analysis calculate the average intensity of the fluorescent signal by averaging the mean fluorescence intensity (Table 1).
It is important to note the significant (100X increase) in fluorescent
signal intensity between RPE cells with or without FITC-ODN.

3.3.2. In Vivo Uptake Studies
This example is given to demonstrate the uptake of ODNs in different retinal cells following intravitreal injection of FITC-labeled
ODN into rat eyes. All procedures involving animals conformed to
the Declaration of Helsinki.
1. Anesthetize minimum 8-wk-old nonpigmented rats (by this age,
the eyes have reached their adult size and the animals are less
susceptible to complications following anesthesia) by intraperitonial injection of sodium pentobarbital (50 mg/kg body
weight) and inject into the vitreous of one eye with 2 µL of
saline and the other with 2 µL of ODN solution containing 66 µg
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Fig. 1. Monitoring cellular uptake of ODNs in vivo following intravitreal injection of FITC labeled ODN at (A) 2 h, (B) 3 d, (C) 7 d, and (D)
28 d postinjection using a confocal microscope.
(10 nmol) FITC-ODN. Allow animals to recover from anesthesia.
Following their recovery, the animals were housed in normal conditions until euthanasia.
2. Enucleated eyes at 2 h 3, 7, and 14 d postinjection. Enucleated eyes were
snap frozen in OCT and sectioned by a cryostat into 10-µm thick sections.
3. The sections were either stored frozen at –70°C or analyzed by a
confocal microscope using a blue light at a 488 nm wavelength.
For the detection of fluorescence, a 522 nm wavelength filter was
used. This technique enables the easy visualization of the location of
the fluorescent signal derived from the FITC-labeled ODN. The signal derived from the FITC-labeled ODN has to be significantly stronger than any background, thus it is easily distinguishable (Fig. 1).

3.4. Efficacy Studies
3.4.1. Monitoring of Oligonucleotide-Mediated Downregulation
of a Target Protein Expression by Immunocytochemistry
Example: Inhibition of Cathepsin S (CatS) expression in retinal
pigment epithelial cells by an antisense oligonucleotide.
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1. Seed 105 RPE cells onto cover slips.
2. Prepare tissue-culture medium (as described earlier) containing
either the antisense oligonucleotide (AS), scrambled oligonucleotide
(C) at concentrations ranging from 1 nM to 1 µM. For example, 1 nM,
10 nM, 100 nM, and 1 µM.
3. Incubate cells at 36°C for 3 d, replenishing the oligonucleotides daily.
4. Remove medium, gently rinse cells.
5. Fix samples in methanol for 20 s.
6. Pretreat cells with 10% normal goat serum, 0.1% BSA/PBS for
30 min at room temperature.
7. Add CatS antibody (6) diluted 1:500 with 0.1% BSA/PBS and incubate
sections overnight at 4°C.
8. Wash sections three times for 5 min with 0.1% PBS.
9. Add secondary antibody (biotinylated goat antirabbit) diluted in
1:200 in 0.1% BSA/PBS and incubate sections for 1 h.
10. Repeat washing, as above.
11. Add chromophore of your choice and visualize signal according to
the manufacturer’s protocol.
12. Score the signal by two independent observers from 1–3 or quantify
it by any other means. A significant decrease in signal intensity is
expected at least at one antisense ODN concentration as demonstrated in Fig. 2 (see Note 4).

3.4.2. Monitoring Functional Changes In Vitro
Example: Accumulation of autofluorescent debris in rod outer
segment challenged retinal pigment cells with or without the presence of a CatS-specific antisense oligonucleotide.
CatS is a lysosomal enzyme present in the RPE cells. It has
been demonstrated previously, that inhibition of CatS activity
by leupeptin leads to the accumulation of an autofluorescent
debris in the RPE cells in vivo (7). In this assay, autofluorescent
debris accumulation in ROS challenged cultured RPE cells was
used to monitor the efficacy of antisense ODN-mediated inhibition of CatS, by monitoring a relevant biological function
(Fig. 3).
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Fig. 2. Visualization of cathepsin S down regulation in retinal pigment
epithelial (RPE) cells using immunocytochemistry. Light microscopic
view of RPE cells grown in medium containing (panels from left to right):
antisense ODN, scrambled ODN, or no ODN.

Fig. 3. Accumulation of rod outer segment (ROS) derived autofluorescent debris in retinal pigment epithelial cells as measured by flow
cytometry. Note: the increase in autofluorescence is due to the accumulation of undigested ROS as a result of inhibition of cathepsin S production
by the cells.
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3.4.2.1. CONCENTRATION DEPENDENCE
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

Sterilize bovine eyes in Betadine.
Dissect eyes, remove anterior segment and vitreous, and discard.
Sever optic nerve head.
Remove neural retina (neural retina can be stored at –70°C, store
25 retina/tube).
Add 15 mL of a 0.73 M sucrose solution in 0.1 M phosphate buffer
into tube containing 25 retina and gently agitate tube.
Filter mixture through a 100-µm nylon mesh.
Prepare discontinuous sucrose gradient with successive layers of
1.2 M, 1.0 M, and 0.8 M sucrose in 0.1 M phosphate buffer.
Layer retinal suspension on top of the gradient.
Centrifuge for 1 h at 60,000g.
Harvest orange band and pellet ROS centrifuging mixture at 27,000g.
Measure ROS concentration on an electronic particle counter.
Store ROS in liquid nitrogen.
Seed 2 × 105 RPE cells into a 24-well plate and incubated at 37°C
until they became 80% confluent.
Challenge RPE cultures (triplicates) 107 ROS/mL medium containing 0, 0.1, 1, 10, or 25 nM antisense ODN.
Following 2 d of incubation remove the medium and harvest the cells
in 5 mL (DMEM, F12 +10% FCS).
Centrifuge suspensions at 1000g for 3 min.
Resuspended pellets in 5 mL PBS.
Filter suspensions through a nylon mesh (44 µm).
Centrifuge filtrates at 1000g for 3 min.
Resuspend pellet in 300 µL of isoton.
Measure autofluorescent debris with a fluorophotometric flow
cytometer (FACS) at 488-nm absorption and 530-nm emission
counting 105 cells. Always compare data from the same batch of cells
measured by FACS on the same day.
Plot data.

3.4.2.2. SPECIFICITY (FIG. 4)
1. Set up specificity experiments as described above using control and
antisense ODNs at a concentration that was sufficient to achieve the
maximum biological activity (10 nM).
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Fig. 4. Specificity of antisense ODN as measured by the accumulation of
ROS derived autofluorescent debris accumulation in retinal pigment epithelial cells. Empty columns: scrambled ODN. Full columns: antisense ODN.
2. Incubate cell cultures for 2 to 7 d, change the medium and replenish
the ODNs every second day.
3. Harvest cells and measure autofluorescent debris as described above.
4. Plot data.

3.4.3. Monitoring Functional Changes In Vivo
3.4.3.1. CONCENTRATION DEPENDENCE

All procedures involving animals conformed to the Declaration
of Helsinki.
1. Female 60 d old Long Evans, RCS-rdy+ nonpigmented (normal) or
any type of nonpigmented rats can be used.
2. Anesthetize animals by intraperitoneal injection of sodium pentobarbital (50 mg/kg body weight).
3. Perform intravitreal injection using 2–3 µL saline containing 6.6, 66,
or 132 µg of antisense oligonucleotide.
4. Sacrifice animals at 1 wk postinjection by an overdose of sodium
pentobarbital.
5. Following enucleation, immerse whole eyes in 2.5% glutaraldehyde
and 1% paraformaldehyde in 0.125 M cacodylate buffer pH 7.35.
6. Remove the cornea and the lens and trim the eye cup for orientation
purposes.
7. Fix tissue xed overnight at 4°C in 1% osmium tetroxid.
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Fig. 5. Accumulation of undigested phagosomes in the retinal pigment
epithelial cell layer of a rat retina following intravitreal injection of an
anitsense ODM, at 7 d postinjection.
8. Following ethanol dehydration, embed the tissue in epoxy resin.
9. Cut sections of 1 µm using and LKB 2088 ultratome (LKB-Produkter,
Sweden).
10. The accumulation of undigested phagosomes can be counted at ×40
magnification by light microscopy.
11. From each eye, five sets of counts were in 250 µm in length of the
RPE layer and standard deviations were calculated (Figs. 5 and 6).

3.4.3.2. SPECIFICITY
1. Rats were anesthetized injected with saline, S1 and S2, and
antisense oligonucleotide and analyzed as described above and the
accumulation of undigested phagosomes were counted and compared to uninjected control animals (Fig. 7).

4. Notes
1. Although there are several theories on how to select antisense ODNs
the selection process remains very much an empirical process.
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Fig. 6. Concentration dependence of phagosome accumulation in the rat retinal pigment epithelial layer following intravitreal injection of antisense ODN.

Fig. 7. Specificity of an antisense ODN following intravitreal injection of
identical amounts of ODNs as measured by the accumulation of undigested
phagosomes. S1 and S2 are scrambled ODNs; antisense is an antisense ODN.
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Analysis of antisense ODNs, which were biologically effective in
downregulating a target sequence, suggests that the most success was
achieved when the antisense ODNs sequence was derived from the
Exon 1. In addition, the majority of successful antisense ODNs generally contain the ATG initiation codon, which is responsible for the
start of protein synthesis.
Generally, ODNs are highly specific and can detect even 1 or 2 bp differences. However, specificity depends on the conditions (8). Thus,
for antisense purposes, more than 85% homology to any other known
gene renders the fragment unsuitable. Although the Blast analysis is
an important step in the selection of the ODNs, one has to be aware
that to date only a small fraction of all 120,000 human genes have
been submitted to databases. Thus, whereas Blast analysis might help
to exclude certain ODNs it cannot ensure their specificity to the target sequence.
2. Although for bigger departments, it might be worthwhile to purchase
a DNA Synthesizer. Most researchers order antisense ODNs from
commercial suppliers. Generally, it is recommended to order the
ODNs because the price has been falling rapidly and reliable commercial suppliers are widely available.
3. It is essential to establish the efficiency of ODN uptake by the target
cells. If convincing in vitro or in vivo data cannot be produced to
support the uptake of the ODNs by the target cells, the antisense
ODN-based approach has to be abandoned.
4. As there will be a large number of experiments involved in establishing the efficacy of ODNs, it is essential to have a well-established
reliable screening method before the start of ODN screening. The screening method should be suitable to monitor the expression of the target
protein, thus, it can be Western blot analysis (Chapter 1) immunoprecipitation (Chapter 1), ELISA, immunocytochemistry, immunohistochemistry or analysis of a function related to the target protein.
It has to be noted that whereas immunoprecipitation is one of the
most reliable methods for in vitro analysis, it is unsuitable for in vivo
studies. Efficacy studies always have to demonstrate the concentration dependence of the ODN and have to include the use of appropriate sense and scrambled ODN controls.
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6
Inhibition of Gene Expression by Ribozymes
William W. Hauswirth, Lynn C. Shaw,
Patrick O. Whalen, Jason J. Fritz,
D. Alan White, and Alfred S. Lewin

1. Introduction

1.1. Ribozyme Biology
RNA enzymes, or ribozymes, can be defined as RNA molecules
that promote a variety of reactions involving RNA and DNA molecules. These include site-specific cleavage, ligation, polymerization, and phosphoryl exchange (1). The use of ribozymes for
medical therapy was recognized soon after RNA catalysis was discovered in the early 1980s (2). Three broad classes, naturally occurring ribozymes have been recognized: (1) RNase P, required for
tRNA processing; (2) self-splicing introns, including group I and II
introns of bacteria, mitochondria, and chloroplasts; and (3) selfcleaving viral agents, including hepatitis delta virus and components
of plant viroids that cleave the RNA genome during replication.
Because of their small size and great specificity, the self-cleaving
ribozymes have the greatest potential for medical applications.
The ability of these ribozymes to cleave other RNA molecules at
specific sites makes them useful as inhibitors of viral replication or
of cell proliferation (3–8).
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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The underlying hypothesis for therapy is that ribozymes can
reduce levels of mutated proteins that eventually lead to apoptosis
of rod photoreceptors by lowering mutant mRNA levels. The issues
involved in developing ribozyme therapy specifically for dominant
retinal disease include (1) the existence of a target sequence created
by the disease-causing mutation or located near the relevant mutation; (2) ribozyme accessibility of that target sequence with respect to
RNA secondary structure; and (3) delivery of ribozymes in a celltype specific manner. Our strategy has been to express ribozymes
using the promoter from the rod opsin gene that confers rod cellspecific expression (9). The viral vector we employ, recombinant
Adeno-Associated Virus (AAV), is discussed in a separate article
by Rolling, in this volume.
Two kinds of ribozyme have been widely employed, hairpins
and hammerheads (Fig. 1). Both catalyze the sequence-specific
cleavage of target RNA yielding products containing a 5' hydroxyl and a 2',3'-cyclic phosphate. Hammerhead ribozymes
have been used more commonly, because the target site has few
limitations (10). For designing a ribozyme, first select a region
in the target RNA containing NUX is selected, where N stands
for any nucleotide and X is any nucleotide except guanosine.
Two stretches of 6-to-8-nucleotides-long antisense nucleotides
that flank the 21-nucleotide sequence that forms the catalytic
hammerhead between them are then designed based on the target
sequence surrounding the target triplet. Hairpin ribozyme design
employs the same ideas, except that the catalytic core is larger
(34 nucleotides) and the ribozyme targeting domains require
more specificity (11). Hairpins recognize the sequence NNN
YNGUCNNNNNN, where N is any nucleotide and Y is a pyrimidine. Using in vitro selection and site-specific mutagenesis,
nucleotides essential for activity and expanding the target range
have been identified (12–17). Being inherently more stable, hairpin ribozymes function better than hammerheads under physiologic temperature and magnesium concentrations. The hairpin
ribozyme stability can be enhanced by replacing a naturally
occurring three-base loop in the catalytic core with a tetraloop
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Fig. 1. Schematic secondary structures of the hammerhead (A) and the
hairpin (B) ribozymes. Arrows indicate the cleavage sites in target RNAs.
N can be any nucleotide, X is any nucleotide but guanosine, and Y indicates a pyrimidine nucleotide. The helices in the hammerhead ribozyme
are numbered with Roman numerals, and the helices in the hairpin are
designated with Arabic numerals. The large loops in the hairpin are designated A and B.

(18,19) and by changing a U to C at position 39 of the catalytic
core. This increases hairpin activity twofold compared to the
original sequence.
The catalytic properties and greater specificity of ribozymes give
them potential advantage over antisense RNA. In a head-to-head
study, comparing antisense RNA and ribozymes with identical target sequences, ribozymes inhibited viral replication 2- to 10-fold
better than the comparable antisense molecules (20). For the degradation of mRNA molecules whose protein products lead to retinal
degeneration, the ability of ribozymes to selectively cleave the
mutant mRNA is their chief advantage over antisense oligonucleotides. A single-base mismatch is sufficient to block the cleavage of
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wild-type mRNA by a ribozyme, whereas a similar mismatch in an
antisense molecule will have little impact: both wild-type and mutant
messages will be bound and their translation into protein inhibited.

1.2. Ribozyme Target Site Selection
Key to the successful therapeutic application of a ribozyme is
identification of a suitable RNA target site. Not all target triplets
(NUX) for hammerhead ribozymes are equally susceptible to cleavage (21). The most favored cleavage site GUC is five times more
efficiently cleaved than the next best sequence (CUC), which is
more than twice as efficiently cleaved as the triplet UUC. One of
the least favored sites, AUU, is a more than 100-fold less efficient
target than of GUC. Fortunately, the most easily cleaved triplets are
relatively common in mRNA. For example, the human rod opsin
mRNA contains 17 GUC triplets, 14 CUC triplets, and 22 UUC
triplets its coding region. Target site selection therefore involves
identifying one of these triplet targets near the site of the sequence
change, giving rise to a dominant genetic mutation. Because the
aim is to design a ribozyme that discriminates between mutant and
wild-type sequences, it should have relatively short right- and lefthybridizing arms (helicies I and III, respectively). Analysis of
hammerhead ribozyme specificity in bimolecular reactions demonstrated that a recognition sequences of up to 12 nucleotides (the
sum of arms) could be used to discriminate a one-nucleotide mismatch in one of the hybridizing arms (22). However, ribozymes with
somewhat longer arms can distinguish between mismatched and
fully complementary targets if the mismatch is within the triplet
target or is immediately adjacent to it. Based on these principles,
for example, we have designed a hammerhead ribozyme to cleave
the mutant rod opsin mRNA present in the VPP mouse model of
ADRP (Fig. 2A).
Hairpin ribozymes differ from hammerheads in two aspects: they
require a GUC target in a less flexible sequence context (see earlier)
and the length of one hybridizing arm (helix 2) is limited to four
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Fig. 2. Diagrams of the hammerhead (A) and the hairpin (B) ribozymes
used to target the P23H opsin mRNA in the VPP mouse model of ARDP
(45). The positions of cytosine nucleotides present in wild-type rhodopsin are indicated.

basepairs and is separated from helix 1 by an 8 nucleotide loop
(loop A) (23). Mismatches can be tolerated in hairpin ribozymes if
the mismatches are not next to the cleavage site, although reduced
cleavage efficiency is observed (24). Therefore, it is desirable to
keep hairpin helix 1 short to promote selective cleavage (Fig. 2B).
Although it has been found that use of the optimal target will result
in the best ribozyme activity on oligonucleotide RNA targets in
vitro, a combinatorial library of ribozymes demonstrated that target
accessibility determines which ribozymes are most active in cells
(25). Target RNA secondary structure is therefore a final important
consideration. Whether a possible target site is exposed or concealed
by RNA folding should be determined experimentally, because
RNA secondary structure algorithms are unreliable for long sequences
(26,27) (see Notes 1 and 2).
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2. Materials

2.1. Ribozyme Cloning and Labeling
1. DNA oligonucleotides encoding the ribozyme sequences with
appropriate flanking restriction sites can be ordered from a variety of
commercial sources.
2. Large fragment of DNA pol I (Klenow) and DNA ligase are purchased from New England Biolabs (NEB).
3. Unlabeled nucleoside triphosphates should be obtained from a
high-quality vendor and purchased as a buffered stock solution (typically, 200 mM).
4. Transcription vectors include pT7T3-19 (Gibco-BRL) and pBluescriptII
KS+ (Stratagene).
5. RNA polymerase, DNA polymerase, restriction endonucleases, and
polynucleotide kinase are available from several manufacturers
including Gibco-BRL and NEB.
6. DNA Polymerase buffer; 10 mM Tris-HCl, pH 7.5, 5 mM MgCl2, 7.5 mM
dithiothreitol (DTT).
7. Transcription buffer:
• 48 µL autoclaved distilled water;
• 20 µL 100 mM sodium phosphate buffer, pH 7.7;
• 1 µL template DNA (0.4–0.8 µg) in 10 mM Tris-HCl, 0.1 mM
ethylene-diaminetetraacetic acid (EDTA), pH 7.5;
• 4 µL 1 M DTT.
• 20 µL 40 mM Mg2Cl, 20 mM spermidine-hydrochloride;
• 4 µL 40 mM NTP mix (40 mM each of ATP, CTP, GTP, and UTP,
freshly mixed from 200 mM stocks);
• 1 µL RNasin (Promega);
• 1 µL T7 RNA polymerase (5 U);
• 1 µL _-32P-UTP or _-32P-CTP (3000 Ci/mmol; 10 µCi/µL).

2.2. In Vitro Transcription
1. Labeled nucleotides for ribozyme assays are from Amersham, ICN,
or DuPont/NEN.
2. T7 RNA polymerase is available from NEB.
3. Placental RNase inhibitor is available as RNAsin is from Promega
or as RNase Inhibit-Ace from 3 Prime–5 Prime, Boulder, CO.
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2.3. Labeling of RNA Oligonucleotides
1. a-32P ATP is purchased from Amersham.
2. RNA oligonucleotides to serve as targets for ribozyme cleavage
assays can be ordered from several companies. We use Dharmacon,
(Boulder, CO). RNA oligonucleotides are provided protected on their
2' residues, and must be deblocked according to the manufacturer’s
recommendations prior to use.
3. Kinase buffer is from Promega.
4. Polynucleotide kinase is from Gibco-BRL.
5. Sephadex G-25 fine resin is purchased directly from Pharmacia, Inc.
6. Labeling buffer:
• 10 µL (2.5 nmol) RNA oligonucleotide;
• 1 µL a-32P-ATP;
• 2 µL kinase buffer: 0.7 M Tris-HCl, pH 7.6, 0.1 M MgCl2, 50 mM DTT;
• 1 µL RNAsin (diluted 1:10 from stock in 10 mM DTT);
• 1 µL polynucleotide kinase (10 U);
• 5 µL sterile water.

2.4. Purification of Ribozymes and Target RNA
1. Reagents for denaturing electrophoresis (acrylamide, methylene(bis)acrylamide, urea) should be highly purified and are available from a
variety of companies.
2. Recombinant placental ribonuclease inhibitor can be obtained as
RNAsin, from Promega.
3. Silica-gel thin-layer chromatography (TLC) plates for ultraviolet
(UV)-shadowing should contain fluorescent (F254) indicator. These
plates are available from Fisher Scientific (Catalog no. M5715-7)
and other vendors.
4. TBE buffer; 89 mM Tris borate, pH 8.3, 20 mM EDTA.
5. Elution buffer; 1 M NH4OAc, 50 mM Tris-HCl, pH 7.5, 20 mM EDTA,
0.5% sodium dodecyl sulfate (SDS) at 37°C.

2.5. Total Retinal RNA Extraction
1. Triazol reagent is purchased from Gibco-BRL.
2. Pure water is critical for RNA experiments. Deionized water should
be purified by a filtration and ion exchange chromatography system
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such as Barnstead NanoPure II. We steam-sterilize such water and
use it directly without diethylpyrocarbonate (DEPC) treatment.
Should RNase contamination prove a problem, water can be treated
for 1–15 h with DEPC at 0.02% final concentration prior to autoclaving.

2.6. Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR) Analysis of Ribozyme Cleavage Products
from Full-Length Retinal RNA
1.
2.
3.
4.

Superscript first-strand buffer is purchased from Gibco-BRL.
Superscript reverse transcriptase (RT) is from Gibco-BRL.
Placental RNase inhibitor is from 3 prime-5 prime, or Promega.
_-32P-labeled dCTP is from NEN/DuPont.

3. Methods

3.1 Cloning of Ribozymes and Targets
(General Cloning Methods Are Described in [28])
1. Coding sequences for ribozymes are generated by extension of two
overlapping synthetic DNA oligonucleotides coding for the ribozyme
sequence and flanked by restriction sites. The large fragment of DNA
pol I is used to fill out the DNA duplexes. Overlapping oligonucleotides are heated to 65°C for 2 min and then annealed by slow cooling to room temperature over 30 min. The annealed oligonucleotides
prime each other and are mutually extended by DNA polymerase in
the presence of 5 mM deoxynucleoside triphosphates and polymerase
buffer (see Subheading 2.1., step 6) for 1 h at 37°C.
2. The fully duplex fragments are then digested and ligated into the T7
RNA polymerase expression plasmid of choice, typically pT7T3-19
or pBluescriptII KS+. Ligated plasmids are used to transform
Escherichia coli cells; clones are screened by colony hybridization
and verified by DNA sequencing.
3. In addition to producing clones for active ribozymes this way, clones
for inactive ribozymes may be prepared by mutating one or more of
the nucleotides essential for catalysis by hammerhead or hairpin
ribozymes (12,29). Inactive ribozymes are useful in distinguishing
physiological effects that depend on catalytic activity.
4. Clones for the production of target RNA can be prepared in a similar
fashion by mutually primed synthesis, or they can consist of partial
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or full-length cDNA clones. The latter are particularly useful in
determining whether a ribozyme target site is accessible in the fulllength mRNA.

3.2. Production of Ribozymes
and Longer Target RNA’s by In Vitro Transcription
1. Plasmid DNAs containing target sequences or ribozyme genes are
linearized with a restriction enzyme that cuts downstream of the
sequence to be transcribed.
2. Endonucleases and contaminating ribonucleases are inactivated by
extraction with phenol-chloroform-isoamyl alcohol (50:50:1) followed by ethanol precipitation.
3. Transcripts are generated with T7 (or other) RNA polymerase and
labeled by incorporation of _-[32P]-UTP using the protocol of Grodberg
and Dunn (30). A 100-µL reaction (see Subheading 2.1., step 7).
4. For labeling of target molecules, a high-specific activity is desirable,
and the level of unlabeled UTP or CTP is reduced fourfold. (Reducing unlabeled nucleoside triphosphates further severely reduces the
yield of full-length transcripts.) For labeling of ribozymes, the
labeled nucleotide is diluted 10-fold, and the unlabeled nucleotide is
used at 40 mM in the stock, since the radioactivity serves only as a
tracer to allow quantitation of ribozyme. Reactions are routinely performed at 37°C for 2 h, though labeling will continue under these
conditions for at least 6 h.
5. Following synthesis, transcription reactions should be brought to
0.5% SDS, extracted with phenol-chloroform-isoamyl alcohol
(50:50:1), and passed through a 1-mL Sephadex G50 spin column (31).
6. Hammerhead ribozymes or target transcripts are then ethanol
precipitated, washed twice with 70% ethanol, and resuspended in
10 mM Tris-HCl, 0.1 mM EDTA, pH 7.4. Ethanol precipitation may
denature or lead to irreversible aggregation of hairpin ribozymes.
If the concentration is kept low (< 1 nM), heating and slow cooling
should restore activity of denatured hairpins.

3.3. Labeling of RNA Oligonucleotides
1. Protecting groups are removed from the 2' positions of RNA oligonucleotides according to the manufacturer’s instructions.
2. RNA oligonucleotides (typically, 14mers) are assembled with the
labeling reagents (see Subheading 2.3., step 6).
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3. The mixture is incubated at 37°C for 30 min and then is diluted to
100 µL with sterile water and extracted with phenol chloroform
isoamyl alcohol (50:50:1) to inactivate the enzyme.
4. Unincorporated nucleotides are removed by passing the aqueous
phase over a Sephadex G-25 spin column. The sample can be used as
is or can be ethanol precipitated keeping the salt (ammonium acetate)
concentration 200 mM or less. Addition of Dextran Blue (Sigma) or
RNase-free glycogen (Ambion) as a carrier enhances recovery of
small RNA molecules, without affecting their cleavage.

3.4. Purification of Ribozymes and Target RNA
1. Ribozymes and target RNA molecules produced by in vitro transcription may require purification by gel electrophoresis to assure homogeneity. Ribozymes or larger targets (>30 nucleotides) can be
purified on 8% acrylamide, 8 M urea sequencing gels run in TBE
buffer (see Subheading 2.4. [4,32]).
2. Labeled molecules are visualized by autoradiography, excised with
a sterile scalpel, and eluted from the gel in elution buffer (see Subheading 2.4., step 5) for 1–4 h.
3. If gel purification is omitted, the transcript should be treated with
RNase-free DNase I to remove DNA sequences that may anneal to
the target or to the ribozyme.
4. RNA oligonucleotides require purification if the synthesis reaction
or the deblocking step are incomplete. Purification should precede
labeling so that the recovery of the purified nucleotide can be determined before labeling. One hundred nmoles of deprotected oligonucleotide are suspended in sterile water, mixed with equal volume
of formamide loading dye (90% formamide, TBE buffer, 0.4% xylene
cyanol, and 0.4% bromphenol blue), and separated on a 20% acrylamide,
8 M urea gel run in TBE.
5. After the bromphenol blue tracking dye has run two-thirds of the gel,
electrophoresis is stopped and the gel is transferred to a 20 cm ×
20 cm silica gel TLC plate containing F254 fluorescent indicator.
The TLC plate should be covered with plastic wrap to prevent transfer of the powder to the gel. In a dark room, using a short-wavelength UV hand lamp, the RNA band can be detected as a dark band
against the fluorescent background. A 14- or 15-nucleotide molecule
will run just above the bromphenol blue dye. This band is excised
and eluted as described above except that carrier is omitted.
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6. The ethanol precipitate of the oligonucleotide is dissolved in sterile
water (100 µL), and the concentration is determined by absorbance
at 260 nm.

3.5. Total Retinal RNA Extraction
1. Total RNA from the retina is conveniently recovered by extraction
with Trizol according to the manufacturer's recommendations. Retinas can be snap frozen in liquid nitrogen prior to RNA extraction
and stored at –70°C. A single mouse or rat retina is resuspended in
1 mL Trizol reagent and homogenized by repeated passage though
an 18-gage syringe needle.
2. Following a 5- to 15-min incubation at room temperature, the suspension is extracted with 0.2 mL of chloroform.
3. After centrifugation to separate phases, RNA is precipitated from
the aqueous phase. A typical preparation from a single rat retina
results in 100 µg of total RNA.

3.6. Specific Activity Determination
1. To determine the specific radioactivity of transcripts and oligonucleotides, small samples (1–5 µL) are spotted on glass fiber filters, dried,
and analyzed in a liquid scintillation counter using scintillation fluid.
Counting efficiency is presumed to be 90%.
2. For end-labeled oligonucleotides, the specific activity is determined
by dividing the dpm by the concentration of oligonucleotide determined by UV absorbance. This may be converted to µCi per mole by
dividing by 2.22 × 106 dpm/µCi.
3. For transcribed molecules, the moles of cold UTP used in the transcription reaction (40 nmol or 10 nmol) is divided by the radioactivity in µCi of the _-32P-UTP added (10 µCi or 1 µCi). (Radioactivity
is determined by the concentration of radioactivity on the vial times
the decay factor.) This number is divided by the number of uridine
residues in the transcript, and the result divided by 2.22 × 106 dpm
per µCi. The dividend is multiplied by the dpm in the sample to
determine moles of transcript in the sample.

3.7. In Vitro Ribozyme Cleavage Reactions
1. Specific radioactivity of each molecule is used to calculate the concentration of target and ribozyme molecules.
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2. Initial cleavage conditions consist of 50 nM substrate RNA and
10 nM ribozyme, 20 mM MgCl2, 40 mM Tris-HCl, pH 7.5. Incubation is at 37°C.
3. Prior to incubation with substrate, hammerhead ribozymes are renatured by incubation in 40 mM Tris-HCl, pH 7.4, 10 mM MgCl2 at
37°C for 15 min to several hours. (Short periods of renaturation are
usually adequate, but some ribozymes need to incubate in magnesium buffer for hours to achieve full potency).
4. Hairpin ribozymes are denatured at 85°C for 2–3 min in 0.1 mM EDTA
and renatured at room temperature for 5–15 min.
5. The ribozyme and target are then mixed in digestion buffer, preincubated for several minutes, and cleavage is initiated by the addition of
MgCl2 to 20 mM.
6. Reactions are stopped by adding 1/10 reaction volume of 0.5 M EDTA
followed by an equal volume of formamide loading dye (see earlier).
7. Experimental conditions such as time of incubation, magnesium concentration, and ribozyme concentration should be varied independently. The magnesium dependence of ribozymes can be lowered by
addition of spermine (0.5 mM). Ribozymes requiring high magnesium concentrations or high ribozyme concentration for cleavage are
unlikely to work well in vivo and should be eliminated from further
analysis at this stage.
8. Cleavage products for target RNAs produced by in vitro transcription
are analyzed by electrophoresis on 8 M urea, 8, or 10% acrylamide
sequencing gels run in TBE.
9. Digests of oligonucleotides are analyzed on 20% gels. Gels should be
fixed in 10% (v:v) acetic acid, 10% methanol (for 10% gels) or in
40% methanol, 10% acetic acid, 3% glycerol for high percentage gels.
10. Gels are imaged by autoradiography using X-ray film, but quantitation
is performed using a radioanalytic phosphorescent screen scanner.
We use a PhosphorImager from Molecular Dynamics, and similar
instruments are available from Fuji Medical Electronics or Bio-Rad.
If such an instrument is not available, cleavage can be quantitated by
counting the radioactivity in gel slices.
11. Conversion of the PhosphorImager output to dpm can be made by
exposing a slot-blot of serial dilutions of a sample of known radioactivity (usually the target molecule) to the same screen as the gel.
12. The fraction cleaved is determined from ratio of radioactivity in the product to the sum of the radioactivity in the product and the original target:
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Fraction cleaved (FC) = P/(P + T).
The reaction velocity is the fraction cleaved per minute.

3.8. Multiple Turnover Kinetic Analysis (see Note 3)
1. Analyses to determine multiple turnover kinetic constants are typically carried out in 20 mM MgCl2, 40 mM Tris-HCl, pH 7.5, at 37°C
for short intervals. The appropriate interval is determined by a timecourse experiment under multiple turnover conditions (i.e., substrate
excess). Initial rates should be measured when the amount of cleavage is linear with time and when no more than 10% of substrate has
been converted to product. Rates are measured at several intervals
(e.g., 5, 10, and 20 min) to ensure linearity.
2. Samples are preincubated at 37°C prior to initiation of cleavage and
contain 1–10 nM ribozyme and increasing concentrations of substrate
RNA, holding ribozyme concentration constant.
3. Substrate concentrations should greatly exceed ribozyme concentration, the lowest being in fivefold excess.
4. Values for Vmax and KM are obtained by double reciprocal plots of
velocity versus substrate concentration (Lineweaver–Burke plots) or
by plots of reaction velocity versus the ratio of velocity to substrate
concentration (Eadie–Hofstee plots).
5. The turnover number kcat is determined by dividing Vmax by the
ribozyme concentration: kcat = Vmax/[Rz].
6. The values for kcat and KM cannot be determined accurately unless
the saturating substrate level (which yields Vmax) is approached. This
level can be difficult to achieve with cloned targets if the KM of the
ribozyme is high. In such a case, synthetic oligonucleotides are
recommended (33).

3.9. Single Turnover Kinetic Analysis
1. The rate of the cleavage step of a ribozyme (kobs), as distinct from the
overall rate depending on association and dissociation steps, can be
determined in ribozyme excess experiments. This is often a useful
statistic in comparing a new ribozyme with others that have been
used successfully in the past.
2. The relative amounts of ribozyme and substrate must be experimentally
determined, but 20:1 is a reasonable starting condition. (Rates should
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not vary with ribozyme concentration if an adequate excess has been
achieved.)
Ribozymes are renatured and mixed with substrate as aforementioned, except that a single large reaction (e.g., 50 µL) is set up and
samples (e.g., 4 µL) are withdrawn at various intervals. At least one
sample should be taken after a long incubation to serve as an estimate of the fraction cleaved at t = '.
Reactions are stopped with EDTA and loading buffer as described
and analyzed on denaturing acrylamide gels.
The fraction cleaved at each time point is determined using a
PhosphorImager (or similar instrument).
If the substrate is fully complexed with the ribozyme at the outset of
the experiment, cleavage should follow an exponential curve. The data
fit an equation of the type:
Fct = Fc' – (exp[–kobst]Fc6)
where Fct is the fraction cleaved at time t, Fc' is the fraction cleaved
after a long interval (t'), kobs is the first order rate constant for the
reaction, and Fc6 is difference in fraction cleaved between t0 and t'.

3.10. RT-PCR Analysis of Ribozyme Cleavage Products
from Full-Length Retinal RNA
1. To distinguish wild-type opsin mRNA from mutant transgene
mRNA, we use a three-primer system for PCR amplification. The
downstream primer anneals to both the mutant and wild-type cDNA
and two separate upstream primers anneal to either the mutant or
wild-type cDNA (34). This reaction results in PCR products of different lengths from wild-type and mutant mRNA.
2. RT-PCR reactions initially contain 1 µg of total retinal RNA, 1 pmole
of primer, Superscript first-strand buffer (Gibco-BRL), and 200 µm
dNTPs in a 30-µL volume.
3. The reaction mix is denatured at 80°C for 2 min and then annealed at
56°C for 20 min.
4. 200 U of Superscript II RT (Gibco-BRL) and 1 U of RNase InhibitAce are added and incubated at 37°C for 1 h.
5. To control for amplification from DNA templates, a similar reaction
is run with no RT added after the annealing step.
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6. 2 µL is removed from the RT reaction and transferred to a solution
containing 20 mM Tris-HCl (pH 8.4), 10 pM of each primer, 2 mM,
MgCl2, 200 µM dNTPs, and 5 µCi of _-32P dCTP (3000 Ci/mmol).
7. The PCR reaction is incubated at 94°C for 5 min and then run for
30 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min.
8. The fragments are analyzed by electrophoresis on 4% or 5% nondenaturing polyacrylamide gels.
9. Radioactivity of PCR fragments is quantitated by radioanalytic scanning with a PhosphorImager.
10. An additional primer set to amplify an invariant mRNA should be
added to control for differences in sample preparation. We use `-actin
as an internal standard.
11. As an alternative to distinguishing mutant from wild-type retinal genes
using distinctive primers, restriction site differences between the mutant
and wild-type cDNA can be employed if they exist. We have used this
method to distinguish between RT-PCR products resulting from heterozygous rd mice (35). To obtain a quantitative estimate of product
based on restriction enzyme digestion, one must correct for the fraction
of heteroduplex molecules formed during the last stages of PCR.
Apostolakos et al. (36) describe a method for making this correction and
it is described in the context of retinal RNA in Yan et al. (35).
12. To test ribozyme cleavage of full-length opsin mRNA in the context
of total retinal RNA, one simply precedes the RT-PCR reaction with
a ribozyme cleavage incubation or with a mock incubation. Cleavage assays with the total retinal RNAs typically contain 10 µg total
RNA extract and 20–50 nM ribozyme (see Note 4).

4. Notes
1. A successful ribozyme gene therapy for dominant mutations to
requires that the expression from one allele (presumably the wildtype allele) must maintain the normal phenotype. Many loss-offunction mutations are dominant because of haplo-insufficiency,
i.e., too little protein is produced from the remaining wild-type
allele to preserve function. For rhodopsin and other visual cycle
proteins, one normal allele is normally sufficient to preserve vision
(37). It usually remains possible, therefore, to limit the expression
of the dominant mutant allele, permitting the wild-type gene to
direct the synthesis of functional opsin.
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2. One major problem that limits the use of ribozyme technology for all
forms of autosomal dominant retinitis pigmentosa is the requirement
for small distances between the mutated site and the cleavage site.
If the cleavage site is more than three or four residues away from
the mutated base, selective degradation of the mutant mRNA may
not be possible. However, it is important to recognize that the basechange leading to ribozyme selectivity need not be the same one leading to RP; a linked, silent mutation is equally suitable as long as it
satisfies the above criteria. Indeed, the ribozymes we have employed
in the rat P23H model of ADRP cleave following a silent mutation
(C to U) in codon 22 that is linked to the C to A transversion in
codon 23 (34,38). Alternatively, the target-site problem has led other
investigators (39,40) to propose a novel ribozyme strategy that uses
ribozymes capable of destroying both mutant and wild-type mRNA,
whereas at the same time, delivering an intact wild-type allele lacking the ribozyme target site.
3. It is not absolutely necessary to carry out a detailed kinetic analysis
to develop therapeutic ribozymes. However, accurate prediction of
RNA structure is often uncertain and ribozymes that might appear
functional in theory may fold improperly in solution (41,42).
We therefore recommend testing ribozyme kinetics in vitro under
standard conditions, before any in vivo animal evaluation is attempted.
We have found the kcat determined in 10 or 20 mM MgCl2 to be a
good predictor of the relative activity of ribozymes in vivo in the
retina. It is also vital to test ribozymes on long RNA substrates, preferably full-length mRNA extracted from tissue or transcripts of
cDNA clones, to confirm that the target site on the mRNA is exposed
in solution and not buried in a stable helical structure.
4. It needs to be remembered that the kinetics of even the best ribozymes
pale in comparison to those of protein ribonucleases. Consequently,
as intracellular therapeutic agents, ribozymes must be expressed at
high levels. A proximal rod opsin promoter works well to drive the
synthesis of ribozymes in rod photoreceptor cells (9,38). RNA pol
III promoters have been used in other tissue because they are responsible for the high level synthesis of small nuclear RNA and transfer
RNA (43). However, pol II promoters such as the rod opsin promoter more likely to ensure correct transcript trafficking to the cytoplasm where its intended mRNA target resides (44). For retinal
mRNA targets, therefore, we recommend high-efficiency, cell-type
specific promoters to drive ribozyme expression in vivo.
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Intraocular Delivery of Recombinant Virus
Fong-Qi Liang, Vibha Anand,
Albert M. Maguire, and Jean Bennett

1. Introduction
In the past 5 yr, advances in technology have been made that
allow efficient somatic transfer of functional genes to target cells in
the eye in vivo. The ability to deliver functional genes to these cells
is due primarily to the development of viral vectors—viruses in
which various replicative functions have been replaced with
transgene cassettes. Because progress continues in developing new
vectors and refining those that are already available, the field has
moved past the step of actually proving that gene transfer is possible to one where vectors are used (experimentally) for therapeutic
purposes. In fact, proofs of principle of virus-based retinal gene
therapy have been achieved in relevant animal models for retinitis
pigmentosa (1–3).
The promising results to date assure that the ocular gene therapy
field will continue to grow. The methods described here aim to provide the reader with information relevant to performing intraocular
virus-mediated gene transfer in eyes of different species of mammals. Although our experience is primarily with recombinant adenovirus and adeno-associated virus (rAAV), the techniques described
here should be applicable to experiments involving any type of virus
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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or physicochemical reagent serving as the vector. This chapter
includes details relevant to preparation of recombinant virus for
microinjection, surgical procedures for intraocular injection in
rodents (mice and rats) and larger animals, and methods to evaluate
the success/effects of the treatment ophthalmoscopically. We feel
that these procedures will be useful for experiments including those
evaluating not only efficacy of gene therapy, but also those evaluating the effects of wild-type and mutant ocular proteins on a variety
of biochemical, cell biological, developmental, immunological, and
physiological processes.
2. Materials

2.1. Preparation of Recombinant Virus
for Microinjection
1. Purified virus stored at –80°C.
2. HBS: HEPES-buffered saline: 20 mM HEPES, 150 mM NaCl,
pH 7.8: filter with 0.22 mM filter.
3. Glycerol.
4. Phosphate-buffered saline (PBS)-20%S: 20% sucrose in PBS. PBS
is prepared by dilution of a 10X stock. Composition per liter of
10X stock: 80 g NaCl, 2 g KCl, 21.4 g Na2HPO4·7H2O, 3.5 g
KH2PO4, pH 7.4.
5. Disinfectant: 10% bleach (i.e., 0.525 g sodium hypochlorite/100 mL).

2.2. Surgical Procedures in Mice
1. Anesthetic. Avertin: Stock solution: dissolve 10 g 2,2,2-tribromoethanol (Avertin, Aldrich Chemical, Milwaukee, WI) in 10 mL 2-methyl,
2-butanol. Working solution: To 1.25 mL of avertin stock solution,
add PBS to a final volume of 50 mL. Store both stock and working
solution wrapped in foil at 4°C.
2. Povidone-iodine 5% (Betadine 5%, Escalon Ophthalmics, Skillman, NJ).
3. 1.0% tropicamide (e.g., Mydriacyl 1%, Alcon, Fort Worth, TX)
PredG (Allergan Pharmaceuticals, Irvine, CA).
4. Injection Apparatus. Hamilton syringe () 10 mL) with removable
33 gage blunt needle (e.g., Hamilton #801RN and Hamilton #79633,
Baxter Scientific Products, Edison, NJ).
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Fig. 1. Injection apparatus recommended for use on large eyes. 1: anterior chamber infusion cannula; 2: rubber plunger tip; 3: “sawed-off” plastic
tuberculin syringe; 4: T-connector; 5: tubing filled with sterile saline; 6:
1-cc glass Hamilton syringe; 7: location of virus to be injected into the eye.
5. Vannas iridectomy scissors (e.g., catalog #RS-5610, Roboz Surgical, Rockville, MD).
6. Jeweler’s forceps (Dumont #5, Roboz Surgical).
7. Dissecting microscope (e.g., Nikon SMZU microscope, Optical
Apparatus, Ardmore, PA).
8. Fiber optics light source.
9. Heat lamp.

2.3. Surgical Procedures in Larger Animals
1. Anesthetic. Anesthesia appropriate for the species (e.g., for dogs:
preanesthesia with preacepromazine, 0.1–0.3 mg/kg IM then atropine 0.04 mg/kg IM. Induction with thiopental, 1 cc/6 lbs IV of a
2% solution, intubation and ventilation with 2.5% isofluorane).
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2. Reagents. Same reagents as for mice (Subheading 2.2.) plus
phenylephrine hydrochloride, 2.5% (Mydfin, Alcon); hydroxypropyl methylcellulose 2.5% (Goniosol; CIBAVision Ophthalmics,
Atlanta, GA).
3. Injection Apparatus. Sterile 30 gage needle; sterile lid speculum.
The injection apparatus is not available commercially, and must be
assembled by the investigator. Assembly is by a modification of a
procedure described by Wallace and Vander 17 (4). A 30-gage anterior chamber cannula (Storz) is connected to a syringe containing the
material to be injected. This syringe is in turn connected through
flexible extension tubing and a T" connector (#4612, Abbott Hospitals, Chicago, IL) with a second syringe containing saline (Fig. 1).
4. Surgical tools. Plano convex fundus contact lens. In addition, see Subheading 2.2. (steps 5 and 6).
5. Equipment. Operating microscope with coaxial illumination (e.g., Zeiss
OPMI 6-S, Germany); warming blanket.

2.4. In Vivo Assessment by Ophthalmoscopy
1. Dilating drops (see Subheading 2.2., step 3 and Subheading 2.3., step 2).
2. Ophthalmoscope: Heine Omega 180 binocular indirect, Krebs,
Englewood, NJ). For rodents: 78 or 90 diopter lens (Krebs). For larger
animals: 20 or 28 diopter lens (Krebs).
3. Fundus photography: Kowa Camera (Krebs, Englewood, NJ) and 78 or
90 diopter lens for rodents and 20 or 28 diopter lens for larger animals.

3. Methods

3.1. Preparation of Recombinant Virus for Microinjection
Thaw an aliquot of purified virus on wet ice and dilute as necessary (see Note 1). Recombinant adenovirus can be diluted in HBS
or PBS-20%S. Recombinant AAV can be diluted in HBS. Both
viruses can be injected undiluted, however, it should be noted that
solutions of frozen adenovirus usually contain 10% glycerol.

3.2. Surgical Procedures in Mice (see Note 2)
3.2.1. Subretinal Injection
1. Anesthetize the adult mouse by intraperitoneal (i.p.) injection of
avertin (0.5–0.6 mg/kg intraperitoneally prn).
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Fig. 2. Surgical procedure for subretinal injection in mice. (A) It can
be a challenge to perform subretinal injection in the newborn mouse as
the eye is small (shown for comparison, is the tip of a ballpoint pen adjacent to a 4-d-old mouse). Details of subretinal injection in the adult mouse
are as follows. (B) The temporal conjunctiva is grasped with jeweler’s
forceps and the fold of tissue is carefully cut down to the sclera with the
tip of Vannas scissors; (C) A conjunctival peritomy is made by introducing the lower lip of the scissors through the incision extending the opening circumferentially both superiorly and inferiorly for 180°; (D) The
eye is grasped by the conjunctiva near the cornea and is rotated nasally
thereby exposing the sclera at the temporal equator. A 30-gage needle is
passed obliquely through the sclera, choroid, and retina into the vitreous
space, avoiding the lens; (E) The 32-gage blunt injection needle is introduced into the 30-gage incision in an orientation tangential to the surface
of the globe. The injection is then delivered (not shown).

2. Dilate the pupils with topical application of one drop of Mydriacyl.
3. Position the anesthetized mouse on the base of the dissecting
microscope with the eye to be injected under view (approx ×15
magnification).
4. Grasp the temporal conjunctiva with jeweler’s forceps and carefully
cut down to the sclera with the tip of Vannas iridotomy scissors
(Roboz Surgical) (Fig. 2B).
5. Perform a conjunctival peritomy by introducing the lower lip of the
scissors through the incision extending circumferentially both
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superiorly and inferiorly for 180° (Fig. 2C). Carefully, clean off the
surface of the sclera.
Grasp the conjunctiva adjacent to the cornea with forceps providing
traction to rotate the globe and allowing optimal surgical exposure.
Pass the tip of a sterile 30-gage needle obliquely through the sclera,
choroid, and retina into the vitreous space, avoiding the lens (Fig. 2D).
A bead of clear vitreous will prolapse through this scleral incision
and occasionally the translucent edge of the retina can be seen
internally.
Switch hand position and retract the globe gently to expose the sclerotomy incision.
Introduce the tip of a 33-gage blunt needle mounted on a 10-µL Hamilton
syringe into the incision tangentially to the surface of the globe (Fig. 2E).
The needle is passed along the inner surface of the sclera with the tip
entering approx 1 mm. Use the jeweler’s forceps in the opposite hand
to provide guidance. The 33-gage needle passes through the sclera
and the choroid (an external transscleral transchoroidal approach)
and then terminates in the subretinal space. The surgeon steadies the
hand holding the injection syringe on a fixed surface (e.g., roll of
towels) as the assistant delivers the injection.
After injection, carefully withdraw the needle and reposition the conjunctiva. Apply ointment (preferably PredG, Allergan Pharmaceuticals) to the corneas to minimize drying of this tissue while the animal
recovers from anesthesia. For further reference, a cartoon depiction
of this procedure is presented in Bennett et al. (5).

3.2.1.1. NEONATAL MOUSE

The surgical procedure in the neonatal mouse proceeds similarly
to that in the adult mouse with the following differences. Anesthesia by hypothermia is recommended for neonatal mice (through
approx 5 d after birth).
1. The eyelids of the mouse must be opened artificially as they do not
open spontaneously until approx 10–11 d after birth. The eyelids are
opened by carefully incising the skin between the upper and lower
lid with the beveled edge of a 30-gage needle. The line of skin can be
identified by its lack of hair follicles and its smooth surface.
2. Once a small opening is made, the tips of a jeweler’s forcep are
placed in the space between the lids and are carefully spread open to
expose the eye.
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3. While exerting gentle fingertip pressure, the lids should be slipped
behind the eye, allowing the entire globe to prolapse forward.

3.2.2. Intravitreal Injection
Perform intravitreal injections similarly as subretinal injections
(Subheading 2.2.) except guide the 33-gage needle through the hole
in the neural retina created by the lateral canthotomy in a direction
parallel with the lens capsule (i.e., avoiding damage to the lens).

3.2.3. Intracameral Injection
In contrast to subretinal and intravitreal injection, do not dilate
pupils prior to anterior chamber injection.
1. Immobilize the eye by grasping the conjunctiva with forceps.
2. Puncture the limbus with a 33-gage needle attached to a Hamilton
syringe while immobilizing.
3. Insert the needle into anterior chamber parallel to the iris plane. Care
must be taken not to damage the iris as this tissue is rich in blood
vessels and heavy bleeding may occur.
4. Slowly inject the virus solution (<1 µL). Rapid injection and too
much volume may lead to increased intraocular pressure (glaucoma),
particularly in smaller eyes.
5. Leave the needle in place approx 30 s and then carefully withdraw it.
To minimize leakage of injection solution, immediately press the
injection site (gently) with a sterile swab.
6. Finally, apply ointment to the cornea as in Subheading 3.2.1.

3.3. Surgical Procedures in Larger Animals (see Note 3)
3.3.1. Subretinal Injection
After anesthesia has been achieved, and pupils have been dilated
(topical application of Mydriacyl and Mydfin), apply betadine to
the ocular area.
1. Use a lid speculum to keep the eye open.
2. Perform a fornix-based conjunctival peritomy in one quadrant to
expose the underlying sclera.
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3. Treat the external sclera lightly with cautery at the incision site.
4. Perform an anterior chamber paracentesis with a 30-gage needle to
soften the eye prior to injection (and to obtain fluid, if desired, for
experimental purposes).
5. Use a 30-gage needle to incise the sclera approx 2 to 3 mm posterior
to the corneoscleral limbus (pars plana).
6. Insert the 30-gage anterior chamber cannula (connected to the
syringe components as shown in Fig. 1) through the sclerotomy
incision. As shown in Fig. 1, the syringe/tubing assembly allows
the surgeon flexibility in directing the needle to the target region.
An assistant holds the saline-filled syringe.
7. A 30-gage blunt-tipped anterior chamber infusion cannula is introduced through the scleral incision into the vitreous.
8. Apply a drop of Goniosol to the corneal surface and visualize (using
coaxial illumination from the operating microscope) the retina
through a plano convex fundus contact lens held to the corneal
surface.
9. Press the tip of the 30-gage cannula gently against the retina in a
tangential orientation.
10. When the needle is tightly apposed to the retina, the assistant should
briskly inject a defined amount of fluid from the saline-containing
syringe. This, in turn, results in a controlled injection of purified virus
into the subretinal space.
11. The localized retinal detachment should be visible through the operating microscope. A cartoon depiction of the large animal injection
procedure is presented in Bennett et al. (5).
12. Retinal vessels should be assessed to assure that they remain well
perfused during and following the procedure.
13. Ointment (preferably PredG; Allergan Pharmaceuticals, Irvine, CA)
should be applied to the corneas to minimize drying of this tissue as
the animal recovers from anesthesia.

3.3.2. Intravitreal Injection
Perform intravitreal injection similarly as described for the mouse
(Subheading 3.2.2.) except that up to 100 µL of solution can be
injected. Retinal vessels should be assessed to assure that they
remain well perfused during and following the procedure.

Intraocular Delivery of Recombinant Virus

133

3.3.3. Intracameral Injection
Perform intravitreal injection similarly as described for the mouse
(Subheading 3.2.3.). Up to 50 µL of solution can be injected.

3.4. In Vivo Assessment by Ophthalmoscopy (see Note 4)
Ophthalmoscopy can be used to verify that the retina has been
detached immediately after subretinal injection and that it has reattached during the recovery period. Ophthalmoscopy can also be
used to assess the health of the retina and to identify fluorescently
tagged transgenes through illumination with the exciting wavelength of light (1,6).
1. Dilate the pupils as described in Subheading 3.2.1. or 3.3.1.
The rodent fundus can be observed under illumination from the
light of the indirect ophthalmoscope through a 78 or 90 diopter
lens. The fundus of a larger animal can be observed through a
20 or 28 diopter lens.
2. Advance the lens slowly and carefully towards the eye keeping the
red reflex of the fundus centered. As the lens approaches the eye, the
image from the fundus will enlarge and fill the lens. The image will
be inverted.

4. Notes
1. If the virus has been purified appropriately, it should be “sterile,”
i.e., lack other contaminants (7). Quality control of virus preparations is important. Recombinant adenovirus should be free of wildtype adenovirus. Adenovirus stocks can be screened for presence of
wild-type virus through polymerase chain reaction (PCR) of regions
that should be deleted in the recombinant (1). Recombinant AAV
preparations should be screened for presence of replication-competent AAV (and adenovirus, if that was used to generate the rAAV).
Replication-competent AAV can be detected through Western blot
or immunohistochemical analyses of rep and cap proteins (8). Alternatively 293 cells can be infected with the rAAV in the presence of
adenovirus. The DNA harvested from the resulting lysate can be analyzed by Southern blot analysis using a rep probe. Rep, reflecting the
presence of wild-type AAV, should not be detected. Recombinant
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adenovirus that contaminates rAAV preparations can be inactivated
and removed through heat denaturation and sedimentation through
cesium. It is currently difficult to remove contaminating replication
competent AAV. Presence of 10% glycerol in virus stocks causes
minimal toxicity after intraocular injection. Dose of the virus can be
a critical variable for analysis of experimental results. For example,
no transduced cells are observed after subretinal injection of 1 × 105
IU of rAAV but up to 100% of photoreceptors are transduced after
injection of 1 × 108 IU of the same virus (2). Dilution of virus with
PBS-20%S may be preferable to dilution with HBS as use of the
denser solution facilitates monitoring of the accuracy of injection.
Once an aliquot of virus has been thawed for an experiment, it
should be refrozen with a label noting that it has been thawed. Transduction efficiency diminishes markedly upon repeat freeze-thawing
of viruses. A fresh aliquot of virus should be used for each new animal experiment. However, aliquots of previously thawed virus can
be used in many situations—for example, in in vitro studies.
2. Surgical Procedures in Mice: Any evaluation of the effect of virus on
animals should be performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and
with federal, state, and local regulations. Prior to initiating experiments in animals, approval must be obtained from the local animal
care and use committee and from the Environmental Health and
Safety Committee. Animals that are exposed to recombinant virus
should be maintained in a colony separate from other animals in the
facility. There should be mechanisms in place to autoclave waste
material that has been in contact with the treated animals (bedding,
food, cages, cage tops, etc.). Biohazard safety level 2 procedures
should be in place at all times. These include use of gloves and protective apparel and no mouth pipeting. All materials coming in
contact with recombinant virus should be decontaminated with
10% bleach and disposable materials should be autoclaved and disposed of appropriately. The minimal number of animals should be
used to obtain statistically significant results. The colony of animals
should be screened periodically to assure that there are no other
pathogens present that may affect the health of the animals/the effects
of the virus treatment. Aseptic technique should be used and all
reagents and instruments that come in contact with the eye should be
sterile. Animals should be appropriately anesthetized. Avertin provides fast onset, short term (approx 1 h) anesthesia for mice. How-
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ever, use of old solutions can result in toxicity. Avertin should be
stored at 4°C. It should be warmed to 37°C immediately before use.
Younger mice are more sensitive to avertin, so the lowest dose possible should be used. To avoid hypothermia, maintain animals under
a heat lamp until they have recovered their ability to roll over or
blink. This takes approx 1 h for avertin-induced anesthesia (or longer,
if higher doses are used). Complete recovery takes 2–4 h. Other
anesthetics besides avertin are better suited for other animal species.
Pentobarbital (25–40 mg/kg intraperitoneally) is effective with rats,
for instance. Pupils can be dilated while waiting for anesthetic to
take effect. Rodents that have been injected should be numbered
sequentially by either ear punches or toe clipping. Toe clippings are
preferable in newborn mice as the ears are too small to punch reliably. Animals should receive regular postoperative care to assure
that there are no untoward complications. The surgical field and all
reagents and surgical tools that come in contact with the eye should
be sterile. Surgical instruments should be autoclaved; fresh (sterile)
needles should be used for injections; Hamilton syringes can crack if
autoclaved. These should be sterilized by washing 6–7 times with
sterile water, incubating in 70% ethanol for 2 d, washing again in
sterile water 6–7 times, and air-drying on a sterile surface. It is critical to have surgical tools that are in good condition. The Dumont
forceps are particularly fragile and care should be taken in storage of
these instruments as they are very expensive. If they become damaged/misaligned, they can be repaired by following the instructions
in the tweezer repair kit (Ernest F. Fullam, Latham, NY). In order to
assess the depth of the needle during the subretinal injection procedure, it is helpful to mark a point approx 1 mm from the tip of the
needle with an indelible marker prior to performing the procedure.
The volume of solution to be injected into the subretinal space of
mice should not exceed 1 µL. It is difficult to measure the exact
amount that remains in this space as there is usually some leakage from the needle entry site. This can be minimized by holding the
needle in this space for a short time (20 s) after injection. It may be
easier to learn how to perform and assess accuracy of subretinal
injections in albino mice (such as CD-1 mice) rather than pigmented
mice (such as C57Bl/6 mice). This is because the injection needle
can be visualized through the lightly pigmented sclera in the albino
mouse. Care must be taken in all surgical procedures in the rodent
eye to avoid damage to the lens. The rodent lens occupies most of
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the space in the vitreous cavity and is easy to injure. Damage to the
lens can cause cataracts as well as a significant inflammatory
response. Data from animals in which the lens has been damaged
should be evaluated as a separate category. For situations in which
virus-mediated transduction of anterior segment structures is desired,
intravitreal injections are recommended over intracameral injections.
Because the flow of ocular fluid is from posterior to anterior,
intravitreal injection results in exposure of anterior segment structures such as corneal endothelium, trabecular meshwork, iris pigment epithelium, and lens epithelium (9,10), as well as retinal
ganglion cells and Muller cells (2,8).
3. Surgical Procedures in Larger Animals: The same animal welfare
and environmental safety concerns apply to surgical procedures
administered to larger animals as with rodents (Subheading 4.2.). It is
important to perform surgical procedures in larger animals in consultation with a technician experienced with veterinary anesthesia.
For intraocular injections, the corneoscleral limbus (pars plana) is
selected as the needle entry site. Because of the reduced blood supply at this site, the likelihood of hemorrhage here is less than after
insertion into other portions of the eye. Small amounts of bleeding
can be stopped rapidly with cautery. In large animals, it is possible to
perform a subretinal injection under direct visualization. Because the
lens occupies only a small portion of the vitreous cavity, the injection needle can be introduced via an anterior approach (see Bennett
et al. ref. 5 for a comparison of injection procedures in rodents versus large animals).
Doses should be scaled up proportionately in the eye of larger animals compared to a mouse. For example, similar levels of photoreceptor transduction are observed after injection of 1 × 108 IU of
rAAV in the mouse as 1.2 × 1010 IU in the dog (8). There is a risk
of increased intraocular pressure, however, if more than 100 µL of
solution are injected into the subretinal space. Pilot experiments
evaluating the effect of dose should be performed for each vector/species to be tested. Obviously, scale-up procedures for virus
production are important when considering selecting a larger animal
for study than a rodent. Scale-up is not an issue for injections of
recombinant adenovirus, where large amounts of virus are produced
in each lot. It is an issue for studies involving recombinant AAV,
where it is more difficult to purify large amounts of high titer virus.
Studies evaluating effects of treatment on components of ocular fluid
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should be done in large animals (not in rodents). Fluid can be
obtained readily through anterior chamber paracentesis. In eyes of
rabbits, dogs, and monkeys, it is possible to obtain 50–100 µL of
fluid without injuring the eye (1,8). Anterior chamber paracentesis
should be performed at least 2 wk prior to fundus photography or
electroretinography, however, as the low-level inflammation resulting from this treatment can reduce the quality of data derived from
those procedures.
4. In Vivo Assessment by Ophthalmoscopy: As described in Chapter 11
of this volume (11), ophthalmoscopy requires patience and practice.
Gross features of the fundus that can be identified ophthalmoscopically include: color and contour of the optic disk, the caliber of the
retinal blood vessels, the homogeneity of the pigment epithelial layer
underlying the retina and the presence of any opacities in the vitreous or lens. There is a wide variation in the fundus features of different pigmented strains and species of animals. It would be worthwhile
for anyone considering to use ophthalmoscopy regularly, to view the
retinas of as many untreated animals of different strains as possible to
get an idea of what is normal (see Chapter 11 for discussions on difficulties the novice will face with ophthalmoscopy and ophthalmoscopic abnormalities encountered in different strains of mice (11).
Ophthalmoscopes with teaching lenses are available. It would be
helpful for the novice, to view retinas with someone familiar with
this technique. The inexperienced ophthalmoscopist should concentrate on viewing retinas of pigmented animals as fundus features of
albino animals are difficult to appreciate. Subretinal injection results
in a localized detachment of the retina which is visible ophthalmoscopically (3,12,13). The detachment generally resolves within 24 h
of injection. It is usually possible, however, to identify the affected
area long after the injection. Clues are presence of the hole made
upon needle entry and often a birefringent appearance of the borders
of the detached region of retina. Identification of the injection site
can be helpful in evaluations of retinas that have been injected
subretinally with a vector encoding a fluorescently labeled protein,
such as green fluorescent protein (GFP). The location of the expressing cells can often be confirmed by identifying the injection site first
with the white light of an ophthalmoscope and then identifying the
expressing cells after viewing through a cobalt blue filter (6,8). Ophthalmoscopic evaluation of fluorescent markers is difficult if not
impossible in eyes of albino mice (8). The background pigmentation
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in pigmented eyes seems to provide enough contrast to allow detection of fluorescent compounds. It will be difficult to evaluate the
retina ophthalmoscopically if there is a high amount of inflammation
following an intraocular injection. For example, intravitreal or
intracameral injection of recombinant adenovirus can result in significant vitritis that obscures the retina (3,14). Accidental damage of
the lens during the surgical procedure can also result in significant
inflammation. Mouse fundus photography is difficult and should
only be attempted by a skilled ophthalmoscopist. Methods are
described by Bennett et al. (5). In order to photograph fluorescent
compounds observed through the ophthalmoscope, it is possible to
illuminate the eye with the exciting wavelength of light by covering
the light source with the appropriate gelatin filter. For example, by
taping a Wratten #47B gelatin excitation filter (Kodak, Rochester,
NY) to a Kowa camera, it is possible to photograph retinal cells
expressing GFP (6,8).
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1. Introduction
Adenoviruses are viruses with genomes of double-stranded DNA
approx 36 kb in size. There are more than 100 different serotypes
that have been identified, 47 of them of human origin. Human serotypes have been grouped into six subgenera (A–F) and whereas
sequence similarity between genera is low, other molecular biologic
aspects of the viruses are almost identical. Of all the human
adenoviruses, serotypes 2 and 5 (subgenus C) have been the most
extensively studied (1).
Recently, more interest in the molecular biology of adenoviruses
has arisen because of their potential as mammalian expression vectors. The virus has the advantage of being stable, maintaining foreign genes through viral vector production and exhibiting relative
ease in generation of high titer stocks. Additionally, expression is
high level and the virus has the ability to infect a large variety of
both dividing and nondividing cells (2,3). Adenoviral vectors have
been shown to be effective for delivery of genes into various parts
of the eye in both neonatal (4) and adult animals. These vectors
have been able to transduce cornea (5,6), iris, trabecular meshwork,
lens epithelium (7), and the retina (8). Interestingly, the retinal pigment epithelium appears to be more susceptible to adenoviral gene
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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Fig. 1. Genomic structure of human adenovirus type 5.

transfer than other cells of the retina (8). Although most of these
studies have shown efficient and high-level gene expression
following adenoviral gene transfer, the duration of this expression
was relatively short amounting generally to weeks of activity (4,8).
A major drawback to the use of adenoviral vectors is the well-established cytopathic and immunologic responses that this class of viral
vector can produce (2,3).
To understand how adenoviral vectors are generated, one must
understand the genomic structure (see Fig. 1) and lifecycle of the
parent virus. The viral DNA is double-stranded, but transcription
occurs from both strands and various other RNA species are
formed from alternate splicing. Therefore, the DNA is highly
efficient is producing a large variety of proteins. There are three
regions in the DNA that can accept substitutions with promoter/
transgene sequences; E1, E3 regions, and an area distal to E4 (9).
Vectors with mutations in E2 (10) or E4 (11) regions have been
generated in an attempt to further improve the safety of these
vectors. Recently, vectors have been produced in which the entire
viral genome, except for extreme terminal regions, have been
replaced by exogenous gene sequences, so-called “gutless” adenoviral vectors, where the helper cells produce, in trans, all viral
proteins required for viral replication (12). However, this chapter
will only focus on production of conventional E1 or E1/E3 deleted
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vectors. Because of the size of these regions, the limit to insertion
of DNA in E1/E3 deleted vectors is approx 8 kb.
The replication cycle of the virus can be seen to occur in two
phases, one occurring prior to and during viral DNA replication
and the second involving generation of the viral structural proteins. In phase 1, virus absorbs and penetrates the host cell followed
by expression of the early genes (E1a, E1b, E2, E3, and E4), a process that lasts 5–6 h (13,14). Viral DNA replication occurs with
concomitant entrance into phase 2 and expression of the structural
proteins of the virus core and capsid, a phase that lasts approx 20–24 h
depending on the number of viruses that infect (MOI = multiplicity
of infection = number of infectious virus particles per cell) (15).
Low MOI may result in longer times to completion of the replication cycle. The E1 region encodes two major proteins, E1a and E1b.
E1a, the first adenoviral gene expressed, increases transcription of
all subsequent viral genes and along with E1b ensures that the host
cells enter S phase where viral replication is most efficient (16).
The E2 genes are directly involved in viral DNA replication (17)
and the E3 genes, although not essential for virus replication, are
important in reducing the immune response to an adenoviral infection (18). The E4 region involves a complex set of proteins critical
for viral replication, including those affecting viral DNA replication, transcription of late viral coat proteins, and viral assembly (19).
Replicated viral DNA and associated viral core proteins are
formed in the nucleus. Final assembly of the virus also occurs in the
nucleus, but only after empty, immature capsids have been assembled.
This process is inefficient with only about 10% of the total viral
DNA packaged into virions (20). Infected cells can remain intact
without lysing and accumulate viral particles in their nuclei. However, disruption of the cytoskeleton of the cell does occur, which
results in rounding up and a shape change in infected cells. This
appearance of the adenovirus cytopathic effect (CPE) results in a
grapelike clustering of the cells (1,21). Eventually, host cells rupture when release of infectious virions occurs.
The process of generating E1 or E1/E3 deleted adenoviral vectors involves the cloning of the foreign gene and promoter into a
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shuttle plasmid in a replacement region for E1 along with the left
end of the adenoviral genome. This plasmid is cotransfected along
with virion DNA into the appropriate helper 293 cells. In vitro
homologous recombination results in switching of the left end of
the virion DNA with the shuttle plasmid and generation of an adenovirus deleted in E1. To prevent wild-type nonrecombined virus
from being produced, the virion DNA is engineered with a filler in
the E1 region resulting in adenovirus DNA of 40 kb, a size that
exceeds the packaging capabilities of infectious particles (22). As long
as the inserted sequences for the E1 region in the shuttle plasmid
produce recombinant adenovirus DNA that does not exceed the
36–37 kb packing limit, infectious recombined particles are produced. Alternatively, virion adenoviral DNA is constructed lacking
packaging signals, which are then supplied by the recombined
shuttle plasmid. For more extensive transgenes, virion DNA containing additional E3 substitutions can be used (23).
Both types of virion adenoviral DNA contain an ampicillin resistance gene and a bacterial origin of replication allowing for bacterial production of the virion DNA. 293 cells, a human embryonic
kidney cell line engineered to express E1 sequences, provide E1
proteins in trans, during propagation of an E1-deleted vector (24).
Subsequent steps in the generation of the vector involves isolation
of single virus clones utilizing a standard overlay technique. Once
individual viral clones are identified, verification of the clone is preformed by either polymerase chain reaction (PCR) or dot-blot analysis of the viral DNA. Enlargement of the viral vector pool on 293 cells
is then performed in 10-cm2 dishes. Vector protein production is
verified by enzyme-linked immunosorbent assays (ELISA) or Western blot analysis. This step is following by viral amplification with
resultant generation of a large-scale 293 cell infection. Purification
of virus via double-cesium gradient ultracentrifugation results in
adenoviral vector stocks. The quantity of virus is then determined
by plaque titration. Final viral vector is then reverified for appropriate transgene expression and screened for wild-type adenovirus
contamination.
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2. Materials

2.1. Plasmids
1. E1 shuttle plasmids with various multiple cloning sites containing
either human (p6E1spA, B, or pCA vectors) or murine (pMH vectors) CMV promoter regions are available from Microbix Biosystems
(Toronto, Ontario, Canada).
2. Virion adenovirus DNA: Adenoviral virion DNA containing unpackageable sequences with deletions only in E1 (pBHG or JM17) or lacking
packaging signal with substitutions in both E1 and E3 (pBHG 10,
11) are available from Microbix Biosystems (22,23).

2.2. Cells
1. 293 cells: All E-1 deleted mutant viruses need to be grown in
293 monolayers cells. These are available from Microbix Biosystems
as 293 low passage cells.
Media requirements: Iscove’s minimal essential media (IMEM)
containing 10% fetal bovine serum (FBS).
2. A549 cells: available from American Type Culture Collection
(Rockville, MD).
Media requirements: Complete media: Dulbecco’s modified Eagles’s
medium (DMEM) containing 10% heat-inactivated fetal calf serum
(HIFCS). Maintenance media: DMEM containing 5% HIFCS.

2.3. Large-Scale Adenoviral Vector Production
1. Nunclon vented triple flasks can be obtained from Nunc (Denmark)
(see Note 5) with a flask area of 525 cm2.
2. Buffered cesium chloride (1.25 g/mL and 1.4 g/mL) can be obtained
from Biowhittaker (Walkersville, MD).
3. Beckman ultracentrifugation tubes can be purchased through (Beckman
#331372) (Fullerton, CA).
4. 10 K dialysis cassettes, volumes of 0.5–3.0 mL (Pierce, Rockford, IL),
should be used.

2.4. Dot Blot DNA Analysis
1. Denaturing solution: 0.5 N NaOH.
2. Neutralizing solution: Solution containing 1.5 M NaCl and 1.0 M
Tris-HCl pH 7.4.
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3. 10 X SSC: Solution of 1.5 M NaCl and 0.15 M sodium citrate, final
pH 7.5.

3. Methods

3.1. Cloning and Generation
of Homologous Recombinant Vectors
1. Clone desired gene into appropriate shuttle vector (see Note 1) using
standard cloning techniques.
2. Establish 293 cells at 70–80% confluency in 6-well dishes (see Note 2).
3. Standard transfection technique (see Note 1): Cotransfect 5–10 µg of
shuttle plasmid DNA along with 5–10 µg of virion adenoviral DNA
in serum-free media or appropriate transfection media. Allow to sit
for instructed time and wash cells with serum-free DMEM. Proceed
with overlay (see Subheading 3.2.).

3.2. Isolation of Single Viral Clones (Overlay)
1. Prepare overlay as follows (see Note 3).
a. Add 100 U/mL penicillin 100 µg/mL streptomycin and fetal calf
serum to 2% to 2X IMEM and warm to 32°C.
b. Melt 0.4% bacto-agar/1.6% yeast extract in sterile water and cool
to 44°C in a water bath (see Note 3).
c. Mix equal volumes of the above solutions in a 50-mL sterile conical tube and shake gently by hand (overlay solution).
d. Aspirate media off 293 cells.
e. Gently apply approx 3 mL overlay solution/well of 6-well dish.
f. Allow overly to “harden” at room temperature for 20–30 min.
g. Place in cell incubator with lid.
h. “Feed” overlays by repeating steps 1–6 every 6 d and place over
existing agar.
i. Plaques should appear between 7–14 d.
j. Allow plaques to develop for 2–14 d (see Notes 4 and 5).
k. Allow plaques to expand for 2–3 d.
2. Cut a 1000-µL sterile pipet tip and use appropriate cut end to aspirate
plaque/overlay plug ensuring that individual plaques are isolated
without neighbor plaque contamination.
3. Place plug in 2 mL IMEM with 2% FBS in 5-mL sterile snap-on tube.
4. Freeze/thaw (see Note 6) × 4 and spin at 20,000g for 5–10 min at 4°C.
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5. Aspirate supernatant with a 3-mL syringe and push through a 0.22-µm
syringe filter. (May freeze sample at –80°C or proceed to Verification.)

3.3. Verification
3.3.1. Generation of Cellular Viral Lysate (CVL) Supernatant
(see Note 7)
1. Establish 293 cells at 70–80% confluency in 6-well dishes and grow
in IMEM containing 10% FBS.
2. Take supernatant from Subheading 3.2.5. and mix 200 µL with 1.8 mL
serum-free IMEM and place into one well.
3. Incubate for 90 min, then add 2.0 mL of IMEM containing 10% FBS.
4. Change media (2 mL IMEM containing 10% FBS) at 24 h and every
3 d thereafter.
5. Remove cells from well once CPE is evident (either with aspiration
or scraping) (see Note 9).
6. Pellet cells by centrifugation 5 min at 2000g.
7. Freeze/thaw (see Note 6) cell pellet with supernatant × 4 and spin at
20,000g for 5–10 min at 4°C.
8. Aspirate supernatant with a 3-mL syringe and push through a 0.22-µm
syringe filter. (May freeze sample at –80°C or proceed to other steps.)

3.3.2. Viral DNA Extraction from CVL
1. Add CVL supernatant to proteinase K (final concentration 1 mg/mL)
and sodium dodecyl sulfate (SDS) (final concentration 0.025%) at a
1:1 v/v supernatant/(proteinase K + SDS).
2. Incubate overnight at 37°C.
3. Extract with 1 vol of buffered phenol/chloroform.
4. Precipitate DNA with 0.1 vol 3 M NaAcetate/2 vol of 100% ethyl
alcohol and wash DNA with 80% ethyl alcohol.
5. Resuspend DNA in 10–100 µL Tris-ethylenediamine tetraacetic acid
(EDTA) (pH 8.0).

3.3.3. DNA Verification
1. Dot/Blot
a. Mix DNA (minimum 10 µL sample) with 10 vol of denaturing
solution and incubate for 5 min at room temperature.
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b. Add an equivalent volume of neutralization solution.
c. Place two pieces of prewet Whatmann 3MM paper and one piece
of a Nytran membrane on an assembled filtration/vacuum unit.
d. Place DNA into wells and aspirate sample.
e. Wash wells × 3 with 10X SSC.
f. Disassemble apparatus and crosslink DNA.
2. Hybridize under standard conditions with probe specific for transgene using uninfected 293 cellular DNA as control.
3. PCR—use primers specific for transgene utilizing established PCR
parameters.

3.3.4. Transgene Protein Verification
1. Grow target cells to 70–80% confluency.
2. Mix CVL supernatant to a final concentration of 10% in appropriate
serum free media for infection of target cells at an MOI of 10–100.
3. Place on cells for 90 min at 37°C.
4. Add 2X media to cells to generate 1X final media.
5. After 24 h, replace media with appropriate 1X media.
6. After 3–5 d, analyze either cell lysates or conditioned media for vector transgene production using an appropriate protein detection system (ELISA or Western blotting).

3.4. Amplification/Purification
(Large-Scale Adenoviral Preparation)
1. Split rapidly growing 293 cells 1:4 or 1:5 and place finally in 24–
30-vented triple flasks at approx 70% confluency (see Note 8).
2. Transduce with either purified virus or CVL at an MOI of 0.05–0.1.
3. Transduce the 293 cells in 20 mL of IMEM containing 2% FBS.
Place in incubator and wait 90 min. Add 20 mL of IMEM containing
20% FBS.
4. Carefully watch cells and look for beginning of CPE, which typically occurs within 24–48 h (see Note 9). Cells are typically ready to
harvest after approx 48–72 h.
5. Harvest cells from triple flasks by bumping the flasks and transferring
the cell containing medium to autoclaved 500-mL centrifuge bottles.
6. Wash the flasks with 500 mL of serum free IMEM and pass the media
flask to flask and combine wash medium with the rest of media in
the centrifuge tubes.
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Pellet cells at 2000g and remove all but approx 10 mL of supernatant.
Resuspend cell pellet by vortexing.
Transfer cells to 50-mL conical tube and freeze/thaw ×4 (see Note 6).
Pellet debris by spinning for 5 min at 8000g.
Place supernatant onto cesium chloride step gradient. Create cesium
chloride step gradient by placing 2.0–2.5 mL of 1.4 g/mL buffered
cesium chloride into a Beckman ultracentrifuge tube. Gently, overlay (do not mix) with 1.5–2.0 mL of 1.25 g/mL buffered cesium chloride. (Important: each tube should contain at least 10.5 mL of total
volume. If volume of supernatant needs to be split, then top off tubes
with appropriate volume of serum-free IMEM to final volume of
10.5 mL).
Centrifuge for 1 h at 210,000g at 4°C in an SW-41 swinging bucket
Beckman ultracentrifuge rotor.
Following spin, identify virus band at interface of the two cesium
densities (see Note 10).
Harvest band by inserting a 20-gage needle on a 3-cc syringe, bevel
up, just below the live virus band and pull as much of the band without aspirating other bands (see Note 10).
Transfer the virus band to a fresh Beckmann centrifuge tube and fill
the tube with a 1:1 mixture of 1.2 g/mL:1.4 g/mL cesium chloride
solution to a final volume of 10.5 mL. The balance tube can be prepared with 1.32 g/mL cesium chloride solution.
Place tube along with balance tube in ultracentrifuge and spin for
16–18 h at 210,000g at 4°C in an SW-41 swinging bucket Beckman
ultracentrifuge rotor. Pull the live virus band (see Note 10) as
described above.
Place live virus band into dialysis cassette.
Dialyze as follows:
a. generate dialysis solution (per 4 L):
• 400 mL glycerol (final concentration 10%);
• 40 mL 1 M Tris-HCl, pH 7.4;
• 2 mL 2 M MgCl2;
b. Autoclave solution and store at 4°C until use.
c. Dialyze in 1 L vol for 1 h with gentle agitation.
d. Change dialysis fluid every 1 h × 4 changes.
Remove live virus from cassette and aliquot (see Note 9).
Store at –80°C (see Note 11).
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3.5. Plaque Titration (see Note 12)
1. Seed 293 cells in a 6-well dish and allow to grow until 90% confluent.
2. Make 10-fold dilutions in 2% IMEM of CVL supernatant from 10–4
to 10–9 or purified vector from 1:10–7 – 1:10–12 with the final volume
being approx 2 mL/well.
3. Remove growth media from cells and replace with virus containing
media.
4. Incubate at 37°C for 60–90 min.
5. Add 2.0 mL of IMEM containing 10% FBS.
6. At 24 h, remove virus containing media and replace with overlay
(see Subheading 3.2.1.).
7. Titer of virus = number of plaques/well/dilution.

3.6. Detection of Wild-Type Recombinant Virus
(see Note 13)
1. Plate A549 cells in a 150-mm dish in A549 complete media.
2. When cells are at 80–100% confluency, place vector stock in 5 mL
of serum-free DMEM at an MOI = 10–20 (approx total of 5 × 108 pfu
of viral vector).
3. Place on cells for 90 min then add 5 mL of A549 complete media.
4. Replace media at 24 h and every 3 d with A549 complete media.
5. By 5–6 d, cell changes should be evident, which are a result of direct
viral penton toxicity.
6. Scrape cells and pellet by centrifugation at 2000g at 4°C for 5 min.
7. Remove supernatant and freeze/thaw pellet × 3 times (see Note 6).
8. Resuspend in 2 mL of A549 maintenance media.
9. Dilute in 3 mL of serum-free DMEM and place onto a 150-mm dish
of A549 cells grown to 80–100% confluency. Wait 90 min, then add
5 mL of A549 complete media.
10. Replace at 24 h and maintain the cells with A549 maintenance media.
11. Observe cells for development of cytopathic effect. Recombinant
wild-type virus contamination will show signs of CPE after approx
10–16 d.

4. Notes
1. It is important that the shuttle plasmid and the virion DNA “match”
(see Subheading 1.). If extension transgenes are to be used then
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virion DNA lacking E3 sequences should be utilized. Make sure that
the packaging limits of the recombined DNA do not exceed 37 kb.
Purity of both the shuttle plasmid and virion DNA should be high
enough (either anion column or cesium chloride purity) to ensure
high efficiency of transfection. Numerous techniques for transfection are now available (many commercially available) so details will
not be outlined here. However, most investigators utilize calcium
chloride transfection. Electroporation should not be used.
The quality and condition of the 293 cells are critical for efficient
transfection and recombination. Ensure that the plated cells are
exhibiting a doubling rate of approx 1–2 d and that 90–100% of the
cells are viable. Also, when plating, ensure that complete trypsinization has occurred avoiding clumps or nonuniform plating of the cells.
One to four wells of a standard 6-well dish can be used.
The bacto-agar/yeast extract can be made beforehand, autoclaved,
and stored at 4°C.
If multiple attempts at cotransfection do not result in generation of
CPE, then verification of the transfection efficiency should be performed with standard marker plasmids (green fluorescent protein
[GFP] or lacZ). Alternatively, more elaborate schemes for cotransfection of shuttle and virion DNA involving the use of adenoviral
DNA–protein complexes can be used (see details in ref. 25). The
transgene may also be potentially toxic to or growth arresting the
293 cells in which case inducible promoter strategies may need to
be employed.
Depending on several factors, plaques can take up to 2 wk to form.
If, however, no plaques form after this time, see Note 4. It is important that the investigator learn how to recognize CPE or plaque formation. Wild-type adenoviral DNA can also be obtained from
Microbix Biosystems, transfected into 293 cells and overlaid so that
the generation of virus can be observed.
Freeze/thawing must be complete for optimal virus isolation. Tubes
should be placed in a dry-ice/ethyl alcohol bath until complete freezing has occurred. This should be followed by immersion at 37°C
until complete thawing is seen followed by vigorous vortexing.
CVL supernatant can be used for various applications including further expansion of total amount of CVL supernatant prior to largescale vector production. This can be accomplished by repeating
Subheading 3.3.1. except using a 10 cm 2 dish of 293 cells and
2.5 mL of total volume for infection and final volume of 5 mL.
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Infections with CVL supernatant should only be used at a maximum
of 10% of final volume because cellular debris can be toxic to cells.
CVL supernatants usually exhibit a titer of 1 × 107 pfu/mL, but can
be titered if necessary.
High titer virus is dependent on the number of 293 cells used. In
this protocol, approx 1.8 × 1010 cells are used and typically results
in 1 mL of vector at titer of 1 × 1010 – 1 × 1012 pfu/mL. Investigators
may scale down and generate large-scale production in other size
flasks or dishes recognizing that the amount and titer of the final
product will vary.
Timing of harvest of the large scale is a critical factor in the amount
of final product obtained. Careful observation will determine when
cells are exhibiting CPE, but not lysing. This typically happens when
80% of the cells are still adherent, but exhibiting “grape-clustering.”
Identification and removal of the correct band is critical. To aid in
this step, a dark paper is held behind the tube to assist the investigator in this step. The first centrifugation typically results in a fairly
large band in the middle of the tube. Complete removal of this band
should be attempted. In the step centrifugation, the viral band is also
located in the middle of the tube, but may not be the largest band
seen. Empty capsid rests towards the top of the tube. If the viral band
is small and the capsid band is large, incomplete viral assembly
occurred during the infection. Removal of the thickest, lower portion
of the viral band may result in a lower amount, but higher titer vector.
Storage of the virus can be done with or without sterile glycerol,
although it should be remembered that glycerol may affect subsequent transductions and result in an enhanced inflammatory effect.
Thus, it may be required to remove the glycerol by dialysis for future
use of the vector. Alternatively, the virus is stored in 10–20 µL aliquots,
depending on the future need, so that repeat freezing and thawing,
which can reduce viral DNA, does not occur.
There are various ways to report the amount of virus present in a
sample. Plaque forming units (pfu)/mL indicates number of
293 infectious units of adenovirus. Direct quantitation of viral DNA
or amount of protein/mL of sample can be reported. This last number reports the amount of capsid protein in the sample and can presented as a ratio with pfu to indicate the amount of capsid protein per
infectious particle.
Although the described procedure is the most sensitive assay for
detection of wild-type combination, PCR using primers for the E1
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region can also be performed on isolated viral DNA. Because
recombinant vector should be free of most sequences, contaminating
DNA from the 293 cells may lead to false positives. Additionally,
the level of detection of the PCR reaction may not be adequate
(see ref. 26).
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9
Generation of Recombinant
Adeno-Associated Virus
Fabienne Rolling

1. Introduction
Adeno-associated virus (AAV) was discovered about 30 yr ago
as a contaminant of adenovirus preparations. Since its discovery,
researchers have described many unique characteristics of AAV
biology that have made it attractive as a potential vector for gene
therapy. For example, AAV is not pathogenic, approx 80% of adults
in the United States are seropositive, but in no case has the virus
been implicated as the etiological agent for a human disease. AAV
is a defective parvovirus with a single-stranded DNA genome of
4.6 kb comprising two open reading frames coding for nonstructural
(Rep) and structural (Cap) proteins. The entire genome is flanked
by two identical 145-basepair (bp) inverted terminal repeats (ITR),
as shown in Fig. 1. Possibly, the most striking property of the virus
is its inability to productively infect healthy cells in the absence of a
coinfection by a helper virus (either adenovirus or herpesvirus).
Thus, AAV vectors are inherently replication defective. Infection in
the absence of helper virus leads to integration of the AAV genome
at a specific site on the q arm of chromosome 19 to establish latent
infection (1–3). This is the only known example of site-specific
integration by a mammalian virus and suggests the possibility of a
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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Fig. 1. Structure of AAV2 genome. Black boxes represent the inverted
terminal repeats, arrows designate the three viral promoters at map positions 5, 19, 40, and open boxes denote coding regions. The left open reading frame (ORF) encodes four Rep proteins, Rep78, Rep68, Rep52, and
Rep40. The right ORF encodes three Cap proteins, VP1, VP2, and VP3.

vector that can be inserted at a known site in the human genome.
Additional features of the virus, which enhance its desirability as a
vector, include its wide host range and the stability of the virion.
AAV-based vectors contain only the two AAV terminal repeats
necessary for replication, packaging, and integration. They do not
contain any viral coding sequences that limits any induce immune
responses to viral translation products. It has been reported that
AAV vectors efficiently transduce many cell types in vitro and
in vivo without requiring active cell proliferation (4). Additionally,
long-term expression of reporter and therapeutic genes in the brain,
muscle, and lung suggest that AAV-based vectors can stably persist
in vivo and appear to be safe transducing agents (5–8).
A number of laboratories have started to explore AAV-based vectors for gene transfer to the retina. It was found that in mice,
subretinal injections consistently transduced RPE cells and photoreceptors, whereas intravitreal injections always transduced cells in
the ganglion cell layer (9,10). Interestingly, by replacing the
cytomegalovirus (CMV) promoter with a rod opsin promoter, specific expression of the green fluorescent protein (GFP) was observed
in the photoreceptor layer (11). Because GFP has similar absorption-emission characteristics as sodium fluorescein, efficiency, and
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duration of gfp gene expression in the retina can be examined in situ
with a camera normally used for fluorescein angiography in a clinical setting (10,12). The combination of a recombinant AAV (rAAV)
vector expressing GFP and retinal fluorescent photography, constitute a very powerful tool for therapeutic studies in the retina.
Here, we describe a simple and efficient method for the production of a rAAV carrying the gfp and neomycin resistance (neor)
genes. Generation of rAAV involves cotransfection of cells with a
DNA vector carrying the transgene flanked by the AAV-ITR’s, and
a packaging plasmid expressing the AAV rep and cap gene (without ITRs) followed by overinfection with adenovirus at a low multiplicity of infection (MOI). Our efficient transfection method and
the use of a modified adenovirus as a helper have improved the yield
of rAAV produced and allowed us to generate a rAAV-gfp titer of
109 transducing units (tU)/mL.
2. Materials
1. 293 cells were originally derived from human embryonic kidney
cells transformed with the adenovirus type 5 (Ad5) E1A and E1B
genes (American Type Culture Collection, Rockville, MD, ATCC No.
CRL 1573).
2. psub201 plasmid: AAV plasmid (13). This plasmid contains the
AAV genome cloned in pEMBL8(+). Digestion of this plasmid by
XbaI allows excision of the internal AAV sequence between the two
inverted terminal repeats and replacement with any promoter and
gene of interest, generating the recombinant plasmid.
3. pAAV/Ad: helper plasmid (14). This plasmid was generated by substitution of the AAV ITRs with adenoviral terminal sequences in
psub201. This plasmid contains the AAV rep and cap genes, and
shares no viral sequence homology with the AAV recombinant plasmid (see Note 1).
4. pFG140: This plasmid contains an ampicillin-resistance gene and
bacterial origin of replication inserted in the E1 region of the Ad5
genome. pFG140 was derived from Ad5dl309 and, therefore, contains a deletion/substitution in the E3 region (Microbix, Canada).
5. Growth media: 293 cells are maintained in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, 4500 mg/mL D-glucose with
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L-glutamine).

6.
7.
8.
9.

10.

DMEM is supplemented with 10% fetal calf serum
(FCS), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco).
Transfection reagent: FuGENE (Roche Diagnostic, Australia).
Phosphate-buffered saline (PBS), pH 7.3, sterile.
Saturated solution of (NH4)2SO4.
Cesium chloride solutions: 1.37 g/mL and 1.5 g/mL CsCl. The CsCl
is dissolved in PBS. Weigh 1 mL of the solution to check the density
before every gradient.
Dialysis cassette with a molecular weight cutoff 10 K: Slide-A-lyzer.

3. Method

3.1. Cotransfection/Ad Infection of 293 Cells
Generation of rAAV-gfp virus involves cotransfection of 293 cells
with the recombinant plasmid SSVgfp (Subheading 3.1.2.) and
the helper plasmid pAAV/Ad, followed by adenovirus infection
(see Note 2). A schematic representation of the protocol is provided
in Fig. 2. The 293-cell line, which constitutively expresses E1 proteins, is used to make AAV recombinant virus because they allow a
good efficiency of transfection and the use of E1-deficient adenovirus (replication defective) as helper virus (see Note 3).

3.1.1. Production of Adenovirus Helper
This protocol describes how to make, purify, and titer adenovirus
helper stocks for use in AAV production. In order to avoid contamination of adenovirus stock with wild-type (wt) AAV, the helper
adenovirus was generated by transfection of 293 cells with the
adenovirus plasmid pFG140 (Microbix, Canada) (see Note 4).
Adenovirus production is very efficient and CsCl purification results
in a large white band of adenovirus that is easily recovered from the
gradient.
1. Transfect 20 15-cm tissue-culture dishes of 70–80% confluent
293 cells by adding 25 µg pFG140 DNA and 50 µL of FuGENE
according to manufacturer’s instruction. Incubate until full cytopathic effect (CPE) occurs (48–56 h) (see Note 5).
2. Harvest the cells, pellet at 500g (tabletop centrifuge), for 5 min.
3. Discard supernatant and resuspend the pellet in 20 mL PBS.
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Fig. 2. Schematic representation of the constructs and protocol used
for production of rAAV-gfp.
4. Sonicate cells in three 20-s bursts on ice (output control 5, duty
cycle 50%).
5. Vortex the lysate at top speed for 30 s and then centrifuge at top
speed in a tabletop centrifuge for 10 min. Transfer the supernatant to
a new tube.
6. Adenovirus is purified on two consecutive CsCl gradients, a onestep gradient and a continuous gradient as previously described (14).
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3.1.2. Construction of the SSVgfp Plasmid
This plasmid was constructed by excision and insertion of the
AseI-EcoO109 gfp–neo gene fragment from pEGFP-N1 (Clontech,
Palo Alto, CA) into the XbaI site of the AAV plasmid psub201.
SSVgfp consists of two genes, the gfp-reporter gene and the neomycin resistance (neor) gene, which are flanked by two AAV ITRs.

3.1.3. Large-Scale Preparation of Plasmid DNA
SSVgfp and pAAV/Ad plasmid DNA are extracted by alkaline
lysis and purified by CsCl/ethidium bromide equilibrium centrifugation as described in ref. 14. This purification procedure yields
high-quality plasmid DNA, which is required to achieve high-efficiency transfection.

3.1.4. Transfection of 293 Cells
The cotransfection is performed in 15-cm tissue-culture dishes
when the 293 cells are 70–80% confluent. Typically, for one preparation of rAAV, 20 plates are transfected.
1. In tube 1, mix 28 mL of serum-free DMEM with 1 mL of FuGENE.
Incubate at room temperature for 5 min.
2. In tube 2, mix 500 µg of SSVgfp with 500 µg of pAAV/Ad (approx 1 mL).
3. Add contents dropwise from tube 1 to tube 2 and incubate at room
temperature for 15 min.
4. Add 1.5 mL of FuGENE/DNA mix to each 15-cm plate, mix by
swirling, and incubate for 18 to 24 h at 37°C, 5% CO2.

3.1.5. Adenovirus Infection
In order to check the transfection efficiency, plates are visualized under a fluorescent microscope. Strong fluorescence from the
gfp gene should be observed in 60–70% of the cells at 18 h
posttransfection.
1. Replace the cotransfection media with 25 mL DMEM-2% fetal
bovine saline (FBS) containing adenovirus at an MOI of 3–10 infectious units (IU/cells).
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2. Incubate the plates at 37°C, 5% CO 2 for 48–72 h. Adenovirus
generates a CPE, and the cells gradually become clumped and
rounded. The amount of adenovirus used for the infection is calculated to ensure that the cells remain viable for at least 72 h postinfection. Rescue, replication, and encapsidation of the recombinant
AAV genome occurs during this period. Therefore, the duration
of adenovirus infection is critical to achieve high titers of rAAV.
If too much adenovirus is added, the cells die before AAV can be
packaged.

3.2. Assaying Excision and Replication of Viral DNA
Many different types of promoters and gene cassettes are being
cloned in AAV vectors and tested in eukaryotic cells. Although still
limited, some sequences have been found to be incompatible with
AAV vectors. The ability of the recombinant genome to be rescued
and replicated during the complementation process is easily tested
by analyzing low-molecular-weight DNA isolated from transfected,
adenovirus coinfected cells. This protocol is a modification of the
Hirt procedure (15).
1. Collect transfected Ad-infected cells from a 15-cm plate, centrifuge
at 500g for 5 min and resuspend the cell pellet in 1.6 mL 10 mM TrisHCl (pH 7.4), 100 mM ethylenediamine tetraacetic acid (EDTA) and
put 0.8 mL of the suspension in a second tube.
2. Add 85 µL 10% SDS in each tube to a final concentration of 1%, mix
by inversion, and incubate for 10 min at room temperature.
3. Add 0.25 mL 5 M NaCl to precipitate out high-molecular-weight
DNA, mix, and incubate overnight at 4°C.
4. Transfer the precipitate/lysate to an ultracentrifuge tube, and centrifuge at 300,000g (fixed angle rotor) for 5 min.
5. Discard the pellet.
6. Extract the supernatant with phenol and then chloroform. Precipitate
the DNA with an equal volume of isopropanol.
7. Wash the DNA pellet with 70% ethanol, dry briefly, and resuspend
in 100 µL TE+RNase A (20 mg/mL).
8. Digest 10 µL of Hirt DNA with DpnI for 2 h at 37°C.
9. Load a 0.8% agarose gel with the same amount of nondigested and
DpnI-digested Hirt DNA and electrophorese.
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Fig. 3. Southern blot analysis of low-molecular-weight DNA isolated
from SSVgfp, pAAV/Ad cotransfected, adenovirus coinfected cells. rAAVgfp monomer (M) and dimer (D) replicative intermediates were detected.
10. The monomer and dimer replicative intermediates of the recombinant AAV sequence should be visible at the appropriates sizes after
ethidium bromide staining or Southern blot analysis using a specific
probe for the recombinant sequence. Because DpnI is a methylationdependent enzyme, monomer and dimer replicative intermediates
should be completely resistant to digestion, whereas the methylated
input plasmids will be degraded. If replicative intermediates are not
detected by ethidium bromide staining or Southern blot analysis, this
implies that the rAAV sequence has not replicated, and virus will not
be produced. Figure 3 shows the monomer and dimer replicative
intermediates from rAAV-gfp.

3.3. Harvesting the Cotransfected Ad-Infected Cells
1. Transfer the cotransfected Ad-infected 293 cells and media (Subheading 3.1.5.) to centrifuge tubes, and pellet at 500g, for 5 min.
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2. Resuspend the pellet in PBS at 1 mL/plate.
3. Sonicate cells in three 20-s bursts on ice (output control 5, duty cycle
50%). Because AAV accumulates in the nucleus of infected cells,
this step is important to disrupt the cells nucleus completely.
4. Vortex the lysate at top speed for 30 s and spin at top speed in a
tabletop centrifuge for 10 min.

3.4. Precipitation of rAAV and Ad
Before banding on a CsCl gradient, the virus needs to be concentrated and most of the cellular proteins removed. For this purpose,
two successive precipitations with (NH4)2SO4 are performed. The
first one will precipitate the undesired proteins and the second will
precipitate the rAAV virions and adenovirus.
1. Pool the supernatant and add 1/3 vol of cold saturated (NH4)2SO4.
Mix well and put on ice for 10 min. Typically, this would be 20 mL
of supernatant + 7 mL of (NH4)2SO4. The saturated (NH4)2SO 4
should be adjusted to pH 7.0 with NaOH and kept at 4°C.
2. Centrifuge the sample 10 min at 5000g (8000 rpm for SS34 rotor).
A precipitate at the bottom of the tube will be formed, containing proteins. Save the supernatant and transfer it to two clean 50-mL tubes.
3. Add 2/3 vol (14 mL) of saturated (NH4)2SO4 of the initial lysate to
make the saturation to 50% and keep the sample on ice for 10–20 min.
4. Centrifuge the sample on the same rotor at 8000g for 15 min. A
precipitate containing AAV and Ad will form.

3.5. Purification on CsCl Gradient
1. Resuspend the precipitate with 10 mL of CsCl (density 1.37 g/mL PBS
pH 7.5).
2. Overlay the CsCl sample onto CsCl cushion (density 1.5 g/mL PBS
pH 7.5) in a 12-mL ultraclear ultracentrifugation tube (Beckman
Cat. no. 344059).
3. Centrifuge the sample at 285,000g in a Beckman SW41 rotor at 15°C
for 36–48 h. AAV should form a diffuse band at the middle of the
tube, about 1 cm below the sharp Ad band. Proteins will form a viscous band above the viral bands.
4. Insert a 21-gage needle just below the diffuse rAAV band and collect the rAAV band from the tube.
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5. Combine the fractions and adjust the volume to 12 mL by adding
1.37 g/mL CsCl solution.
6. Transfer to an ultraclear tube, underlay with 0.5 mL of 1.5 g/mL CsCl
solution and centrifuge as previously described. Rebanding the fractions increases the purity and concentration of the rAAV, but some
loss can occur because of added manipulations.
7. Transfer pooled rAAV fractions to a sterile 10 K dialysis cassette
and dialyze against sterile PBS for at least 6 h.
8. Aliquot the virus in small volumes to avoid repeated freezing and
thawing. Store at –80°C (see Note 6).

3.6. Titration of rAAV-gfp
Titration of rAAV by detecting transgene expression is the
most stringent method to determine rAAV titers because the
virion must infect, unpackage, and express the transgene to high
enough levels to allow detection. This can result in underestimates of the actual number of infectious particles. This technique
is very useful with rAAV-gfp because in contrast to the `gal
gene, no staining is required, but just the visualization of the cells
under fluorescent microscopy. However, the lack of standardization between the different expression assays used for each
gene makes the yields of rAAV with various transgenes or promoters difficult to compare.
Another assay, the replication center assay (RCA), provides the
best method to compare infectious viral titers. This assay allows us
to titer rAAV that do not carry any reporter genes (for example,
viruses that contain therapeutic genes only). However, this method
does not give any information as to the integrity of the expression
cassette. By using RCA, comparison between different preparations
of different transgene vector is possible as long as the same cell
type is used in the assay, usually, 293 cells.

3.6.1. Transgene Expression Assay
1. Seed 293 cells into 10-cm tissue-culture plates
2. Prepare fivefold serial dilutions of rAAV stock in DMEM.
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3. At 80% confluency, infect the cells in 2% serum DMEM by adding
10 µL of each serial dilution to the different plates and adenovirus at
an MOI of three to all plates. Incubate at 37°C for 24 h to allow
transgene expression. In order to visualize GFP expression in all the
transduced cells as soon as 24 h postinfection, it is necessary to
coinfect with adenovirus. The presence of adenovirus enhances
rAAV transgene expression by increasing second-strand DNA
synthesis (16,17).
4. Count the fluorescent cells present in ten fields of each plate and find
the titer by calculating the number of transducing units (tU)/mL of
virus stock.

3.6.2. Replication Center Assay
In this assay, 293 cells are coinfected with rAAV, wtAAV, and
adenovirus. Wild-type AAV and adenovirus supply all the components necessary for replication of rAAV. After 24 h of incubation,
cells are vacuum-filtered onto nylon membranes. The membrane is
then hybridized with a rAAV-specific radioactive probe and the
number of positive signals are counted to calculate titer of rAAV.
This method is described in detail in current protocols in human
genetics (14). The titer is expressed as infectious units per milliliter.
4. Notes
1. The AAV capsid has a narrow packaging range and, therefore, the
size of the rAAV genome should be similar or smaller than the
wtAAV genome size of 4.6 kb. Although AAV can package a vector
larger than its genome size, up to 5.2 kb, the packaging efficiencies
in this large size range are sharply reduced (18).
2. Before starting rAAV production, it is essential to be sure that the
293 cells or the helper adenovirus stock is not contaminated with
wtAAV. Wild-type AAV is ubiquitous and can be present in its latent
form in many cell lines. In order to do so, 293 cells are infected with
adenovirus and low molecular-weight DNA is analyzed by Southern
blot hybridization (Subheading 3.2.) using a wtAAV-specific probe.
No wtAAV band should be detected.
3. Production of rAAV depends on transient transfection and, therefore, it is important to achieve a good transfection efficiency.
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For this purpose, it is crucial to use high-quality DNA. The FuGENE
transfection reagent is very efficient and gives consistent results.
In our hand, this technique is much more efficient and less cumbersome than the calcium phosphate method.
4. In standard protocols, Ad5 or Addl309 are used as helper virus and
new batches of Ad helper stock are generated by successive infection of 293 cells. Using this technique, the adenovirus stock can easily be contaminated with wtAAV or other recombinant adenovirus.
In the case of a wtAAV infection, the yield of rAAV produced will
drop and be highly contaminated with wtAAV. In order to prevent
such a contamination, our adenovirus helper stock was generated
from plasmid transfections of 293 cells. Additionally, the adenovirus produced from pFG140 contains a deletion in the E1 region making it replication defective except in 293 cells. Although most Ad
helper should be eliminated from the new rAAV stock by purification on 2 CsCl gradients, Ad particles could still be present making a
defective helper Ad safer to use.
5. The highest rAAV titers are obtained when the adenovirus infection
takes 56 h to reach full CPE. If the adenovirus infection proceeds too
rapidly, the cells will detach sooner and less rAAV will be produced.
6. Following purification of rAAV on two successive CsCl gradients,
the fraction might still contain traces of adenovirus. The residual
adenovirus contamination can be heat inactivated 15 min at 56°C.
However, the rAAV titer may decrease during this heating step.
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Preparation of Recombinant Retroviruses
Xian-Jie Yang

1. Introduction
Retroviruses are naturally occurring viruses with an RNA genome.
A retroviral vector is a modified infectious virus derived from
murine or avian species that can be used to introduce nonviral DNAs
into a target cell. There are two prominent features of retroviralmediated DNA transduction. First, retroviral vectors can stably
integrate into the host genome as a provirus. Second, retroviralmediated DNA integration requires host cell proliferation. Because
retroviral vectors allow stable and efficient DNA transduction in
vitro and in vivo, they have been widely used in developmental studies (1–3) and certain types of gene therapy approaches (4).

1.1. The Life Cycle of a Retrovirus
Naturally occurring retroviruses are replication competent. Upon
infection of a target cell, the viral genome is replicated and packaged into viral particles that can infect new host cells. Retroviral
infection occurs through an interaction between viral particles and
specific receptor proteins on the surface of the target cell. Upon
entry into the target cell, the retroviral RNA genome is reverse transcribed into DNA by a viral encoded reverse transcriptase (RT)
enzyme (Fig. 1A). The duplex viral DNA genome can randomly
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
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Fig. 1. Retroviral expression systems. (A) Genomic structure and transcripts of a wild-type retrovirus. The long terminal repeats (LTR), the
splice donor site (SD), the splice acceptor site (SA), the packaging sequence
s+, and the polyadenylation sequence (PA) of the Moloney murine leukemia virus (MoMuLV) are indicated. Transcription of MoMuLV initiates within the 5' LTR, and yields a full-length transcript that serves as
the mRNA for the viral gag and pol proteins, as well as the viral genome
for packaging. In addition, an alternatively spliced transcript encodes the
env protein. The s+ packaging sequence extends into the gag gene (25),
therefore, all retroviral vectors contain a portion of the gag gene. (B) Structure of a splicing retroviral vector. The splicing retroviral vector MFG
(26) utilizes the LTR promoter and encodes wild-type SD and SA sites.
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integrate into the host’s genome as a provirus during S phase of the
host cell. This integration is catalyzed by the viral int protein and
occurs at the two long terminal repeat (LTR) regions of the genome.
The proviral genome encodes essential viral proteins, including a
structural protein (gag), a RT enzyme (pol), and the envelope protein found on the outer surface of the viral particle (env). The production of viral particles relies on transcription that initiates from
the 5' LTR and results in a full-length copy of the proviral genome.
These unspliced full-length transcripts serve to produce the gag, pol,
and int proteins. A spliced form of the viral RNA is translated to
produce the env protein. The full-length RNA transcripts also
encode the packaging sequence s, which is recognized by packaging proteins. Thus, some full-length transcripts are packaged into
viral particles as the viral RNA genome. Mature viral particles contain two copies of this full-length viral RNA, and are formed by
budding off the host cell membrane.

(caption continued from the previous page) The cDNA of interest is
cloned by precise fusion to the start codon of the env protein and is
expressed by a spliced RNA similar to the viral env RNA. (C) Structures of
nonsplicing retroviral vectors. Nonsplicing vectors express genes of
interest by unspliced transcripts. The BAG (11) virus contains an internal
promoter (pSV40) expressing the neomycin-resistant gene (neo), that can
be used to select for stable producer cells in the presence of G418. The
lacZ gene in BAG is transcribed from the LTR promoter and is fused with
the start codon of the MoMuLV gag gene. The LIG (7) and LIA (8) vectors have similar structures and both contain the IRES site that allows the
expression of marker genes. The LIG vector expresses a fusion protein of
the `-galactosidase (LacZ) and the neomycin-resistant gene (geo) (27),
which permits selection of stable viral producer cells and easy identification of LIG virus-infected cells. The LIA vector expresses the human
placental alkaline phosphatase gene as a histochemical marker. The
cDNA of interest is transcribed from the LTR promoter in LIG and LIA.
The start codon of the viral gag gene is mutated in LIG and LIA so that
translation of the gene of interest relies on its own start codon.
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1.2. Design of Retroviral Vectors
Retroviral vectors have been modified to accommodate nonviral
genes, and usually some or all of the essential viral genes have been
deleted. Therefore, the resulting retroviral vectors are often rendered
replication incompetent. However, to capitalize on retroviral transcription, integration, and packaging functions, retroviral vectors
usually retain the s packaging sequence, the reverse transcription
and integration signals, and the viral promoter, enhancer, and
polyadenylation sequences (Fig. 1B and C). The Moloney murine
leukemia virus (MMLV) 5'-LTR is commonly used in mammalian
retroviral vectors because it is active in most cell types. The size
limit of foreign DNA that can be transduced by mammalian
retroviral vectors is usually below 8 Kb. In contrast, avian replication competent retroviruses (5) can transduce foreign DNAs of less
than 2.5 Kb.
When cloning cDNAs into retroviral vectors, the 5' and 3' untranslated
regions should be trimmed as much as possible to prevent interference with viral transcription. No additional polyadenylation site or
splice acceptor sites should be retained because they may affect the
integrity of the full-length viral RNA and the viral titer. The gene of
interest can be expressed by the 5' LTR promoter or by an exogenous promoter placed internally in the viral genome. In addition,
polycistronic retroviral vectors have been developed that encode an
internal ribosomal entry site (IRES) (6). The IRES sequence allows
the translational initiation of a second gene from the same full length
viral RNA, and thus reduces the possible competition between the
5' LTR promoter and the internal promoter (7,8). Recently retroviral
vectors containing the regulated tetracycline-inducible promoter
have also been designed to overcome toxicity of genes constitutively expressed by retroviruses (9,10).
Several marker genes have been engineered into retroviral vectors to aid in the identification or selection of infected cells. Vectors
expressing histological markers (e.g., the lacZ gene) are advantageous for determining viral titer and for identifying viral-infected
cells (11,12). However, they do not facilitate the selection of stable
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producer cells. Conversely, viral vectors carrying drug resistant
markers permit the selection of stable producer cells, but are more
difficult to titer and to identify infected cells, unless the gene of
interest is independently tagged with epitope markers.

1.3. Production of Retroviruses
The production of replication-incompetent infectious retroviral
particles relies on the supply of essential viral proteins from an
exogenous source. Towards this end, various packaging cell lines
stably transduced to express of essential viral proteins are established. The most commonly used packaging cell lines are derived
from human 293 cells, primate COS cells, mouse NIH 3T3 cells,
and quail QT6 cells. During viral production, recombination events
may lead to wild-type (helper) viruses. Contamination of helper
viruses can be largely avoided by using packaging cell lines in which
different viral proteins are expressed from separate nonviral promoters, and therefore are unlikely to recombine to generate wildtype viral genome.
Two approaches have been developed to produce replication
incompetent retroviruses. The first approach relies on making stable
producer cells. Packaging cell lines can be stably transfected with
recombinant retroviral vector DNA, and selected for their ability to
produce high-titer infectious viruses. In the second approach, producer cells are transiently cotransfected with the retroviral DNA and
helper virus DNA encoding essential viral proteins, but not the packaging sequence, or packaging cells are transiently transfected with
retroviral vector DNA alone to produce viruses. This transient method
requires high-efficiency transfection for high-titer viral production.

1.4. Host Ranges of Retroviral Vectors
The host range of a retrovirus particle is determined by the viral
glycoprotein env and host cell surface receptors. Murine and avian
retroviral vectors have several types of env proteins that interact
with different host receptors. Murine ecotropic retroviruses bind to
the ecotropic receptor found on rat and mouse cells, and do not infect
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human cells. The amphotropic env proteins, however, endorse a
murine retrovirus with a broader host range including rodents,
human, chicken, dog, and cat. Packaging cell lines expressing either
ecotropic or amphotropic env proteins can be used to produce
murine retroviruses with a desired host range. The avian retroviruses
use six different env protein subtypes: A, B, C, D, E, and F (13).
Retroviruses can also become polytropic by pseudotyping to
further expand their host range. An effective approach involves
pseudotyping the retrovirus with the vesicular stomatitus virus (VSV)
G protein (14,15). The VSV G protein allows viral particles to
interact with phosphatidyl serine and other components of the lipid
bilayer that are widely expressed in mammalian and nonmammalian
cells. This method of VSV G pseudotyping has facilitated retroviral
infection of cells from a variety of species including fish, frog,
insects, and human (15,16).

1.5. Safety Issues Regarding Usage of Retroviral Vectors
Biological safety issues should be carefully considered when
working with retroviral vectors. Retroviruses have a half-life of 3–6 h
at 37°C (17), and viral particles are sensitive to detergents. When
working with ecotropic viruses, it is recommended that all tissue
culture wastes be collected and autoclaved before disposal, and all
surfaces that come in contact with the virus be decontaminated.
Extreme precaution and containment should be implemented when
working with amphotropic and polytropic viruses because of the
danger of infecting humans. Detailed protocols of containment and
decontamination should be discussed with the appropriate biological safety committee of the institution where the experiments are to
be performed.
Although it is still necessary to select stable producer cell lines in
order to produce large quantities of retrovirus, the generation of
high-titer retrovirus by transient transfection is less labor-intensive
and less time-consuming (18). Moreover, transient transfection
allows the production of high-titer viral stocks that cannot be produced by stable producer cells due to toxicity. Transient transfec-
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tion also facilitates the rapid testing of different viral constructs,
pseudotyping, and even the construction and application of
retroviral cDNA libraries (4). This chapter describes protocols for
producing retroviruses by stable producer cells and by transient
transfections of packaging cells or producer cells, as well as
pseudotyping viruses, titering viral supernatants, and concentrating
viral stocks.
2. Materials

2.1. Supplies and Equipment
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

Tissue-culture incubator (37°C, 5% CO2).
Laminar flow hood.
Tissue-culture dishes.
Packaging cell lines, e.g., s2 cells or qNX cells.
Target cells, e.g., NIH 3T3 cells.
Producer cells, e.g., 293 cells.
Cloning cylinders.
Filter unit, 0.45-µm pore size.
Cryogenic vials, 2 mL.
Beckman L3-50 centrifuge and SW-28 rotor (or equivalent).

2.2. Reagents and Solutions
1. Retrovirus plasmid DNA.
2. Helper virus plasmid DNAs: Ecotropic helper DNA (19,20), or amphotropic helper DNA (19,20).
3. VSV G protein expression plasmid, e.g., pHCMV-VSV-G (16).
4. Culture media: For 293 cell and its derivatives, use Dulbecco’s modified Eagle’s medium (DMEM, high glucose, 2 mM L-glutamine)
containing 10% fetal calf serum (FCS); for NIH 3T3 cell and its
derivatives, use DMEM containing 10% calf serum (CS).
5. HEPES-buffered saline (HBS): 137 mM NaCl, 5 mM KCl, 0.7 mM
Na2HPO4, 6 mM dextrose, 21 mM HEPES. Carefully adjust pH to
7.05 and store at room temperature for 6 mo.
6. 2 M CaCl2: Autoclave and store at room temperature.
7. HBS/Glycerol: 15% (v/v) glycerol in HBS.
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8. Lipofectamine: This transfection reagent is purchased from GibcoBRL Life Technologies. Other lipid transfection products can also
be used.
9. Optimum: A serum-free medium from Gibco-BRL Life Technologies used in the Lipofectamine transfection procedure. Optimum can
be replaced by other serum-free media.
10. 100X Polybrene: 800 µg/mL in d H2O, filter sterilize and store as
aliquots at –20°C.
11. Glutaraldehyde fixative: Dilute 25% glutaraldehyde stock (Sigma)
into phosphate-buffered saline (PBS) to 0.05% right before use.
12. Paraformaldehyde fixative: Fresh 4% PFA in PBS (see Chapter 3).
13. X-gal reaction buffer: 10 mM K3Fe(CN)6 (potassium ferricyanide),
10 mM K4Fe(CN)6·3H2O (potassium ferrocyanide), 2 mM MgCl2 or
MgSO4. Cover the bottle with foil, and store at room temperature for
up to 1 yr. Avoid contacting and inhaling cyanide. Wear gloves when
handling solutions.
14. 40X X-gal: Dissolve 40 mg/mL 5-bromo-4-chloro-3-indolyl `-D-galactopyranoside (X-gal) in N,N-dimethylformamide. Store in a glass
vial covered with foil at –20°C. Dilute in X-gal reaction buffer to
1 mg/mL just before use.
15. G418: Use at 1 mg/mL for selection of NIH3T3 cells transfected
with DNA encoding the neomycin resistance gene.

3. Methods

3.1. Production of Retrovirus by Stable Producer Cell Lines
Large quantities of high-titer retroviral stocks can be produced
by stable producer cell lines (see Note 1). Only retroviral vectors
encoding selectable drug-resistant markers can be used to generate
producer cell lines. Retroviral vector DNA is initially used to transfect a packaging cell line expressing all necessary viral proteins.
At this point, drug selection can be applied directly to select stably
transfected cells. However, because transfection can result in altered
or damaged viral genomes, a better strategy is to use infectious viral
particles produced by the initial transfection to “cross-infect” a second packaging cell line expressing a different class of env glycoproteins. (Note: viral particles are not able to infect a packaging cell
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line that expresses the same class of env protein due to blockage of
cell surface receptors by the env protein.) The “cross-infected” cell
line is then selected for drug resistance in order to establish individual stable producers. The producer cell lines can be screened for
high-titer clones, and these clones can then be expanded and used to
produce large quantities of virus.

3.1.1. Transfection of Packaging Cells
Using Ca3 (PO4)2 (Table 1)
1. Plate packaging cells, e.g., s-CRIP, at 10% (1:10 split) to 20%
(1:5 split) confluency in a 10-cm dish the day before transfection
(see Note 2).
2. Add 10 µg of retroviral plasmid DNA to 0.5 mL of HBS. (Use polystyrene tubes for good visibility.)
3. Add 32 µL of 2 M CaCl2 while gently tapping the tube. Incubate the
mixture at room temperature for 45 min. (Fine hazy precipitates
should be observed.)
4. Remove the medium from packaging cells and pipet the DNA mixture into the dish. Incubate at room temperature in the hood for
10 min, gently redistribute solution throughout the entire dish, and
incubate an additional 10 min.
5. Add 10 mL medium (in this case, DMEM containing 10% CS) to the
dish, and return cells to 37°C incubator for 4 h.
6. Remove the medium completely, and add 2.5 mL HBS/glycerol.
Return the dish to 37°C for 3.5 min (see Note 3).
7. Quickly remove the HBS/glycerol and rinse cells with 10 mL medium.
Repeat the rinse. Then add 5 mL of medium to the cells and incubate
for 18–24 h at 37°C.
8. Remove the supernatant and filter through a 0.45-µm filter attached
to a syringe. Store this transient supernatant at –80°C (see Note 4).

3.1.2. Infection of Packaging Cells
1. Plate a packaging cell line at approx 10–20% confluency the day
before infection. Use a packaging cell with a different class of env
protein (e.g., s2) than the one used in Subheading 3.1.1. (1). (s2 is
an ecotropic packaging cell line derived from NIH3T3 cells.)
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Retroviral Packaging Cell Lines
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Cell line

Cell type

Drug
resistancea

Helper
virus

Usageb

Ecotropic
s2
BOSC
qNX-Eco

NIH3T3
293
293

gpt
neo, hph, gpt
neo

Yes
No
No

For stable producers
For transient transfection
For transient transfection

—
23
ATCC CRL 11270 21
—
4 & P. Achacoso
and G. Nolan
(unpublished)

Amphotropic
s-CRIP
BING
qNX-Am

NIH3T3
293
293

hph, gpt
hph, gpt
neo

No
No
No

For stable producers
For transient transfection
For transient transfection

—
24
ATCC CRL 11554 18
—
4 & P. Achacoso
and G. Nolan
(unpublished)

Sourcec

Reference

aAbbreviations for drug resistant markers: gpt, xanthine-guanine phosphoribosyltransferase; neo, neomycin phosphotransferase;

hph, hygromycin phosphotransferase.
bThe most common usage of each packaging cell line is indicated.
c Packaging cell lines can be obtained from American Type Culture Collection (ATCC), or by contacting the authors.
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2. Remove medium from the cells to be infected. To a 10-cm dish, add
5 mL of medium containing 8 µg/mL polybrene and 0.1–1 mL of the
transient viral stock from Subheading 3.1.1. (8). Incubate for 1 h at
37°C (see Note 5).
3. Add 5 mL of medium to the dish, and continue to incubate for 2–3 d.

3.1.3. Selection of Producers
1. Split infected cells at 1:10 or 1:20 ratios, and plate for 3 d in selective
medium (e.g., for s2 cells infected with the neomycin expressing BAG
virus (11), use DMEM containing 10% CS and 1 mg/mL G418).
2. Replace medium every 3 d with fresh selective medium and continue
to incubate for another 4–7 d until colonies are visible.
3. Isolate individual colonies with the use of a cloning ring and gently
trypsinize isolated cells. Plate cells from each clone into two wells of
a six- or 12-well dish, and grow until 50–90% confluent. (Clones can
be pooled to yield high-titer producer cells when this infection procedure is used.)

3.1.4. Expanding Producer Cells and Harvest Viral Stocks
1. Replace medium, using one-half of the normal volume (e.g., 1 mL
for a well of a six-well dish). Harvest supernatants every 24 h and
replace with fresh medium.
2. Viral stocks can be titered immediately (see later), or can be filtered
and stored at –80°C (see Note 6).
3. Once a good producer cell line is identified, expand the line. Grow
producer cells to 70% confluency, trypsinize the cells, and spin them
down. Resuspend Cells from each 10-cm dish in 3 mL of medium
containing 10–15% DMSO, and freeze 20–30 vials in liquid nitrogen in 1-mL aliquots.

3.2. Production of Retrovirus by Transient Transfections
Transient transfection methods for retroviral production are based
on the high-transfection efficiency of packaging or producer systems derived from the 293 cell line, an adenovirus-transformed
human embryonic kidney cell line. Transient transfection of NIH3T3based packaging cells produces relatively low titer viral stocks

182

Yang

(103 –104 cfu/mL). In addition, establishing and identifying the
desired producer cells can take up to a month. In contrast, transient
transfection of 293 cell-based systems can produce viral supernatants with 105–106 cfu/mL titers. Furthermore, the time required
for production is greatly shortened to a few days. Several 293-based
packaging cell lines with ecotropic env proteins (BOSC and qNX.Eco)
and amphotropic env proteins (BING and qNX.Am) have been
developed (4,18,21), P. Achacoso and G. P. Nolan, unpublished)
that can be directly transfected with a retroviral vector DNA to yield
viral supernatants. Alternatively, 293 or 293T cells can be cotransfected with a retroviral vector DNA and helper DNAs to generate
viral particles (19,20).
The following protocol works well with most 293-derived cell
lines (e.g., BOSC, 293T, or qNX):
1. Plate 293-based packaging cells to 20% confluency (1:5 split) in
10-cm dishes the day before transfection, so that at the time of transfection, the cell density is approx 50–70%.
2. Mix 7 µg of retroviral vector DNA with 0.5 mL of Optimum in tube A.
Gently, add 30 µL Lipofectamine into 0.5-mL Optimum in tube B. Combine the two solutions and mix gently by pipeting. Allow DNA and
Lipofectamine to incubate for 15–45 min at room temperature (see Note 8).
3. Add 4 mL of DMEM (without serum) to the DNA/lipid mixture.
4. Remove medium from cells, and wash cells once with DMEM.
5. Remove DMEM and gently add the 5 mL of DNA/lipid in DMEM to
cells. Incubate at 37°C for 5 h.
6. Add 5 mL of DMEM containing 20% fetal calf serum (FCS) to transfected cells. Return cells to 37°C overnight. (Can also add 1X penicillin/streptomycin at this step if desired).
7. Replace the medium with 5 mL of DMEM containing 10% FCS the
next day (see Note 9).
8. The transfected cells should reach confluency between 24 and 48 h.
Start harvesting virus when cells become confluent by gently
removing the supernatant, and adding back 5 mL of fresh medium.
The supernatants can be harvested and replenished every 12 h,
up to 72-h posttransfection. Filter the supernatants through
0.45-µm filter, and store at –80°C. (The supernatants at the time of
harvest are likely to be slightly acidic [yellow], however, this does
not affect the viral titer.)
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3.3. Determination of Retroviral Titers (see Note 10)
Titers of retroviral stocks can be determined by using viral
encoded selectable drug-resistant markers or histochemical
markers (12). The murine BAG virus expresses both the neomycin resistance gene and the lacZ gene, and thus can be titered
with either method (11). Titers of avian viruses can also be
determined by immunocytochemistry using an antibody that recognizes the viral gag protein (22).
1. Split NIH3T3 target cells 1:10 or 1:20 into the wells of a 12-well dish
the day before infection (see Note 11).
2. Dilute 0.01–0.1 mL of viral stocks to a final volume of 0.5 mL with
medium containing 8 µg/mL polybrene. Remove medium from cells,
add diluted virus, and incubate cells 1–3 h at 37°C. (It is necessary to
use dilutions over several orders of magnitude in order to obtain
accurate titers of viral stocks. Viral absorption to target cells occurs
within 1 h.)
3. Add 1.5 mL of medium to dilute polybrene to 2 µg/mL. Incubate
infected cells for 36–48 h at 37°C.
4. If the viral vector encodes a histochemical marker such as `-galactosidase (LacZ) or alkaline phosphatase (AP), stain cells using
X-gal or X-phos substrates using appropriate methods (see
Note 12).
a. If the viral vector encodes a drug resistance marker, split
infected cells into 10-cm dishes in selective medium. Culture for
3 d, change to fresh selective medium every 3 d, and continue
to culture for an additional 7–10 d till colonies become visible
(see Note 13).
5. Count the positive stained cell clusters per well when using a histochemical marker, or count the drug resistant colonies per dish when
using drug resistant selection. Calculate the titer as colony forming
units per milliliters of viral stock (cfu/mL), as follows:
the number of clusters or colonies
cfu/mL = –––––––––––––––––––––––––––––––––––––––––––––––––
(volume of virus) (dilution factor) (fraction of infected cells used)
Positively staining clones often appear as clusters of 1–8 cells,
depending on how confluent the target cells were at the time of the
infection (see Note 14).
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3.4. Pseudotyping Retroviruses with VSV G Protein
Retroviruses can be pseudotyped with VSV G protein to broaden
the host range. VSV G is fusogenic and thus toxic to cells when
stably expressed. However, transient transfection of cells with a
VSV G expressing plasmid allows incorporation of the VSV G protein into viral particles before the onset of massive cell death. Stable
viral producer lines can be transiently transfected with a VSV G
expressing plasmid, or packaging cell lines can be cotransfected
with VSV G plasmid and a retroviral vector to produce pseudotyped
retroviruses. These VSV G pseudotyped viruses can then be concentrated to 108–109 cfu/mL (15).
1. The day before transfection, plate amphotropic packaging cells at
approx 10–20% (1:5–1:10) of their confluent cell density.
2. Transfect cells the next day with the retroviral plasmid using the
lipid-mediated or Ca3(PO4)2 precipitation method.
3. Harvest the transient viral supernatant. Use 1 mL of the supernatant
to infect a cell line expressing the gag and pol proteins. Select stable
producer cells, and freeze them as described in Subheading 3.1.
4. Plate these producer cells at 1:5–1:10 the day before transfection.
5. Transfect the producer cells with the VSV G protein expressing plasmid using the lipid-mediated or Ca3(PO4)2 precipitation method.
(If no producer cells are available, cotransfect 293 cells with the VSV
G plasmid, the retroviral DNA, and a plasmid expressing gag and
pol at a 1:1:1 molar ratio.)
6. Replace medium 24 h after transfection, and continue incubation
at 37°C.
7. Harvest the supernatant between 36 and 72 h posttransfection. Filter
and store the pseudotyped virus at –80°C (see Note 15).

3.5. Concentration of Retrovirus Stocks
High-titer viral stocks are necessary for various applications
including in vivo infections. In order to obtain high-titer retroviral
stocks, large volumes of tissue culture supernatants containing
retroviruses can be concentrated by centrifugation, polyethylene
glycol (PEG) precipitation, and chromatography. The centrifugation method is described below.
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1. If viral supernatants are frozen, thaw them by incubating at 37°C.
Gently mix the viral supernatant every few minutes until completely
thawed. (Retroviral particles are fragile. Prolonged incubation at
37°C can reduce titer. Avoid creating bubbles when mixing.)
2. Filter supernatants through 0.45-µm units if they were not previously filtered. (Use the paper prefilter that comes with the filter
unit, as cell debris in the supernatant will clot the filter units. Alternatively, first spin the supernatant for 10 min at 50,000g in a SW-28
[or equivalent] rotor to get rid of cell debris.)
3. Rinse SW-28 ultraclear centrifugation tubes and the swing buckets
with 70% ethanol, and dry the tubes and buckets in the tissue culture
hood with the UV light on. Transfer approx 35 mL of the supernatants into each SW-28 centrifuge tube. (For many applications,
it is necessary to keep the viral stock sterile by operating in a laminar
hood, and using sterile tubes and pipets.)
4. Centrifuge for 2 h at 50,000g at 4°C in a SW-28 rotor or an equivalent swing-bucket rotor. For large volumes, centrifuge for 5–16 h at
50,000g in a JA-14 rotor. (Swing-bucket rotors are preferred because
they allow viral pellets to form at the bottom of the tube. If using
fixed-angle rotors, mark the position of the viral pellet immediately
after the centrifugation stops.)
5. Immediately transfer centrifugation tubes into the hood, decant
the supernatant quickly, allowing only 100–200 µL of liquid to
remain in each tube that originally contained 35 mL of viral supernatant (a 200-fold to 400-fold reduction in volume).
6. Place the tube with the virus pellet and residual liquid back into the
swing bucket and tighten the cap. Rock the tube in the bucket on
ice for 60 min. (Make sure the bucket is in a vertical position surrounded by ice, so that the residual liquid covers the viral pellets
during rocking.)
7. Return the tube back to the hood, and gently resuspend the virus by
repetitively pipeting the liquid. (Keep the pipet tip submerged at all
times, and avoid making bubbles.)
8. Dispense 10–20 µL of the concentrated viral stock into cryogenic
screw-cap tubes. Store at –80°C (see Note 14).

4. Notes
1. Unless large quantities (> 10 mL) of concentrated retroviral stock
are needed, the transient transfection viral production is advantageous.
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It allows the preparation of high-titer viral stock (106 to 107 cfu/mL)
in a few days once the retroviral vector DNA is available. Transient
transfection of ten 10-cm dishes can yield 200 mL of unconcentrated
supernatant, which can yield 0.5 to 1 mL of concentrated viral stock.
Transient transfection also permits the preparation of recombinant
retroviruses expressing proteins (wild type or mutant) that are detrimental to the producer cells, and therefore cannot be produced by
stable producer cell lines. Because transient transfection significantly
reduces the time required for viral production, it is feasible to test
various constructs. Transient transfection also permits pseudotyping
with the VSV G protein. Retroviruses that have incorporated the
VSV G protein can better withstand centrifugation and thus can be
concentrated up to 1000-fold. After concentration, titers of VSV G
protein pseudotyped virus can reach 109 cfu/mL. In addition to yielding high-titer viruses, the polytropic VSV G pseudotyped virus can
mediate stable gene transfer to multiple species.
s-CRIP is an amphotropic producer cell line derived from NIH3T3.
The virus produced in the supernatant can infect humans. All precautions should be taken as required by regulations. If scaling down
to 6-cm dishes, reduce all reagents proportionally.
The optimal time for glycerol shocking varies depending on the cell
line. 3.5 min works well for 3T3 derived cells including s2 or s-CRIP.
Avian Q2bn cells require only 90 s of incubation with glycerol.
This transient viral stock can be used to infect other packaging cell
lines bearing a different class of env proteins (e.g., s2) to establish
stable producer cells lines, or it can be used directly to infect target
tissues. A good transfection can yield a transient viral supernatant
with a titer of 104 cfu/mL.
It is difficult to predict the titer of the transient viral stock for a new
viral vector. Therefore, several dilutions of the viral stock should be
tested to insure that an adequate number of clones are generated.
Polybrene is included to facilitate an interaction between viral particles and cells.
The supernatants now contain ecotropic viruses if s2 cells have been
infected, see Subheading 3.1.2. (1). Keep retroviruses on ice if they
are to be used within 2 h. Avoid repeated freeze-thaw cycles of viral
stocks, because viral titers decrease significantly after the second
freeze-thaw cycle.
Choosing an appropriate packaging cell line is critical when designing a retroviral experiment. In general, it is preferable to use a cell

Recombinant Retroviruses

8.

9.
10.

11.

12.

187

line that does not produce helper virus. The 293-based qNX cell line
is a good choice because the viral proteins produced in these cells
are expressed from nonviral promoters to further reduce the chance
of recombination. In addition, the production of essential viral proteins can be monitored in these cells. The 293 derived cells are very
easily transfected by different methods. The cell density at the time
of transfection must be less than confluent (approx 50–70%) in order
to allow a period of continued cell growth, which is necessary for the
production of high-titer viruses.
When cotransfecting 293 producer cells with retroviral vector DNA
and helper viral DNA, use a total of 10 µg of DNA with the two plasmids at equal molar ratio. For other size dishes, the amount of reagents
can be scaled up or down in proportion to culture surface area.
This protocol typically achieves 293 cell transfection efficiencies of
> 50%. Other lipid transfection protocols can also be used.
A variety of retroviral vectors have been developed. Vectors expressing a drug-resistance marker are useful for selecting stable producer
cells and determining titer. Because the preparation of viruses by
transient transfection does not require the drug-resistance marker, a
retroviral vector encoding a histochemical marker can be very useful
for monitoring infection and for titering. In general, the expression
from the 5'LTR promoter is thought to be more reliable than from
exogenous promoters placed internally within the viral genome.
Several vectors, including the MMLV-based LIG (7) and LIA (8),
allow expression of a gene of interest from the 5'LTR, and expression of a marker gene from a polycistronic RNA encoding an IRES.
Cells infected by these viruses can be conveniently detected by
histochemical staining. Although positive staining of the marker
protein indicates that the full-length viral RNA is expressed in
the cell, the expression of the gene of interest should be independently verified.
NIH3T3 cells are frequently used as target cells for titering murine
viruses. To determine titers of avian viruses, use the quail QT6
cell line (13).
Staining protocols for AP using X-phos have been described elsewhere (see Chapter 3) (12). It is necessary to heat cells at 65°C for
30 min before staining. To stain for X-gal, fix cells with 0.05%
glutaraldehyde for 10 min, wash three times with PBS for 10 min
each, add X-gal reaction buffer containing 1 mg/mL X-gal at 37°C in
a humidified chamber (do not use tissue-culture incubators). Stop
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reaction by washing with PBS containing 20 mM ethylenediamine
tetraacetic acid (EDTA).
13. If the transient viral supernatant used for infection has an anticipated
titer of approx 104 cfu/mL, use 1/5 or 1/10 of the infected cells for
selection. If the titer is likely to be low, use all of the cells for selection, but plate in several dishes containing 5- to 10-fold different
amounts of infected cells.
14. Titers of concentrated viral stocks can be determined by serial dilutions and methods described in Subheading 3.3.
15. Syncytiums containing multiple nuclei caused by VSV G expression
are visible at 36 h posttransfection.
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Generation of Transgenic Mice
for Studies of Ocular Development
and Disease
Abha R. Gupta, Nadine S. Dejneka,
Albert M. Maguire, and Jean Bennett

1. Introduction
Over the past decade, there has been spectacular growth in our
understanding of the molecular genetics of eye development and
ocular disease. Although this is primarily caused by developments
in recombinant DNA technology, it is also caused in large part by
advances in, and the spread of, transgenic mouse technology.
Whereas 10 years ago few laboratories had the equipment and skill
to generate transgenic mice, now most investigators have access to
a transgenic core facility. Transgenic mouse studies have fueled our
understanding of ocular development, have delineated regulatory
elements involved in gene expression in cells of the eye, and have
unraveled pathogenic mechanisms involved in eye disease.
There are many marvelous resources available for those who wish
to apply transgenic technology to studies of the eye. There are not
as many resources that detail considerations unique to studies
involving this organ. In addition, there are few resources that
describe methods for evaluating the (transgenic) mouse eye in vivo.
Therefore, in this chapter we have tried to emphasize particular
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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details that may be useful in planning and conducting eye-related
studies. Although it is beyond the scope of this chapter to provide
specific molecular biologic techniques for generating constructs and
analyzing integration and expression, details to be considered prior
to embarking on the experiment are described. Information regarding ocular cell lines in which constructs can be evaluated prior to
their incorporation into transgenic mice is provided. We have also
described ocular cell-specific regulatory elements that have been
identified (and which may be useful in driving expression in specific cells in the eye), criteria for selecting background strains, methods for propagating transgenic mouse lines, and techniques that may
be valuable for evaluating the effects of transgene expression on
ocular phenotype. Whereas it is beyond the scope of this chapter to
describe methodology for generating either knockout mice or
transgenic animals in species other than the mouse, methods that
are used to evaluate ocular anatomy in the pronuclear injectionderived transgenic mouse can be adapted for use in those other
situations.
2. Materials

2.1. Creation and Preparation
of DNA Constructs for Microinjection
1.
2.
3.
4.
5.
6.
7.
8.

3 M sodium acetate, pH 5.2.
100% ethanol.
70% ethanol.
TE pH 7.5, low ethylenediaminetetraacetic acid (EDTA) concentration: 10 mM Tris-HCl, 0.1 mM (EDTA).
Agarose.
TAE: 0.04 M Tris.acetate, 1 mM EDTA.
TBE: 0.09 M Tris.borate, 1 mM EDTA; phenol.
Chloroform/isoamyl alcohol (24:1).

2.2. In Vitro Transfection Experiments
1. Plasmid containing transgene cassette.
2. Ocular cell line for expression.
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3. Cell culture media, with and without serum.
4. Lipofectamine Reagent (Gibco-BRL, Gaithersburg, MD).

2.3. Selection of Embryo Donor Strains
Consult the Jackson Laboratory, Bar Harbor, ME, for a complete
listing of available animals (1). It should be noted that The Jackson
Laboratory maintains an “Eye Models Resource.” Charles River
Laboratories (Wilmington, MA) also carries a large number of different strains.

2.4. Molecular Biology Reagents
to Screen Transgenic Mice
2.4.1. Reagents to Purify and Digest Genomic DNA
1. Tail buffer: 50 mM Tris, pH 8.0, 100 mM EDTA, 0.5% sodium
dodecyl sulfate (SDS).
2. Proteinase K.
3. Phenol.
4. Chloroform/isoamyl alcohol: 24:1.
5. 5 M sodium chloride.
6. 100% ethanol.
7. 70% ethanol.
8. TE pH 8: 10 mM Tris-HCl, 1 mM EDTA.
9. Restriction endonucleases.
10. RNase; spermidine.
11. 3 M sodium acetate, pH 4.8.

2.4.2. Reagents for Southern Blot Analysis
1. Agarose.
2. TAE.
3. Denaturation solution: 0.6 M sodium chloride, 0.2 M sodium
hydroxide.
4. Neutralization solution: 1 M Tris, 1.5 M sodium chloride, pH 7.4.
5. Formamide.
6. 20X SSC: 3 M sodium chloride, 0.3 M sodium citrate, pH 7.0.
7. 10% SDS.
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8. Dextran sulfate.
9. DNA probe for labeling; _32[P]dCTP.

2.4.3. Reagents for PCR
1.
2.
3.
4.
5.
6.

DNA template.
Specific primers (0.5 µM).
MgCl2 (optimal concentration depends on primers).
Sterile H2O.
25 mM dNTP mix (combine equal volumes of 100 mM each dNTP).
10X polymerase chain reaction (PCR) amplification buffer: 500 mM
KCl, 100 mM Tris-HCl, pH 9.0, 0.1% Triton X-100.
7. Taq polymerase.
8. Mineral oil.

2.5. Genotype-Phenotype Correlations
2.5.1. Slit Lamp Examination
1. To dilate mouse eye: 1% tropicamide (e.g., Mydriacyl 1%, Alcon,
Humacao, Puerto Rico).
2. Slit Lamp (Carl Zeiss, Germany; sold through Krebs, Englewood, NJ).

2.5.2. Ophthalmoscopy
1. Dilating drops (see Subheading 2.5.1.); Ophthalmoscope: Heine
Omega 180 binocular indirect, Krebs, Englewood, NJ) and 78 or
90 diopter lens (Krebs).
2. Fundus photography: Kowa Camera (Krebs, Englewood, NJ) and
78 or 90 diopter lens.

2.5.3. Histological Studies
1. Cryosections: Selection of fixative is dependent on what additional
studies are desired. The fixative least likely to interfere with immunohistochemistry/immunofluorescence is 4% paraformaldehyde in
1X phosphate-buffered saline (PBS). PBS composition per liter:
8.0 g NaCl, 0.2 g KCl, 2.14 g Na 2HPO4·7H 2O, 0.35 g KH2PO 4,
pH 7.4. Use 4% paraformaldehyde within 24 h with storage at 4°C.
Use within 1 wk with storage at –20°C; Cryoprotectant: 30% sucrose
in 1X PBS; Embedding: Optimal Tissue Compound (OCT; VWR
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Scientific, Bridgeport, NJ). There are a wide variety of stains; selection depends on what aspect of the tissue is of interest (2). The cell
layers of the retina can be delineated using neutral red (0.5% aqueous) or hematoxylin and eosin.
2. Paraffin sections: Fixative selection and staining of sections similar
as in Subheading 2.5.3., step 1, except for deparaffinization steps.
3. Plastic sections Fixative: 4% paraformaldehyde/0.25% glutaraldehyde in 1X PBS. Always make fresh; JB-4 Plus Embedding Kit
(Polysciences, Warrington, PA); Richardson’s Stain: Mix equal volumes of 1% methylene blue and 1% Azure II/1% sodium borate (3).
Alternatively, use 1% toluidine blue/1% sodium borate or 1% Azure
II/1% sodium borate. All staining solutions are made with H2O, filter before use.

2.5.4. RNA Preparation
TRIzol reagent (Gibco-BRL); Diethyl pyrocarbonate (DEPC;
Sigma, St. Louis, MO)-treated ddH2O: Add 1 mL DEPC to 1 L ddH2O
in a glass bottle. Cap and shake vigorously, sit overnight. The next
day, invert bottle and sit again overnight. Autoclave at 121°C for
90 min; DNase I, Amplification grade (Gibco-BRL).
There are a number of ways to detect the transgene transcript:
Northern analysis, reverse transcription-polymerase chain reaction
(RT-PCR), in situ hybridization, in situ RT-PCR. Materials will depend
on selection of technique. For example, RT-PCR will require the RNA
template (1–5 µg), primers (0.5 µM), dNTPs (0.25 mM), RNase inhibitor (1 U/µL), reverse transcriptase (10 U/µL), and Taq polymerase.
When using a cDNA transgene containing an exogenously added
intron, it is advantageous to design a primer pair that encompasses the
intronic sequences. In this way, the RT-PCR product will reflect the
transgene-derived spliced transcript rather than possible contaminating
DNA sequences. In situ hybridization and in situ RT-PCR will require
tissue sections (Subheadings 2.5.3., steps 1 and 2).

2.5.5. Protein Analysis
Materials for extraction will depend on the specific protocol chosen to extract the transgenic protein. Different methods can be used

196

Gupta et al.

to detect the protein: Western analysis, immunohistochemistry,
functional assays. Besides the protein sample, Western analysis and
immunohistochemistry will require a primary antibody. If the
sequences for an epitope tag were not incorporated into the transgene
construct, a primary antibody should distinguish (if possible) between
the transgenic protein product and any homologous endogenous
murine protein. The ECL Western blotting detection kit (Amersham
Life Sciences, Arlington Heights, IL) can be used to develop the
signal. This kit also requires a peroxidase-conjugated secondary
antibody and Hybond ECL nitrocellulose membrane. For immunohistochemistry, the choice of fixative for tissue sections will be
determined by how it affects the integrity of the antigen.

2.6. Storage of Transgenic Mouse Embryos
1. Reagents: Hormones (pregnant mare serum [PMS] and human chorionic gonadotrophin [hCG]) for superovulation—see Hogan et al. (4);
PBS; 2 M dimethyl sulfoxide (DMSO).
2. Supplies, Equipment: 5-cc syringe equipped with 30-gage needle;
dissecting microscope; 2 mL plastic cryotubes; Pasteur pipets; controlled rate freezer (such as CryoMed 1010 programmable freezing
controller; Forma Scientific, Inc., Marietta, OH); liquid nitrogen storage; sterile culture dishes; surgical tools.

3. Methods

3.1. Preparation of Transgene DNA
A transgene cassette is constructed using standard molecular
cloning techniques (5) (see Note 1).
1. The transgene is linearized, isolated from vector sequences and purified for microinjection.
2. Purified DNA is resuspended at 200–400 copies/µL in TE pH 7.5,
low EDTA buffer prior to microinjection. Many transgenic facilities
have specific purification requirements, so it is wise to consult with
them prior to initiating the experiments.

3.2. Confirmation of Transgene Function
Whenever possible, it is desirable to verify that the transgene
cassette can drive appropriate expression prior to microinjection
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(see Note 2). This can be done by transfecting plasmid DNA into
an appropriate cell line and evaluating expression. DNA does
not enter most cells efficiently. However, a variety of transfection reagents are available. The Lipofectamine Reagent has been
used successfully in our hands following the manufacturer’s
directions. Depending on the transgene, expression may be detected
using direct fluorescence microscopy (i.e., green fluorescent
protein) or indirectly, using immunohistochemistry or Western
blot analysis.

3.3. Embryo Selection
Select embryo donor strains such that the genetic background
does not have a negative effect on transgene expression or function
(see Note 3). Other selection criteria are similar to those used in
other transgenic mouse studies (for example, transgenic mouse production is generally more efficient when F2 zygotes are used for
microinjection instead of zygotes from inbred mice [6]).

3.4. Identification of Transgenic Mice
1. Obtain a biopsy from the tips of mouse tails using a sterile razor
blade.
2. Digest the tails overnight at 55°C in tail buffer with proteinase K at
0.5 µg/µL.
3. Isolate genomic DNA using a series of phenol and chloroform
extractions.
4. Precipitate and rehydrate DNA in TE pH 8.0.
5. Digest genomic DNA (20 µg) with selected restriction enzymes and
subject to electrophoresis.
6. Transfer DNA to a nylon or nitrocellulose membrane and perform
Southern blot analysis.
7. Use a 32[P]-radiolabeled probe, complementary to the transgene, to
identify positive animals. Label probe via random priming as
described (7).
8. PCR may also be used to analyze DNA once true positives have been
identified through Southern analysis (see Note 4).
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3.5. Genotype-Phenotype Correlations
3.5.1. Slit-Lamp Examination
Slit-lamp examinations can be performed to evaluate the corneas
and lenses of transgenic mice. The technique of slit-lamp examination of the mouse is essentially identical to that used in the human.
1. The key manoeuver is properly positioning the mouse with respect
to the working distance of the slit lamp in order to perform the
examination. It is useful to take a strip of paper from the forehead
mount and determine where the slit lamp will be properly operated
and focused using the strip of paper as a reference.
2. The animal is then positioned at this point in space with pupils dilated.
3. Dilation is achieved within 5 min (after applying 1 drop of Mydriacyl
per eye) and lasts for up to 2 h. The eye should be evaluated within
15 min after application of the dilating drops. Under high magnification, a slit beam is passed across the anterior segment. Oblique illumination by the slit beam, will provide an optical cross-section of
the lens and cornea. If opacification of the lens is detected, direct
illumination along the visual access will allow the cataract to be
visualized against the fundus reflex (red reflex). This is often useful
in determining its density and position.

3.5.2. Ophthalmoscopy
The neural retina can be visualized in a noninvasive fashion using
ophthalmoscopy. Changes in ocular phenotype can be followed for
the life of the animal. Ophthalmoscopy can also be used to identify
fluorescently tagged transgenes through illumination with the
exciting wavelength of light. This has been successfully reported
for the jellyfish-derived transgene, GFP, which encodes the bioluminescent green fluorescent protein (8).
Ophthalmoscopy requires patience and practice.
1. Prior to ophthalmoscopy, dilate the pupil as described above. The
easiest way to achieve a view of the fundus is to observe it under
illumination from the light of the indirect ophthalmoscope through a
78 or 90 diopter lens.
2. Advance the lens slowly and carefully towards the eye keeping the
red reflex of the fundus centered. As the lens approaches the eye, the
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image from the fundus will enlarge and fill the lens. The image will
be inverted. Inexperienced observers may be disoriented due to the
motion of the object opposite to that of the motion of the lens
(“against movement”). Image inversion and “against movement” will
be easily compensated for by the observer with time.
3. In order to observe a specific aspect of the retina, orient the line of
sight to match up with the area of the fundus to be observed. For example,
if the observer wishes to visualize the nasal fundus, the eye can be
examined while “looking” in the direction of the nose or, more commonly in the case of the mouse, the observer will move behind the
ear and aim the lens towards the nasal aspect of the eye.

3.5.3. Histological Studies
1. Perfusion with fixative results in excellent fixation of retinal tissue.
This can be performed by deeply anesthetizing the mouse and
sequentially injecting the left ventricle of the heart with saline and
then fixative. This procedure obviously also kills the mouse.
2. Alternatively, the eye can be surgically enucleated and then fixed.
Enucleation should be done as carefully as possible so as not to rupture the globe or detach the retina. To this end, grasp the conjunctiva
gently with forceps while using curved iridectomy scissors to free
the globe from surrounding muscle, optic nerve, and other tissue.
Rough removal of the eye can lead to retinal detachment.
a. Cryosections: Fix in 4% paraformaldehyde at room temperature
for 2 h. Cryoprotect in 30% sucrose/PBS at 4°C overnight. This
step improves the histology of frozen sections. Immerse the tissue in OCT and freeze in a 2-methylbutane/dry-ice bath. Section
at –20°C.
b. Paraffin sections: Fix in 4% paraformaldehyde overnight. Process for paraffin sectioning and embed in paraffin wax. Prior to
staining, clear paraffin from the slides by immersing them
sequentially in xylene, 1:1 xylene/100% EtOH and 100% and
50% EtOH solutions.
c. Plastic sections: Fix in 4% paraformaldehyde/0.25% glutaraldehyde overnight. Using the JB-4 Plus Embedding Kit, infiltrate
the tissue at 4°C at least one night and embed in plastic. Place
stain directly on slides for 20–30 s and rinse off excess with
tap water.
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3.5.4. RNA Analysis
RNA preparation: Because eye tissue degrades rapidly after
removal from the animal, freeze the tissue on dry ice or liquid nitrogen immediately. Alternatively, the tissue can be placed directly
into TRIzol reagent. Depending on the size of the eye, 1 globe
(minus the lens) can yield 1 to 10 µg RNA. Be careful to use RNasefree instruments, reagents, and barrier pipet tips.
Detection of transgene transcript: The expected level of transgene
expression can guide the choice of technique to detect transcript.
Northern analysis can be performed if the estimated abundance is
relatively high. RT-PCR can detect relatively rare transcripts. In situ
hybridization and in situ RT-PCR can give location information for
the transcripts (7).

3.5.5. Protein Analysis
Protein extraction: The choice of protocol will depend on the cellular fraction in which the protein product of the transgene is found:
extracellular, membrane, cytosolic, nuclear, and so on. Protein
expression can be assessed by Western analysis, immunohistochemistry, and functional assays (7).

3.6. Storage of Transgenic Mouse Embryos (see Note 6)
It may be desirable to store transgenic mouse embryos after the
line has been characterized. To cryopreserve transgenic embryos, a
transgenic male mouse should be mated to superovulated female
mice of the same inbred strain. To facilitate future steps, the male
mouse should be homozygous for the transgene.
1. Three days after pairing (with day of pairing considered day 0), the
female mice are sacrificed and embryos are flushed from their oviducts with saline in a 5-cc syringe equipped with a 30-gage needle
and introduced into the uterine end of the oviduct. This is performed
under a dissecting scope.
2. The normal-appearing 8-cell embryos are transferred into 2-mL plastic cryotubes containing 0.1 mL PBS and placed on ice. No more
than 40 embryos should be stored in a single tube.
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3. The tubes containing embryos are held on ice until all oviducts have
been flushed (generally requiring about 2 h).
4. Mouse embryos can be frozen and thawed by various methods. The
freezing must be performed gradually (–0.5°C/min) for optimal
results, as described by Whittingham et al. and Leibo (9,10).
5. An additional 0.1 mL of PBS at 4°C with 2 M DMSO is gently
added to each cryotube to bring the final concentration of DMSO
to 1 M. After at least 30 min equilibration on ice, the cryotubes are
transferred to a salt and ice bath made up to maintain a temperature
of –6°C.
6. Two minutes after immersion in the ice bath, the contents of the
cryotubes are seeded with an ice crystal from the tip of a Pasteur
pipet. To prepare the pipettes a small amount of PBS is drawn into
the tip of a Pasteur pipet by capillary action. The pipet (or pipets, if
more than one seeding is to be done) is then put inside a glass test
tube that is partially immersed in a –10°C salt and ice bath. When
the embryo culture is ready to be seeded, a pipet with the frozen
PBS in the tip is just touched to the surface of the medium containing the embryos. This will bring about the ice nucleation of the
medium with minimal damage to the embryos caused by the formation of ice crystals.
7. The cryotubes are then capped and transferred to a controlled-rate
freezer that has been precooled to –6°C. The temperature in the
controlled rate freezer is lowered at the rate of 0.5°C per minute.
When the temperature of the freezing chamber has been lowered to
–80°C, the cryotubes are removed from the freezing chamber and
immediately put into a liquid nitrogen storage container.
8. To reconstitute the thawed embryos, embryo transfer is performed
using pseudopregnant female mice. Pseudopregnant mice are
produced by selecting females in proestrus and mating them
(day 0) to vasectomized males that have been proven sterile.
Perform the embryo transfer by aseptically injecting thawed 8-cell
embryos into the infundibulum of the oviduct (4). To thaw the
embryos, remove cryotubes from liquid nitrogen storage and
place them on the bench at ambient temperature until thawed,
which usually requires from 12 to 15 min. When completely
thawed, slowly add 0.8 mL of PBS in a dropwise fashion to dilute
the DMSO. Wash the embryos once in M16 culture medium (4)
before implanting.
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4. Notes
1. The essential construct components include the gene or cDNA of
interest, a promoter to drive cell-specific expression and a poly A
tail. Attempts should be made to include intronic sequences in
cDNA-containing constructs. Tags (i.e., polyhistidine, c-Myc,
hemagglutinin) may also be included in order to facilitate identification of the protein product of the transgene.
Transgene expression depends on the site of integration, as well as
the presence of regulatory elements. In order to direct tissue- or cellspecific expression it is necessary to include an appropriate promoter in the DNA construct. With respect to the eye, a number of
cell-specific promoters have been identified. Many have been used
to successfully drive transgene expression in transgenic models
(see Table 1). Ubiquitous promoters (i.e., CMV promoter) should
be avoided unless nonspecific expression is desired.
Intron sequences, although optional, are also key to successful
transgene expression. In many cases, upstream elements are necessary for tissue-specific expression. Expression levels also tend to
increase, when introns are present (11). This may be the result of
enhancers present within the intron. It is recommended that genomic
sequences, containing both introns and exons, be used in the
transgene cassette. If a cDNA is used, it is advisable to introduce an
exogenous intron.
Tags are another optional component that may be beneficial.
In some instances the transgenic animal may be designed such that
it overexpresses a gene found endogenously. Thus, it is difficult to
distinguish between endogenous expression and transgene-specific
expression. One may also lack appropriate antibodies to detect the
protein of interest. It is useful to incorporate an epitope tag in the
construct design when such detection problems are anticipated.
Purified DNA should be clean, devoid of vector backbone sequence
and chemical contaminants. Vector sequence will reduce the efficiency of gene transfer. Contaminants, such as traces of phenol, ethanol or enzymes can be toxic to the embryo. Particulate matter such as
agarose or dust, will clog the microinjection needle. Thus, all solutions added to the DNA sample should be filtered.
2. Prior to microinjection, it is highly recommended that the DNA construct be tested for expression using transient transfection techniques.
This is an effective and easy way to determine if the transgene is

aUsed

in transgenic models.
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Interphotoreceptor retinoid binding protein (IRBP)a
Major intrinsic protein (MIP or MP26)
Mouse metabotropic glutamate receptor subtype 6 (mGluR6)a
Nrl
QR1
Retina-specific amine oxidase (RAO)
Rhodopsina
RPE65
Tissue inhibitor of metalloproteinase-3 (TIMP-3)a

Specificity
Rod photoreceptors (membrane)
Cornea
Lens
Lens, pinealocytes, brain, retina
Lens
Rod photoreceptors
RPE, Muller cells, photoreceptors
Cone photoreceptors
Cone photoreceptors
Photoreceptors, pinealocytes
Lens
Lens
Lens
Short-wave photoreceptor cone cells
and bipolar cells
Photoreceptors, pinealocytes
Lens
Rod/cone ON-type bipolar photoreceptor cells
Retina
Postmitotic neuroretina
Retinal ganglion cells
Photoreceptors
RPE
RPE, corneal endothelium, ganglion cells
(Note: also expressed in extraocular sites)
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Table 1
Ocular Cell-Specific Promoters
Promoter
ABCR
Aldehyde dehydrogenase class 3 (ALDH3)a
_-A crystallina
Arrestin
`A3/A1 crystallina
`Phosphodiesterase (PDE)
Cellular retinaldehyde-binding protein (CRALBP)
Red green cone opsina
Cone transducin -subunit (GNAT-2)a
CRX
61-crystallin
Filensin (CP94, CP95, CP97)
a-Crystallin
Human blue opsina
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functioning. A limitation for evaluating constructs containing tissuespecific promoters is availability of ocular tissue-specific cell lines.
There are several permanent cells lines available for retinal pigment
epithelium (RPE) cells, but only one permanent line, which is
thought to be photoreceptor in origin (see Table 2; This line has
been used successfully to evaluate cell-specific expression of the
rhodopsin promoter and retinal cell-specific protein-DNA interactions in the phosphodiesterase [PDE] promoter, for example
[12,13]). For some cell types it is possible to generate primary cultures which can be used to evaluate promoter activity. Primary cultures can be generated from RPE, corneal endothelium, embryonic
chick photoreceptors, neonatal mouse photoreceptors, and Muller
cells (14–18).
3. Many inbred strains of mice exhibit congenital ophthalmic abnormalities or spontaneous mutations, which can make data interpretation difficult. An effort should be made to avoid such strains. Table 3
lists several common strains of mice with known ocular defects. If
such a strain was used accidentally to generate the initial founder mice,
it is possible in some situations to breed the mice selectively to eliminate the mutant allele. For example, if the injected embryos contain
the rd allele, the transgenic founders can be bred to C57Bl/6 mice to
produce offspring, which possess the transgene, but lack the rd allele
(detectable through restriction fragment polymorphism analysis [19]).
It may be helpful to consult The Jackson Laboratory (http://
www.jax.org/) when choosing a strain. This is a marvelous resource
for information about specific strains of mice. The Jackson Laboratory also maintains lines of mice with known defects, which may be
useful as models for ocular disease.
4. Southern blot analysis is recommended for screening mice and identifying transgenics. This analysis will confirm the size of the integrated transgene and can be used to obtain copy number. Once a
Southern has been used to identify transgenic mice, lines can be
maintained using slot blot analysis or PCR. If PCR is used, controls
should be run in order to avoid false positive (or false negative) results.
In order to run a Southern or perform PCR, it is first necessary to
obtain genomic DNA from animals to be tested. Genomic DNA is
extracted from tail (or ear) tissue using a series of phenol/chloroform
extractions. When obtaining tissue to analyze, it is necessary to use
sterile scissors or razor blades. Dirty scissors can contaminate a tissue sample.
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Table 2
Permanent Cell Lines that Can Be Used
to Evaluate Ocular-Cell-Specific Transgene Expression
Ocular cell type

Reference or source (cat. no.)

RPE cells
D407 (human)
ARPE19 (human)
RPE-J (rat)
Photoreceptor cells
Y-79, retinoblastoma (human)

(57)
ATCC (#CRL-2302); (58)
ATCC (#CRL-2240)
ATCC (#HTB-18)

Table 3
Ocular Abnormalities Found in Specific Strains of Mice
Strain
C57BL strains
DBA/2J
CBA/J
ST/bJ
WB/ReJ-W
PL/J
SWR/J
SJL/J
BDP/J
FVB/N
Bub/J
RBJ/Dn
C3H/Hej

Defect
Microphthalmia/anophthalmia
(incidence 4–12%); corneal abnormalities (22)
Pigmentary dispersion glaucoma (28)
rd mutation causing retinal degeneration (1,19)a

aThe

following strains of mice have been tested for the rd mutation and do not
carry the defect: SM/J, AKR/J, DBA/2J, 129/Rr, I/LnJ, LP/J, and NZB/BlnJ (19).

In preparing Southern blots, one can obtain copy number information by loading equal concentrations of the mouse DNA onto a
gel side-by-side with known numbers of copies of the transgene
(standards). Copy number can be determined through comparison
of signals of experimental samples with the standards in the developed autoradiogram (4). Although the blot can be probed using a
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nonradioactive methods, in our hands, sensitivity is enhanced using
32[P]-labeled probe.
Once a positive transgenic mouse has been identified, it should be
mated to establish a transgenic line. The founder can be mated to
mice of the same strain to conserve the genetic background or to
different strains to study potential effects of genetic background on
transgene expression and function. The investigator should be aware
that it takes more than 20 generations of brother–sister matings to
develop an inbred transgenic line, however (20). To facilitate mating, feed the mating pair breeder chow (which has higher fat content
than regular chow) and do not change the bedding immediately after
pairing the mice to be crossed. A male mouse is more likely to mate
when it is maintained in an environment that it has marked as its
territory. Ovulation and mating is generally coincident with the midpoint of the dark cycle (if mice are maintained on a 14-h light/10-h
dark cycle). Mating has occurred if the female shows a vaginal plug
the next morning. However, a plug is not a guarantee of a successful
pregnancy.
By Mendelian inheritance, the founder is expected to transmit the
transgene to 50% of its offspring. A less than 50% rate can indicate
that the founder is a mosaic. Mice homozygous for the transgene can
be produced by mating heterozygotes. Methods to distinguish
between homozygotes and heterozygotes are available: quantitation
of transgene dosage, product, or phenotype; in situ hybridization to
interphase nuclei, test breeding, Southern blot analysis using a flanking probe, and PCR analysis with a flanking primer (4).
The offspring should be numbered sequentially by either ear
punches or toe clipping. Toe clippings are preferable in young mice
as the ears are too small to punch reliably.
5. There can be age-related ocular changes in mice, with some strains
being more susceptible than others. It is important to be aware of this
if the phenotype is to be followed over time.
a. Cornea: Although focal and diffuse corneal opacities and keratitis are infrequent in mice, the incidence of corneal dystrophy
increases with age in some strains. A large proportion of Japanese KK mice develop this degenerative disorder (21).
b. Uveal tract: Inflammation of the iris and ciliary body may occasionally be seen with age (21). By 22–30 mo of age in DBA/2J
mice, there is complete loss of the iris pigmentary epithelium and
extensive atrophy of the iris stroma (22).
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c. Lens: There is an increasing incidence of cataracts in Swiss mice
with age: by 25–30 mo of age, up to 40% of these mice had cataracts (23). Taradach and Greaves found a 25% incidence of cataracts in CD1 mice by 18 mo of age (21). Cataracts are rare in
Balb/c and C57Bl/6 mice up to approx 2 yr of age (24).
d. Retina: Retinal atrophy is rare in C57Bl/6 mice up to 2 yr of age
(24). Frequency of retinal atrophy is less than 2% in Balb/c mice
(25), 4–6% in CD1 mice (26), and 100% in C3H mice (25). (Retinal atrophy in the rd mouse is caused by presence of the mutant
rd allele—see Table 3). By 22–30 mo of age in DBA/2J mice,
there is loss of nerve fibers with cupping of the optic nerve secondary to glaucoma (27,28). Some thinning of the retina appears
to be a side effect of transynaptic degeneration (John R. Heckenlively, personal communication).
e. The frequency of blepharoconjunctivitis increases with age in a
number of strains: A/HeJ, Balb/cJ, Balb/cByJ, CBA/J, and 129/J
(22). As far as details concerning retinal anatomy, gross features
of the fundus that can be identified ophthalmoscopically include:
color and contour of the optic disk, the caliber of the retinal blood
vessels, the homogeneity of the pigment epithelial layer underlying the retina and the presence of any opacities in the vitreous or
lens. When observing animals with retinal degeneration, the most
sensitive marker is the presence of pigment changes such as pigment mottling (“salt and pepper pigmentation”), large areas of
pigment atrophy, or the presence of pigment migration into the
retina (“bone spicules”). Of note, there is a wide variation in the
fundus features of different pigmented strains of mice. Determination of fundus features in albino mice is particularly difficult
due to the lack of ability to observe pigmentary changes. It is
important to appreciate the variability of normal fundi. In addition, there can be normal age-related/degenerative changes, such
as RPE drusen-like deposits that are occasionally seen. Examples
of normal and abnormal mouse fundus views are demonstrated in
Fig. 1. Mouse fundus photography is difficult and should only be
attempted by a skilled ophthalmoscopist. Methods are described
by Bennett et al. (29).
Variations in ophthalmoscopic appearance of wild-type retinas in different lines of mice: it is important to be aware that coat
color, and therefore degree of pigmentation in the eye, can change
the ophthalmoscopic appearance of the fundus. For example, reti-
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Fig. 1. Fundus features that can be appreciated in adult transgenic mice.
(A) Phenotypically normal fundus of a C57Bl/6 mouse. Pink optic nerve,
normal caliber retinal vessels, homogeneous pigmentation; (B) Retinal
degeneration (rd) mouse. Optic disk pallor, attenuated retinal vessels and,
most prominent, pigment mottling and migration throughout the fundus;
(C) Isolated degenerative change in a transgenic mouse; Drusen are
present at the level of the RPE. Arrow delineates one drusen underlying a
retinal vessel.
nal or choroidal atrophy is much more striking in pigmented
mice, such as C57Bl/6, than in albino mice, such as CD1 or
AKR. Also, the underlying choroidal vessels are much more
prominent in albino mice. Therefore, if transgenic animals are
to be produced of varying coat colors, one must become familiar with the ophthalmoscopic appearance of the wild-type fundus for each color.
With respect to histological procedures, fixatives are toxic
and often carcinogenic. (Gloves should be worn and solutions
should be prepared in a chemical fume hood.) Likewise, DEPC,
used in RNA studies, is also toxic and should be handled with
caution.
6. Cryostorage of transgenic mouse embryos can save animal costs and
can provide an important back-up should a disaster strike the animal
room. In addition, many centers require long quarantine periods
before allowing a new line of mice into the facility. The availability
of frozen embryos can expedite collaborations with other laboratories by allowing rapid rederivation of the line in the new animal
facility (and avoiding the need for quarantine). The Jackson Laboratory offers a course on embryo cryopreservation (for information,
see http://www.jax.org/courses/documents/courses1999.html).
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12
Generation of Knockout Animal Models
T. Michael Redmond

1. Introduction
The ability to culture pluripotent cell lines, introduce into them
targeted gene mutations, and then use these mutant cell lines to
generate chimeric animals (1–4), has had a major impact on many
fields; not least on ophthalmology and vision research (5–8).
By generating animals lacking in the product of a single gene, we
can examine the biochemical, physiological, and structural effects
of its loss in vivo. Often this can yield insights, sometimes surprising, into human diseases caused by mutations in the same gene.
Studies involving the eye are often less subject to a common
effect of targeted disruption, that of embryonic lethality. This is
because many of the genes of special interest to the vision community are also highly specific to the eye and are not required in
embryonic development. Despite this, surprises do occur and it is
the surprises that give us deeper insight into the roles that these
genes fulfill.
As gene targeting has become more established over the last
decade, the number of gene knockouts has been growing exponentially. In the same way, the variety of options to the laboratory interested in generating a knockout or two has become wider. In the
early days, collaboration with a lab routinely making knockouts was
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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the only option. Procedures were still being developed and
reagents were not consistent. Of course, this is still a possible
option, as long as the expert laboratory is interested. At the other
extreme, one could set up one’s own knockout facility. In view of
the variety of techniques involved, the expense of obtaining and
maintaining the specialized equipment required and the trained
technical expertise necessary, this is not a viable option for the
investigator interested in one or a few targeted disruptions. Fortunately, there is now a wide middle ground. Many larger centers
have set up institutional or core transgenic facilities offering a
menu of services. The investigator can obtain advice on setting up
a strategy and can do much of the work in his/her own laboratory
while relying on the core facility for such techniques as blastocyst
injection, where the required investment would be prohibitive.
Alternatively, a number of commercial contractors will perform
these services.
The methods described in this chapter were used to successfully
derive a targeted knockout for the Rpe65 gene (7) and are standard
methods employed by us and in the Laboratory of Mammalian
Genes and Development, National Institute of Child Health and
Human Development, National Institutes of Health. They are
based on methods in general use by the knockout community. In
addition, there are a number of useful web sites (9) providing
supplemental or alternative procedures.
2. Materials

2.1. Cloning and Sequence Analysis
and Vector Construction
1.
2.
3.
4.

A genomic clone for the gene of interest, sequenced as necessary.
Suitable targeting vector (e.g., pPNT).
Restriction enzymes, DNA modifying enzymes and their buffers.
Subcloning grade competent bacterial cells, bacteriological media,
and antibiotics.
5. Plasmid purification kits.
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2.2. ES Cell Culture
First, a frozen aliquot of a suitable ES cell line (for example, J1;
see ref. 4) should be obtained. This should be stored in liquid nitrogen until required.
For the cell culture techniques described here, an adequately
equipped tissue culture laboratory is necessary. Essential equipment
includes 37°C tissue culture incubators set to 86% humidity and
5% CO2, a laminar flow biological safety hood, a table-top clinical
centrifuge, an inverted microscope, and a liquid nitrogen repository.
The following media should be made as required and stored at 4°C.
1. Embryonic Stem Cell Media (ESM) (600 mL):
a. Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) 500 mL
b. Fetal calf serum (FCS) (Hyclone)
90 mL
c. Nonessential amino acid (Gibco)
6 mL
d. Pen/Strep (Gibco)
3 mL
e. 2-`-Mercaptoethanol (Gibco)
1 mL
f. Leukemia-inhibitory factor (LIF) (ES-GRO, Gibco)
60 µL
g. pH 7.2–7.3; Osmolarity 290–300 mOsm
2. Embryonic Feeder Cell Media. (EFM): DMEM+ 10% FCS + 1% Pen/Strep.
3. Blastocyst Injection Media (BIM)—1 L:
873 mL
a. DMEM (w/o Na pyruvate, w/o NaHCO3; Gibco)
b. 1 M HEPES (Gibco)
25 mL
c. 1 M NaOH
2 mL
d. FCS (Hyclone) add to 10%
100 mL
e. pH 7.2–7.3
4. Hanks–HEPES (H/H) (500 mL):
a. 10X Hanks (Gibco)
50 mL
b. 1 M HEPES Buffer (Gibco)
10 mL
c. 1 M NaOH
1.25 mL
d. Double-distilled water (DDW)
438.75 mL
e. pH 7.2–7.3; Osmolarity 290–300 mOsm
5. 0.25% HEPES-trypsin-ethylene diamine tetraacetic acid (EDTA)
a. 0.25% trypsin, 1 mM EDTA (Gibco)
100 mL
b. 1 M HEPES
2 mL
6. 0.025% HEPES-trypsin-EDTA (used for colony picking)
Make a 1:10 dilution of 0.25% HEPES-trypsin-EDTA in H/H:

218

Redmond

7. 0.05% Trypsin-EDTA (Gibco; used for EF cells).
8. 2X ES Freezing Buffer (ESF) (10 mL):
a. Dimethyl sulfoxide (DMSO) (Sigma)
2 mL
b. FCS (Hyclone)
2 mL
c. ES Media (ESM)
6 mL
9. Electroporation Buffer (EB) (50 mL):
a. 10X Hanks
5 mL
b. 1 M HEPES
1 mL
c. 2-`-Mercaptoethanol
0.1 mL
d. 1 M NaOH
50 µL
e. DDW
44 mL
Make in tissue-culture flask to avoid contamination.
10. 0.2% Gelatin/Gelatinized Plates:
a. Add 20 mL of autoclaved 10% gelatin (Sigma) in DDW to 980 mL
of prewarmed PBS.
b. Dispense 3–4 mL per 6-cm plate and allow to sit for 1 h at room
temperature.
c. Aspirate liquid from plates.
11. 1% Mitomycin C (200 mL): Dissolve 1 vial of Mitomycin C (2 mg,
Sigma) in 1 mL of 0.22-µm filtered phosphate-buffered saline (PBS)
and transfer all to 199 mL of EFM. Use 20 mL of mitomycin C/EFM
media per 150-cm2 flask for mitotic inactivation of EF cells. (Mitomycin C should be discarded as a hazardous biological waste).
12. 2 µM Ganciclovir (600 mL): To make the stock solution, dissolve
12.8 mg of ganciclovir powder (Syntex) in 10 mL of DDW and
filter it. Add 0.24 mL of the stock solution to 600 mL of ESM for
2 µM ganciclovir.
13. G418 350 µg/mL (600 mL): To make stock solution, dissolve 1 g of
G418 (Geneticin, Gibco) in 10 mL of D.W. and filter it. Add 2.1 mL of
the stock solution to 600 mL of ESM for 350 µg/mL of G418.

2.3. Restriction Enzyme Digestion Buffer
a. 30 µL
b. 5 µL
c. 9 µL
d. 1 µL
e. 5 µL

DNA
10X buffer
H2O
RNase
Restriction enzyme
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2.4. Neo Gene-Specific Polymerase Chain Reaction (PCR)
The presence or absence of the neo gene can be assayed for by
neo-specific PCR using primers recommended by the Jackson Laboratory Induced Mutant Resource (8). These are
1. oIMR013 (5'-CTT GGG TGG AGA GGC TAT TC-3'; Tm = 58.7°C);
2. oIMR014 (5'-AGG TGA GAT GAC AGG AGA TC-3'; Tm = 53.9°C).

Use these in a reaction consisting of
1.
2.
3.
4.
5.

100 ng genomic DNA.
1X reaction buffer.
1.5 mM MgCl2 (final).
0.5 µM each primer (final).
0.25–0.5 U Taq DNA polymerase.

3. Methods
An overview of the steps required and the approximate duration
of each is presented in Fig. 1.

3.1. Constructing the Targeting Vector
3.1.1. Cloning and Sequencing of the Gene to be Targeted
Prior to embarking on a gene-targeting project, it is to be expected
that the investigator has already acquired significant information
about the gene of interest. This could include information about tissue expression, developmental expression, and protein localization
(secreted, membrane, or cytoplasmic). Information about the possible function of the protein expressed by the gene will also assist in
the ultimate analysis of phenotype (is it an enzyme, a transport protein, a structural protein, a DNA-binding protein, or is it involved in
signal transduction, and so on). All this information will help narrow down possible outcomes. Of course, when the gene of interest
is specifically or preferentially localized to ocular tissues, many possible negative outcomes may be less likely. For example, embryonic lethality is unlikely to occur with disruption of an eye-specific
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Fig. 1. Schematic flowchart of the steps required for generation of a
knockout mouse. To the left side of the figure are the approximate periods of time required for the four major parts of the process. (A) Gene
cloning and targeting vector construction; (B) Preparation of EF cell lines;
(C) Electroporation and selection of ES cells; and (D) Blastocyst injection and derivation of homozygous knockout mice.
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gene. This may not be the case for genes of major relevance to the
eye, but expressed elsewhere. Species-specific effects may also be
relevant. A case in point is ornithine aminotransferase, mutations in
the human gene for which cause gyrate atrophy of the retina (10),
but no apparent systemic effects. Because of differences between
human and mouse amino acid metabolism, mice with targeted disruption of the OAT gene die shortly after birth unless supplemented
with L-arginine (8). Transcription factors important to eye development, but also acting elsewhere may also fall in this group. Aside
from such information on function or possible function, the availability of gene and/or protein specific reagents is also highly useful.
For example, access to cDNA sequence and specific antibodies. The
former to derive the genomic sequence of the gene and the latter to
assay for disruption of expression.
A variety of mouse genomic DNA libraries (including lambda
phage, BAC, and P1) are available from a number of vendors (in the
U.S.: Clontech, Stratagene, Genomic Systems, among others). Be sure
to select a library generated from mouse DNA of the 129Sv strain
(see Note 1). This is the strain most widely used for targeted disruption studies. The use of isogenic DNA for construction of targeting
vectors maximizes the frequency of homologous recombination
(11). Once the gene of interest has been cloned, the level of analysis
required to generate a targeting vector becomes an issue. Given
adequate information from Southern blot restriction site mapping,
it is theoretically possible to embark on generating a targeting construct without sequencing the genomic clone. In practice, however,
sequencing of the gene to customary accuracy offers the most flexibility in possible subcloning options. This is because all possible
restriction sites can be predicted by sequence analysis software
allowing for precise tailoring of homologous DNA segments. In
addition, it allows for the generation of suitable flanking probes by
PCR for determination of germline establishment and of genotype,
as well as PCR primers for gene-specific PCR analysis. To achieve
this, it is not necessary to determine the entire gene structure. It is
necessary to sequence the entire region that is to be targeted plus
0.5 to 1 kb of flanking sequences 5' and 3' to the targeted region.
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What region should be targeted? In most cases, the most effective
disruption strategies target the beginning of the gene, including promoter regions.

3.1.2. Assembling the Targeting Vector
Because the assembly of the targeting vector is a straightforward
exercise in subcloning and is highly dependent for its specifics on
the particular gene being targeted, it is beyond the scope of this
chapter. That being said, the investigator should be skilled in
subcloning strategies and in DNA analysis.
The investigator has a number of choices with regard to targeting
vector. The most widely used selection strategy employs the neo
resistance gene (12). Other resistance genes may be used but the
neo resistance cassette has been the most popular. Though the neo
cassette provides a positive selection for insertion of the neo gene
along with the targeted mutation, it does not discriminate between
clones positive for homologous recombination and clones harboring a random or nonhomologous insertion of the targeting construct.
To account for this, a second, negative, selection strategy is
employed. This is the positive–negative selection strategy of
Mansour et al. (13). The most commonly employed negative selection strategy uses the herpes simplex virus thymidine kinase (HSV-tk)
gene cassette, expressing the HSV-tk gene, included to one side of
the targeting vector. In a homologous recombination event, the
HSV-tk gene is excised. However, in a random insertion event,
HSV-tk is not excised and is expressed in the transfected cells.
When such cells are grown in medium containing ganciclovir, a synthetic guanine analog, HSV-tk generates toxic metabolites of this
substrate that kill these cells. Cells with homologous recombination
events are not sensitive to ganciclovir and survive.
In one kind of strategy, the neo cassette from pMCI neo poly A
(12) (available from Stratagene), may be excised and inserted into a
plasmid containing the genomic sequence of interest in such a way
as to disrupt an exon, and followed by insertion of the PGK/HSV-tk
cassette. In another strategy, the pPNT vector (14), and its derivative X-pPNT, containing both the PGK/neo and PGK/HSV-tk cas-
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settes may be engineered to accept upstream and downstream
homologous segments. Again, the precise strategy to be used
depends entirely on the specific sequence being targeted.
Knockouts of ocular interest that employ the pPNT vector, or its
derivatives, include those of _A-crystallin (6) and of Rpe65 (7).
Other knockouts, for example rhodopsin (5) have employed alternative strategies (12).
Whatever vector is used, a number of rules are to be observed.
Fragments to be used for homologous regions are excised from
genomic clones by restriction enzyme digestion. Where required
these fragments can be blunt ended by treatment with Klenow DNA
polymerase, subcloned into transitional vectors (such as pGEM family of vectors [Promega] or others [see Note 2]) and cut out again
with different restriction enzymes as required. Detailed knowledge
of the restriction sites is invaluable for the design of such a strategy.
Use of such restriction fragments is mandatory. It is not a good practice to use PCR amplification to generate fragments with desired
restriction site ends. This is because of the well-known propensity
of all thermostable DNA polymerases (some more than others) to
randomly insert mutations during amplification. Such mutations can
adversely affect the frequency of homologous recombination. In addition, all junctions should be sequenced to assure the expected outcome.

3.2. Preparation of EF Cells for ES-Cell Culturing
The methods described below are based on those of Robertson
(15). While ES cells have been successfully grown on plastic (16)
in the presence of leukemia-inhibitory factor (LIF), they grow better on a feeder layer of embryonic fibroblast (EF) cells. LIF is a
differentiation-inhibiting cytokine necessary to prevent differentiation of ES cells (17). Primary EF cells produce some of this factor,
but it has to be supplemented with recombinant LIF (ES-gro, Gibco,
Gaithersburg, MD).

3.2.1. Preparation of EF Cells
EF feeder cells are isolated from day 14 neo-resistant mouse embryos.
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1. Male and female PGK-neo homozygous mice are mated.
2. 13–14 d after the plug is noted, the female is euthanized and the
embryos are removed.
3. Decapitate each embryo and remove the liver. Rinse each in PBS to
remove as much blood as possible (see Note 3).
4. Place the embryos in a dish containing 15 mL of 0.25% Trypsin/EDTA
and mechanically dissociate by mincing with fine iris scissors. Draw
up and down six times with a 10-mL pipet and place the minced
embryo suspension in a 37°C incubator for 10 min. Pipet up and
down six times with a 5-mL pipet and return the dish to the incubator
for a further 10 min.
5. Draw up the contents of the dish and place in a 50-mL conical tube.
Allow the heavier fragments to settle out for 3–5 min. Draw up the
supernatant and place in another 50-mL tube. Add EFM up to 50 mL
and centrifuge for 3 min at setting 3 in an IEC clinical centrifuge.
6. Discard the supernatant and resuspend the pellet in 10-mL EFM.
Place the cell suspension in a T-150 flask. Grow for 24 h in the 37°C
incubator. Change the medium and grow for another 24 h.
7. To freeze these cells at passage 2, split the cells in the original
T-150 flask into 3 T-150 flasks. Incubate for 24 h, refeed and
incubate for another 24 h. Dissociate the cells in these flasks with
0.05% trypsin/EDTA and pool. Pellet the cells and bring up the pellet in 10-mL EFM.
8. Put 0.5 mL of this EF cell suspension in each of 20 cryotubes. Add
0.5-mL 2X ES freezing buffer to each tube. Mix gently. Place each
cryotube in an expanded polystyrene foam box (to allow for slow
freezing) and freeze at –70°C (see Note 4). After 24 h store the tubes
in liquid nitrogen.
These cells may be expanded for up to five passages in EF media
(EFM).

3.2.2. Mitomycin C Treatment of EF Cells
Prior to use with ES cells, EF cells must be mitotically inactivated with mitomycin C.
1. EF cells should ideally have a cobblestone-like appearance for mitomycin C treatment. Overgrown cells are spindly.
2. Replace EF media with 20 mL of mitomycin C media for each
150-cm2 flask.
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3. Incubate at 37°C for 3 h.
4. Carefully aspirate the media and wash the cells three times with 30 mL
of PBS. This must be done gently or cells will come off.

3.2.3. Plating the EF Cells
1. Trypsinize the cells with 3 mL 0.05% Trypsin-EDTA (w/o HEPES)
for about 1 min.
2. Add 5 mL of EFM.
3. Pipet cells five times, centrifuge, and remove the supernatant.
4. Resuspend the cell pellet in EFM, count cells, and make final dilution to about 4 × 105 cells/5 mL in EFH.
5. Dispense 5 mL into a 6-cm plate.
6. Incubate at 37°C. Cells are ready to use in 12 h and good for 10 d.
Media should be changed every 3 d.

3.2.4. Expansion of EF Cells
1.
2.
3.
4.
5.

Frozen EF cells are thawed in a 37°C water bath.
Dispense to a 75-cm2 flask.
Two days later transfer after trypsinization (as above) to two 75-cm2 flasks.
Twenty days later transfer each after trypsinization to two 150-cm2 flask.
Trypsinization is as described above.

3.2.5. Freezing and Thawing EF Cells
Same as ES cells freezing and thawing protocol (see Subheading
3.3.2. and Subheading 3.3.3., below).

3.3. Culture of Embryonic Stem (ES) Cells
These are general techniques to be followed for the culture of ES cells.

3.3.1. Subculturing ES Cells
1.
2.
3.
4.

Refeed cells 2–3 h prior to subculturing.
Aspirate the medium and wash two times with 5 mL of H/H.
Flood the plate with 1 mL 0.25% HEPES-trypsin-EDTA.
Incubate at 37°C for 2.5 min.
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5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Shake.
Incubate at 37°C for 2.5 min.
Agitate with 1-mL pipet 10× and check under microscope.
Add 4 mL ESM.
Agitate 15 times with a 5-mL pipet.
Transfer to 15-mL tube and add 5 mL ESM.
Spin 3.5 min on setting 3 using a tabletop clinical centrifuge.
Aspirate the supernatant and resuspend the cell pellet in 1 mL of ESM.
Determine cell concentration with a hemocytometer (see Note 5).
Add 0.5 × 106 cells in 4–5 mL of ESM to one 6-cm plate previously
seeded with EF cells (for confluency in 2–3 d).
15. Let the plate sit 10 min on the bench top before transfer to the incubator.

3.3.2. Freezing ES Cells
1.
2.
3.
4.
5.

Prepare 10 mL of 2X ES freezing media (ESF).
Harvest the cells by trypsinization as described above.
Count cells and resuspend to a density of 2 × 106 cells/mL.
Dispense 0.5-mL cell suspension into cryotubes with 0.5-mL ESF.
Place the cryotubes inside a polystyrene box (see Note 4), seal the
box with tape, and place overnight in a –70°C freezer.
6. Transfer the cryotubes to liquid nitrogen storage after 24 h.

3.3.3. Thawing ES Cells
1.
2.
3.
4.
5.
6.
7.
8.

Place the frozen cryotube into a 37°C water bath.
Remove the cryotube from the water bath as soon as it thaws.
Wipe the cap with alcohol.
Transfer all the cells into a 15-mL tube with 6 mL prewarmed ESM.
Rinse the tube with 1 mL of ESM.
Centrifuge for 3 min to isolate the cell pellet.
Resuspend in 1 mL of ESM.
Dispense in 6-cm plates with EF cells and 4 mL of ESM.

3.4. Electroporation of ES Cells
Once the cell lines and targeting construct are ready, electroporation and the subsequent selection procedure takes about 14 d to
complete. The targeting vector is transfected into ES cells by
electroporation. Generally, 25–50 µg of linearized targeting plas-
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mid is used to transfect 2 – 4 × 107 cells. Start growing up the EF-neo
cells for postpicking amplification at the time of electroporation.
1. Preparation of ES cells: Thaw (see Subheading 3.3.3.) 1 cryotube of
frozen ES cells (e.g., J1) 6 d prior to the expected electroporation
date and expand to four 6-cm plates (see Subheading 3.3.1.). This
should give 1.6 × 107 cells for electroporation.
2. Preparation of embryonic fibroblasts: One week before the electroporation date, 2 cryotubes of EF-neo should be thawed (see Subheading 3.3.3.) and expanded to eight 150-cm2 flasks (see Subheading
3.2.5.). EF cells are then plated in 6-cm pregelatinized plates at a
density of 4 × 105 cells/plate. Sixty plates are needed for each
electroporation experiment.
3. Preparation of DNA.
a. Precipitate 25 µg of linearized DNA (see Note 6).
b. Wash two times with 70% ethanol.
c. Air dry the DNA and redissolve in EB at 1 µg/µL.
d. Centrifuge at top speed in a microcentrifuge for 30 min at 4°C
and transfer supernatant to an ethanol-cleaned tube.
e. Place DNA at 42°C for 1 min then place on ice.
4. Electroporation.
a. Trypsinize ES with 0.25% HEPES-trypsin-EDTA to a single-cell
suspension. It is important to trypsinize ES cells to a single-cell
suspension before electroporation.
b. Centrifuge the ES cells and resuspend the pellet in 10-mL EB.
Determine cell density (The number of plates depends on the
number of cells. 1.5 × 107 cells are needed for 60 6-cm plates.)
c. Centrifuge the ES cell again and resuspend the pellet in 0.8 mL of EB.
d. Add DNA into a clean Bio-Rad 0.4-cm electrode cuvet and then
add 0.8 mL of ES cells in EB.
e. Electroporate ES cells with Bio-Rad Gene Pulser with setting of
0.4 kV, 25 µFD (time constant should fall on 0.4 to 0.5 s).
f. Allow the electroporated cells to recover for 10 min at room
temperature.

3.5. Positive–Negative Selection
1. Label the 60 6-cm EF-neo plates: one plate with ES and ESM, one
plate with ES and G418, two plates with Elec. ES and G418 and all
the others with Elec. ES with G418+Gan.
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2. Resuspend the electroporated cells with ESM to a density of 2.5 ×
105 cells/4 mL and add 4 mL of ESM and cells to all of the 6-cm plates
marked with Elec. ES.
3. Add nonelectroporated ES cells (from the aliquot removed for counting) to the other control plates marked with ES.
4. 24 h later, start the single (G418) and double (G418+Gan) selection:
replace ESM with G418 ESM for the plates marked with G418 and
G418+Gan ESM for the plates marked with G418+Gan. Wait at least
24 h after electroporation before changing the media.
5. Change media every day (see Note 7).
6. Stop double selection in about 5 d, because all ganciclovir-sensitive
cells will be dead by then.
7. Pick colonies 6–12 d after selection, usually at day 7. With pPNT as
the vector, there should be 30–40 colonies on each single-selection
plate and 1–10 colonies on double selection or about 3–30-fold
degree of enrichment. This phenomenon should be evident by about
the fifth to eighth day of selection.

3.6. Picking, Harvesting, and Freezing Colonies
Picking of putative targeted ES cell colonies may begin on d 6 or
7 of selection. Colonies are picked from plates using an inverted
microscope set up in the laminar flow hood. Clones suitable for
picking are big and elevated. Colonies with a clean edge usually are
the best colonies. Avoid colonies with pigmented cells (these are
differentiated colonies) and pinhead colonies (these are background,
non-neo resistant colonies).

3.6.1. Preparation Prior to Picking
1. Set up the inverted microscope in the hood.
2. Change the media for the EF-neo cells growing in 24-well plates
with 0.5 mL ESM+G418.

3.6.2. Picking Colonies
1. Change media with ESM+G418 for the plates with colonies several
hours before picking.
2. Aspirate the media from the plates and wash one time with H/H.
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3. Aspirate one colony by automatic pipet (see Note 8) and transfer it
to one of the wells of a 96-well U-bottom plate containing 30 µL of
0.25% HEPES-trypsin EDTA.
4. Collect 16 colonies (i.e., two vertical rows)
5. Incubate for 5 min at 37°C.
6. Agitate with yellow tips 2–3 times using multichannel multidispenser
(load with yellow tips every second slot). Do not try to make
single-cell suspension, check that colony has dispersed by naked eye
(see Note 9).
7. Transfer 50 µL of ESM+G418 medium from 24-well plate into 96 well
and agitate aggressively ten times.
8. Dispense the cells onto 24-well plate with EF-neo and 0.5-mL ESM
+ G418.
9. Leave to settle on bench. It is important to let the cells to settle 10 min
prior to placing back to incubator.
10. Change media with ESM + G418 every day.

3.6.3. Harvesting and Freezing
It is recommended that the picked colonies be harvested at
50% confluence and stored in the freezer until they are genotyped,
rather than be passaged and continued in culture. This is because of
the potential for ES cells to diverge from euploidy at higher passage
numbers.
1.
2.
3.
4.
5.
6.
7.

Harvest the colonies at about 50% confluence (approx 2–3 d).
Add 400 µL of 2X freezing media (ESF) to each of the freezing ampule.
Aspirate the entire 24-well plate and wash one time with H/H.
Add 200 µL of 0.25% HEPES-trypsin-EDTA.
Incubate for 5 min at 37°C.
Add 400 µL ESM to each well and agitate ten times with blue tip.
Mark cryotubes and pregelled 24-well plate with same series of
numbers.
8. Dispense 400 µL cell suspension into a cryotube and agitate two times.
9. Dispense the rest of the cell suspension into a new pregelatinized
24-well plate with 0.5-mL ESM for DNA preparation in 4–5 d.
10. After collecting 15 cryotubes, put them into a polystyrene foam box
(see Note 4), seal with tape, place in –70°C freezer overnight, and
transfer to liquid nitrogen the next day.
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3.7. Screening of Putative Targeted ES Cell Clones
3.7.1. Preparation of Genomic DNA from ES Cells (18)
1. Make up lysis buffer: 100 mM Tris-HCl, pH 8.5, 5 mM EDTA,
0.2% sodium dodecyl sulfate (SDS), 200 mM NaCl, 100 µg proteinase K/mL.
2. After ES cell clones in the 24-well dish reach confluency (see Subheading 3.6.4.), remove media and replace with 0.5 mL of lysis
buffer. Return the plate to a 37°C incubator overnight.
3. In the morning, add 0.5 mL of isopropanol and agitate on a rocking
platform or orbital shaker until it is well mixed and the DNA
precipitated.
4. Lift out each DNA plug with a flame-sealed Pasteur pipet and transfer to a 1.5-mL microfuge tube containing 70% ethanol. Spin this to
pellet and allow to air-dry briefly.
5. Add 200 µL of TE and incubate overnight in a 50°C water bath to
redissolve.

3.7.2. Southern Blotting
1. Digest 30 µL of ES-cell DNA with a suitable restriction enzyme (see
Subheading 2.3.). Digest overnight at 37°C.
2. These digests can be run on 1% agarose gels in 1X TAE, and Southern blotted to nylon membranes. Such blots can be hybridized to a
suitable flanking probe to determine the presence of a targeted disruption (see Note 10).

3.8. Blastocyst Injection
Because of the high investment required in sophisticated micromanipulation apparatus and the expertise to use it, it is highly recommended that the investigator contract this out to a suitable
institutional core facility or commercial provider. Many academic
centers provide this service. Commercial providers include Genome
Systems Inc (St. Louis, MO).
1. Preparation of targeted ES cell line for blastocyst injection
2. Set up EF-neo cell cultures in 6-cm dishes and grow to confluency in
2–3 d (see Subheading 3.2.4., 3.2.2., and 3.2.3.)
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3. Thaw the ES clones of interest (see Subheading 3.3.3.) and dispense
on EF cells. Grow for 2 d.
4. Split the ES cell culture (see Subheading 3.3.1.). Grow for 2 d.

Harvest the cells by trypsinization (see Subheading 3.3.1.). Resuspend the cell pellet in 1 mL of BIM (see Subheading 2.2., step 3).

3.9. Derivation of Homozygous Knockout Animals
If the blastocyst injection is successful, then about 18 d after
injection day chimeric progeny will be born to the foster mother.
Because the blastocysts used are generally C57bl/6 embryos, wildtype progeny will have black coat color, whereas chimeric progeny
will have a variable contribution of agouti coat color from the 129Sv
ES cell line injected into the blastocyst. Chimeric mice with neartotal or total agouti coloration are chosen for further breeding. Count
up to 6 mo before homozygous knockout progeny are born.

3.9.1. Generation of Heterozygous F1 Progeny
1. Chimeric progeny (F0 generation) are ear-tagged.
2. Chimeras are mated to C57bl/6 mice (see Note 11).
3. F1 progeny are ear-tagged and tail biopsies taken at weaning (see
Note 12).
4. Genomic DNA is isolated (Subheading 3.10.1.) and analyzed by
Southern blot (Subheading 3.7.2.) or by PCR (Subheading 3.10.2.)
to identify heterozygotes.

3.9.2. Production of Knockout Progeny
1. F1 heterozygous progeny are crossed.
2. F2 progeny are genotyped as above (see Note 13).

When there is no effect of the targeted disruption on embryonic
viability or postnatal survival, a normal wild-type: heterozygous:
knockout Mendelian ratio of 1:2:1 is expected. Deviations from this
ratio may be informative to the phenotype and must be further
investigated. The investigator should count on about 6 mo of breeding events before knockout progeny are born.
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3.10. Other Useful Methods
3.10.1. Isolation of Genomic DNA from Tail Biopsies
Genomic DNA is prepared from tail biopsies by a simple saltingout procedure:
1. Place each 1-cm tail biopsy in 500 µL lysis buffer (200 mM NaCl,
20 mM EDTA, 40 mM Tris, pH 8.0, 0.5% SDS, 0.5% 2-`-mercaptoethanol, 400 µg/mL proteinase K) and lyse overnight at 55°C.
2. Vortex each tube for 10 s. Add 250 µL of saturated NaCl (about 6 M)
and vortex another 10 s. Place on ice for 15 min.
3. Spin the tubes at maximum speed in a microfuge.
4. Transfer the supernatant to a clean tube and precipitate the DNA
with 750 µL of ethanol. Pellet the DNA by spinning gently at room
temperature at setting 10 on an Eppendorf microfuge for 3 min.
5. Wash the DNA pellet with 70% ethanol and air-dry. Dissolve in
100 µL of TE buffer with incubation at 55°C.

3.10.2. Neo Gene-Specific PCR
Although targeted gene-specific PCR (see Note 13) is the preferred method for rapid and precise genotyping of progeny of
crosses, the neo gene can provide partial information.
Perform an amplification program consisting of 94°C hot start,
94°C denaturation for 5 min, 40 cycles of 94°C denaturation for
1 min, 50°C annealing for 30 s, 72°C extension for 30 s, followed
by 72°C terminal extension for 5 min on a Perkin-Elmer GeneAmp
PCR System 2400, 9700, or 9600 cycler. The oIMR013 and
oIMR14 primers amplify a 280 bp product from the neo insert.
4. Notes
1. It should be noted that there is, in fact, a high degree of genetic variability within the various substrains of mice designated “129” and
the ES lines derived therefrom. Whether this is relevant to most
applications of this technique is not clear. The interested reader is
referred to a recent review (19) on the subject.
2. For use with the pPNT vector and its derivatives, a useful transitional vector is the pLPG9 vector. This has a polylinker with many
unique restriction sites contained in the cloning sites of pPNT.
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3. Note that the heads and livers are discarded and not used for the EF
cell preparation.
4. Use the expanded polystyrene foam racks that many sterile 50-mL conical-bottom tubes are supplied in. Place the cryotubes in the holes in
one such rack and cover with another. Tape up and label. After a day
or so at –70°C, remove the cryotubes from the foam rack box and
place in liquid nitrogen.
5. Using a 1:10 dilution is helpful at this step. For 1:10 dilution, the
total count from one corner [16 grids] × 105 = number of cells/mL.
Calculate the cell concentration.
6. The targeting vector plasmid must be linearized prior to electroporation. The pPNT/X-pPNT vectors contain a unique Not I site that
is utilized for this purpose. Following digestion with Not I, the DNA
must be cleaned up. If phenol-chloroform extraction is used for this,
it is essential that the DNA be washed with 70% ethanol, dried,
redissolved in TE, and reprecipitated. This is because traces of phenol and chloroform are toxic to blastocysts.
7. About 50% of the cells will die from the trauma of electroporation.
In addition, there will be ongoing death of ganciclovir-sensitive cells.
Thus, when changing the media, try to remove as many dead cells as
possible. These are the cells that are unattached and/or floating.
8. Use a 200-µL automatic pipet (cleaned with 70% ethanol) with
sterile 160-µL barrier tips. Set the pipet to draw 30–50 µL. Insert
the pipet tip, with the plunger pressed, to the level of the EF cell
layer. Scoop off the ES colony of interest, trying not to gouge
into the EF cell layer, while slowly releasing the plunger to aspirate the colony. It may require some practice to perfect this
maneuver, so try it first on less desirable colonies (for example,
differentiating colonies).
9. Alternatively, this may be done with a single-channel pipetor. This may
be easier to monitor.
10. Because this is highly specific to the particular locus being targeted, only general remarks can be made here. It is useful to determine if the neo gene insertion causes the loss (or gain) of some
restriction site. Use this restriction site to cut the genomic DNA to
differentiate between the targeted and untargeted allele. Generate a
probe (e.g., by random-primed labeling of a suitable PCR fragment)
that is outside the disrupted region but contained within a restriction
fragment also containing the disrupted region.
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11. It is more convenient to use male chimeras to establish germline
transmission. Females can be used, but the process is necessarily
slower because they can only be mated once every 6–8 wk.
12. It is to be expected that the investigator has prepared the required
animal study protocol and filed it with his institution’s animal care
and use committee (or the equivalent) prior to any work with animals. It is also expected that the investigator will follow all approved
protocols for obtaining biopsies from the animals generated.
13. A gene-specific PCR protocol that accurately and efficiently designates the genotype of progeny should be devised where possible.
The raw data for such a strategy are to be derived from the initial
sequence analysis of the gene. Three primers are used. The first
primer is for the neo gene (we use oIMR210 (ref. 9): 5'-GGG AAC
TTC CTG ACT AGG GGA GG-3'), the second primer is to the
region of the targeted gene that has been replaced by the neo gene
cassette. The third primer is a reverse primer to a region of the targeted gene flanking the disruption (Primers 1 and 2 are forward primers, primer 3 is a reverse primer). The sizes of the fragments
generated by each of these pairs (1+3 and 2+3) must be close enough
in size to generate equivalent signals in heterozygous animals yet
distinct enough to be discriminated by gel electrophoresis.
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Mutation Analysis of Ocular Genes
Michael Danciger

1. Introduction
The RHO gene, which encodes rhodopsin, was the first gene in
which mutations were found that were associated with an inherited
retinal disease (1). RHO was examined by exon screening in a large
population of patients with autosomal dominant retinitis pigmentosa
(adRP), because a linkage study in an Irish family showed one locus
of adRP to be on human chromosome 3q (2)—where RHO had been
previously mapped (3). Since that time, over 100 different diseasecausing mutations have been found in RHO, and many other mutations in at least 55 additional genes. Also, there are at least 120
other retinal disease loci for which the defective genes have not yet
been identified (for reviews, see refs. 4–6; RetNet <http://www.sph.
uth.tmc.edu/retnet/>). In short, there is much mutation hunting yet
to be done.
Four basic approaches have been used to discover mutant genes
responsible for inherited retinal degenerations. These are as follows.
1. Positional cloning for a yet undiscovered gene in a disease locus
determined by linkage analysis.
2. Mutation screening of a candidate gene that maps to a locus established by linkage analysis to be the site of the mutation responsible
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
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for disease. The mutation screening is done in affected family members of the pedigree.
3. Screening of a gene that is a candidate for a particular disease or group
of diseases in a large number of unrelated patients with the disease(s).
4. A combination of genotyping and screening in which small families
are genotyped for markers that are in or near the chromosomal loci
of candidate genes. If the markers clearly do not segregate with disease in the small family, the corresponding gene may be ruled out;
if the markers cannot be excluded from segregating with disease,
the corresponding candidate gene is screened for mutations.

Number 1. above is beyond the scope of this chapter. A good
example of approach number 2. above started with the discovery of
an autosomal recessive retinitis pigmentosa (arRP) locus named
“RP14” in a large Dominican pedigree (7). This was followed by
the cloning of the TULP1 retinal gene and its localization to the
RP14 locus (8). Shortly after, a homozygous splice site mutation
was found in all affected members of the consanguineous Dominican pedigree (9). Based on the coincidence of RP14 and TULP1
loci and the retinal expression of TULP1, another study utilizing
approach number 3. above was carried out at about the same time.
In this case, 2 of 536 arRP and simplex RP patients screened carried
compound heterozygous mutations in their TULP1 genes that segregated with disease in their small families (10). The selection of
the candidate TULP1 gene for mutation screening in a large number
of unrelated individuals with retinal disease was based on its chromosomal location and on its presence in retina as was the selection
of the RHO gene mentioned at the beginning of the chapter. There
are many other examples of the number 3. approach where retinal
candidate genes were not selected for chromosomal location, but
rather for some other reason. The gene encoding the beta-subunit of
cGMP-phosphodiesterase was first shown to be the site of mutation
responsible for the autosomal recessive retinal degeneration in the
rd mouse (11,12) and the Irish Setter dog (13,14). It was, therefore,
selected for screening among a large number of unrelated patients
with arRP and a number of mutations were found (15–17). This
same gene was studied with approach number 4. above. In this case,
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a dinucleotide repeat marker that is in the gene was used as a marker
in a number of small arRP families. Many of the families could
be ruled out from further study because the marker did not segregate with disease in those families. Proband DNAs from the
remaining families were then screened for mutations and several
were found (18–20).
Inherent in all of the approaches is the selection of candidate
genes to study for particular diseases. For example, the gene encoding the rod-specific `-subunit of cGMP-phosphodiesterase was
selected for study in patients with retinitis pigmentosa, a rod-dominant disease. Likewise, the gene encoding retinal guanylate cyclase
(largely expressed in cones) was selected for study in a family with
cone-rod dystrophy linked to the chromosomal location of this gene.
The result was the discovery of a set of three mutations responsible
for disease (21).
The methods used to conduct these studies and others involved
exon screening for point mutations and small insertions and deletions and haplotype analysis. The following outline describes the
methods used in approaches 2., 3., and 4. mentioned earlier in this
introduction.
2. Materials

2.1. Isolation of DNA from Blood Leukocytes
1. Lysis buffer: 111.25 gm sucrose, 5 mL 1 M MgCl, 10 mL Triton X-100,
10 mL 1 M Tris-HCl pH 7.8, make to 500 mL with water. Store at 4°C.
2. Saline ethylenediamine tetraacetic acid (EDTA): 2.19 gm NaCl,
4.56 gm EDTA, make to 500 mL with water and autoclave.
3. Protease K solution: Use Sigma P-0390 protease K and make to
20 mg/mL in water.
4. 20% sodium dodecyl sulfate (SDS): Dissolve 400 gm sodium lauryl
sulfate in water and bring to 2 L. Mix with a mag stirrer overnight.
Filter sterilize.
5. Phenol: Equilibrate to pH 8.0.
6. P/C: 1 to 1 of equilibrated phenol and chloroform:isoamyl alcohol 24:1.
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7. 3 M NaAcetate: 123 gm of NaAC dissolved in 500 mL water.
Autoclave.

2.2. Single-Strand Conformation Polymorphism
Electrophoresis (SSCP) (22)
1. Primers may be purchased from a large number of suppliers. Typing
polymerase chain reaction “(PCR) primers” or “DNA primers” into
a web browser will produce many choices. The ingredients of the
PCR mixture are as follows for a 15-µL reaction: 20 ng of leukocyte
DNA in 15 µL of a buffer containing 20 mM Tris·HCl (pH 8.4 or
8.6), 1.5 mM MgCl2, 50 mM KCl, 0.02 mM dATP, 0.02 mM dTTP,
0.02 mM dGTP, 0.002 mM dCTP, 0.6 µCi [-32P]dCTP (3000 Ci/mmol),
5 pM of each primer, 0.1 mg/mL BSA, and 0.25 U of Taq polymerase.
2. Stop solution/running solution: 19 mL formamide, 152 mg EDTA,
10 mg bromphenol blue, 10 mg xylene cyanol FF, 1 mL nanopure
water. Add 500 µL 0.6 N NaOH to each mL of the above.
3. 7% nondenaturing acrylamide gel.
a. 30% acrylamide stock: Dissolve 1 g bis-acrylamide and 29 g acrylamide in 100 mL nanopure water. Filter solution through Whatman
paper and degas for 1/2–1 h. Store at 4°C.
b. 25 mL 30% acrylamide stock, 0 or 10 mL glycerol, 10 mL 10X TBE
buffer, make to 100 mL with nanopure water.
c. 10X TBE buffer: 216 g Tris-base, 110 g boric acid, 80 mL
0.5 M EDTA (pH 8.0).
d. Just before casting the gel, add 500 µL 10% ammonium persulfate to 100 mL 7% acrylamide, mix thoroughly and then add
90 µL TEMED.

2.3. Denaturing Gradient Gel Electrophoresis (DGGE) (23)
1. The ingredients of the PCR mix are as follows for a 100-µL reaction:
1 µg of leukocyte DNA in 50 µL of a buffer containing 20 mM TrisHCl (pH 8.4 or 8.6), 1.5 mM MgCl2, 50 mM KCl, 0.02 mM dATP,
0.02 mM dTTP, 0.02 mM dGTP, 0.002 mM dCTP, 0.6 µCi [-32P]dCTP
(3000 Ci/mmol), 20 pM of each primer, 0.1 mg/mL BSA, and 2.5 U Taq
polymerase.
2. 14% acrylamide denaturing gels.
a. Acrylamide stock solution: 100 gm acrylamide, 2.7 gm bisacrylamide, water to 250 mL. Do not autoclave.
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b. 20X gel running buffer: 190 gm Tris base, 110 gm NaAC·3H2O,
15 gm Na2EDTA, water to 2 L, adjust pH to 7.4 with acetic acid.
c. 10% denaturant stock solution/14% acrylamide: 88 mL of
acrylamide stock solution, 10 mL of deionized formamide,
10.625 gm urea (ultrapure), 12.5 mL 20X gel running buffer,
water to 250 mL.
d. 40% denaturant stock solution/14% acrylamide: 88 mL of
acrylamide stock solution, 40 mL of deionized formamide,
42.5 gm urea (ultrapure), 12.5 mL 20X gel running buffer,
water to 250 mL.
e. 50% denaturant stock solution/14% acrylamide: 88 mL of
acrylamide stock solution, 50 mL of deionized formamide,
53.125 gm urea (ultrapure), 12.5 mL 20X gel running buffer,
water to 250 mL.
f. 80% denaturant stock solution/14% acrylamide: 88 mL of acrylamide stock solution, 80 mL of deionized formamide, 85 gm urea
(ultrapure), 12.5 mL 20X gel running buffer, water to 250 mL.
g. Store all denaturant stock solutions at 4°C.
h. Polymerization catalysts: TEMED and 10% ammonium persulfate (store at 4°C).
3. Running dye: 2 gm sucrose, 100 mL Tris-HCl, pH 7.8, 20 mL 0.5 M EDTA,
pH 8.0, 10 mg dye (bromphenol blue), make to 10 mL with water.

2.4. Haplotype Analysis for Candidate Gene
1. Primers for simple sequence repeat markers may be purchased
as in Subheading 2.2. or from Research Genetics, Huntsville,
AL. The ingredients of the PCR mix are as in Subheading 2.2.
as well.
2. Stop solution/running solution: 19 mL formamide, 152 mg EDTA,
10 mg bromphenol blue, 10 mg xylene cyanol FF, 1 mL nanopure
water.
3. 7% denaturing acrylamide gel: 2.6 gm bis-acrylamide, 67.5 gm
acrylamide, 100 mL 10X TBE, 480 gm urea. Dissolve in 1 L of water
(takes several hours), sterilize by filtration and degas for 1 h. Store in
the cold.
4. To catalyze gel formation from the liquid add 500 µL of 10% ammonium persulfate and 90 µL of TEMED to 100 mL of gel solution just
before casting.
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5. See Subheading 2.2., step 3c for ingredients of 10X TBE.

3. Methods

3.1. Isolation of DNA from Blood Leukocytes (see Note 1)
1. To lyse red cells mix 5–10 mL blood with an equal volume of cold
lysis buffer. Leave on ice for 5' and agitate frequently.
2. Centrifuge to pellet the white blood cells at approx 800g (no more
than 1000g or the white cell membranes will be disrupted) for 10' at
top speed.
3. Pour off supernatant and freeze pellet at –20°C or continue.
4. Suspend freshly prepared or previously frozen white cell pellet in
2 mL saline/EDTA and add 40 µL of the protease K solution along
with 100 µL of the SDS solution. Incubate overnight at 37°C.
5. Add 50 µL more of the protease K solution the next morning and
continue to incubate at 37°C until the afternoon.
6. Add 4 mL of equilibrated phenol to each tube and shake until homogeneous. Centrifuge at approx 800g for 5 min and pipet off the upper
phase into a Phase-Lock tube (5'–3' prime).
7. Add 4 mL of P/C solution and shake until homogeneous.
8. Centrifuge at approx 800g for 5 min and pipet off the aqueous layer
above the gel plug of the Phase-Lock tube.
9. Add 100 mL of the NaAC solution and 2.5 vol of cold isopropyla
alcohol.
10. Gently invert the tube until the DNA forms at the interface of the
phases. It should appear as a white “thready” mass.
11. Wind out the DNA on a Pasteur pipet, rinse with 70% ethanol,
unwind the DNA into sterile water, and dissolve overnight in the
cold with gentle shaking. Store in the cold.

3.2. Single-Strand Conformation Polymorphism
Electrophoresis (SSCP) (see Note 2)
1. Design PCR primers from the sequences flanking each exon according to the following criteria.
a. Select primers that amplify from at least 20 bp in front of the
exon to 60 bp after the exon. This is to include the entire 14 bp acceptor splice sequence upstream of the exon, and the 14 bp donor
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splice site downstream of the exon plus possible branch point
sites at 30–50 bp downstream of the exon.
b. Select front and rear primers that have approximately the same
percentage of G/C bases. This is to ensure that both primers will
anneal equally well to the template at the annealing temperature
selected.
c. Primer lengths are generally 18–24 bp. Generally, the longer the
primer, the more specific.
d. Exclude from sequences selected for primers those that contain
more than three consecutive identical bases or any repeat sequences
in order to avoid nonspecific binding of the primers. For example,
(CA)6 within a 24 bp primer is dangerous because there are thousands of CA repeat sites in the human genome. On the other hand,
(CA)2 within a 24 bp primer would not be a problem because of
the specificity of the other 20 bp.
e. Select primers to amplify a fragment of approx 250 bp. Much
more than this decreases the sensitivity of the SSCP method for
detecting variants.
2. PCR amplification may be performed with many different protocols and
many different brands of taq polymerase. The following procedure may
be followed for any 15-µL PCR protocol or commercial taq enzyme.
a. Mix PCR reactants on ice using control DNA as template.
b. Overlay the PCR reaction mixture with oil.
c. Place PCR reaction tubes in the temperature cycler set to 94°C
and allow to remain at this temperature for 3–5 min.
d. Set temperature cycler for 30 cycles of (94°C for 30 s; annealing
temp for 30 s; 72° for 30 s) followed by 5 min at 72°C.
e. Set the annealing temperature according to the percent GC/total
bases in the primer. For approx 50% GC, use 55°C. For <50% GC,
lower the annealing temperature; for > 50% GC, raise it.
f. Electrophorese PCR product in a 3–4% agarose gel against a size
standard such as qX174 digested with HaeIII (Promega) and stain
with ethidium bromide.
g. If the PCR product gives extraneous bands use a higher annealing temperature; if there are no bands or a weak band lower the
annealing temperature.
h. The concentration of MgCl2 in the PCR reaction mixture may
also influence the reaction.
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i. Once a clean strong band of the correct size results from PCR, use
that protocol and MgCl2 concentration for that exon for all subject
DNAs tested (used as template) and use an a-dNT32P as label.
3. Once the PCR reaction has been completed, add 3 µL of PCR product to 9 µL of stop solution, boil for 1 min and put on ice until ready
to load gel.
4. Cast 7% acrylamide nondenaturing gels in 14" × 17" glass plates
with 0.3-mm spacers and place upright in the acrylamide gel apparatus (Stratagene, LaJolla, CA). Run two gels (at room temperature)
for each exon—one with 10% glycerol and the other with no glycerol. Run the 0% glycerol gel for approx 3 h at 40 W; the 10% glycerol gel for approx 16 h (overnight) at 18 W.
5. After electrophoresis: gently remove one glass plate from gel. Place
whatman filter paper on the exposed gel and remove from second
glass plate. Cover gel and dry in gel dryer (Bio-Rad). After drying
place gel still on Whatman paper into 14" × 17" light-tight metal
cassettes (Daigger Lab Supplies) and in the dark expose to X-ray
film (Kodak). Develop film after 1–10 d exposure depending on
strength of signal (see Note 3).

3.3. Denaturing Gradient Gel Electrophoresis (DGGE)
(see Note 4)
1. Design PCR Primers as in Subheading 3.2., step 1a–e with the following exceptions:
a. Include a large “GC clamp” (24) on the 5' end of the primer with
the most G’s and C’s. One example is GCC GCC CGC CCG CCC
GCC GCG CCG CCC GCC GCC CGC (18). This primer will
then be 18–24 bp plus the 36 bp GC clamp; the other primer
remains at 18–24 bp.
b. Select primers to amplify a fragment of approx 300 bp (the GC
clamp adds 36–40 bp). Much more than this decreases the sensitivity of the DGGE method for detecting variants.
2. Perform PCR amplification in 100-µL aliquots. See Subheading 3.2.,
step 2a–i.
3. Once the PCR reaction has been completed, add 50 µL of PCR
product to 5–10 µL of loading solution and put on ice until ready to
load gel.
4. Electrophorese two different gradient gels for each amplicon. Cast
1.5-mm thick, 14% acrylamide gels in 17.7 × 22 cm upright glass
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plates. One gel is made with a 10–50% denaturing gradient, the
other with a 40–80% gradient. The complete DGGE setup is
available from CBS Scientific, Solana Beacch, CA (DGGE-2000).
Make the gradients with a gradient maker (CBS Scientific) with
50-mL gels cast between the glass plates. Just after adding 22.5 µL
of TEMED and 125 µL of 10% ammonium persulfate to each
25-mL acrylamide aliquot make the gradient gels. For the 10–
50% gradient put 25 mL of acrylamide with 10% denaturant in one
well of the gradient maker and 25 mL of acrylamide with 50% denaturant in the other. Make the 40–80% gradient gel the same way,
only place 25 mL of acrylamide with 40% denaturant in one well
of the gradient maker and 25 mL of acrylamide with 80% denaturant in the other.
5. To run, immerse gel in a 60°C water bath and load with PCR product.
a. Run the 10–50% gel at 200 V for 4–5 h; the 40–80% gel at 90 V
overnight (approx 16 h).
b. After electrophoresis gently remove gel from the glass plates,
stain with ethidium bromide and photograph over a UV light box
(Daigger Lab Supplies).

3.4. Haplotype Analysis for Candidate Gene (see Note 5)
1. Primers that will amplify simple sequence repeat markers may be
purchased from Research Genetics, Huntsville, AL. The ideal characteristics of these primers are as follows:
a. They should be as close as possible (if not in) the candidate gene
to be studied;
b. They should be as highly polymorphic as possible, i.e., as high a
heterogeneity index as possible.
2. Information on primers can be found in a number of data bases,
including the Whitehead Institute database <http://www-genome.wi.
mit.edu/>; Genethon <http://www.genethon.fr/genethon_en. html>;
the Genome Database <http://www.hgmp.mrc.ac.uk/gdb/gdbtop.
html>; and GeneMap <http://www.ncbi.nlm.nih.gov/genemap/>.
3. Once the PCR reaction has been completed, add stop solution at half
the volume of the PCR reaction. Use SeqaMark (USB) as a size indicator when running the gels.
4. Cast 7% acrylamide denaturing gels in 14" × 17" glass plates with
0.3-mm spacers and place upright in the acrylamide gel apparatus
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(Stratagene). Run gels at 90 W for several hours. The temperature of
the glass plates should be 50–55°C. If plates get much hotter than
that, they may crack; the temperature can be kept down with a fan.
5. After electrophoresis: gently remove one glass plate from gel. Place
whatman filter paper on the exposed gel and remove from second
glass plate. Cover gel and dry in gel dryer (Bio-Rad). After drying,
place gel, still on Whatman paper, into 14" × 17" light-tight metal
cassettes (Daigger Lab Supplies) and in the dark, expose to X-ray
film (Kodak). Develop film after 1–10 d exposure depending on
strength of signal (see Notes 6 and 7).

4. Notes
1. Isolation of DNA from blood leukocytes: The quality and amount of
DNA isolated from blood leukocytes depends on how the blood is
handled before it is extracted. Extraction should be performed as
close to the time the blood is drawn as possible. Until that time the
leukocytes do well at room temperature. If the blood is heated
(e.g., during shipping in hot weather) or not extracted within 1 wk
of draw the quality and amount of DNA extracted goes down.
2. SSCP (22): In this procedure, double-stranded fragments of DNA
are first separated, and then the single strands are electrophoresed in
a nondenaturing acrylamide gel. If the fragments are small enough
(approx 250 bp), a single base change will cause one or both strands
to run differently in the gel compared to wild type. If the two alleles
are different (heterozygosity), the normal bands and variant
bands will both appear in the gel (if detected). If the two alleles are
the same (homozygosity), only the variant band(s) will appear (see
Fig. 1). SSCP detects 80–90% of all variants (25).
3. With a homozygous exon fragment, usually one strong band appears
on the film. However, there can be secondary, tertiary, or even more
bands that do not give as intense a signal as the primary band.
The important observation is that the pattern should be the same as
that of control DNAs. A heterozygous exon fragment will give an
additional band (if detected); a homozygous variant band should give
at least one unique band, and one of the normal bands should disappear. Secondary or tertiary bands are important because they may
reveal differences that are not seen in the primary bands.
4. DGGE (23): With a homozygous exon fragment one sharp band
appears in the gel. A homozygous single base variant should
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Fig. 1. SSCP gel showing segregation of variant band with disease.
In this consanguineous family, the affected sibling who has autosomal
recessive disease has inherited the same variant allele from each carrier
parent. The variant is detected in the fainter upper band. This figure was
originally published in Molecular Vision 2(10), 1996. <http://www.emory.
edu/molvis/v2/danciger>
give a band at a higher or lower position in the gel than the normals.
A heterozygous variant should give four bands: the normal, the variant, and the heterodimers. Often, the variant band will be seen in one
or the other of the denaturing gradient gels because it melts at a particular concentration of denaturant. Only when the melting point is
near to or in the 40–50% range where the gels overlap, will it be seen
in both gels. The important observation is to discern any pattern that
is different from the normal DNAs.
5. Haplotype analysis for Candidate Gene: This procedure is appropriate when one has a large number of small families with at least
two affected and the candidate gene to be screened has a large
number of exons.
6. Any family where the gene markers near or in the candidate gene
locus do not segregate with disease can be ruled out. Exon screening
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is done on the DNAs of the probands of those families that cannot be
ruled out by haplotype analysis. With a large number of exons in a
gene, one can cut down on the number of gels and PCR reactions
substantially by ruling out families. For genes with only three or four
exons it may not be worth the trouble to do haplotype analysis.
Of course, when only proband DNAs are available this procedure
cannot be used.
7. The most commonly used of the procedures described is SSCP. With
DGGE it takes three or four times as long to run the same number of
samples as it does with SSCP, and DGGE is more costly. On the
other hand, DGGE results are readable immediately after staining
the gel with ethidium bromide, whereas radioactivity-based SSCP
requires at least overnight exposure to X-ray film, if not more time.
No matter which procedure is used, some sequence variants will be
missed; perhaps 10–20% (25). For affected members of a family that
is linked to the locus of a candidate gene, the surest way to detect a
variant is by sequencing. However, sequencing is prohibitive when
screening a large number of unrelated individuals. In our lab, we
have compared DGGE with SSCP and found that approximately the
same number of variants are detected by one and missed by the other.
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1. Introduction
Molecular biology has significantly contributed to our understanding of inherited retinal disease, in particular to that of monogenic
disorders. The discovery of the responsible gene, the elucidation of
its function, and the increasing understanding of the pathogenesis
of inherited retinal disorders is both exciting and important. From
the clinician’s point of view, this new information is helpful in
diagnosis and prognosis, and may ultimately yield benefits in the
form of therapy. This chapter deals with the advances made in the
field of molecular biology as it pertains to inherited retinal disorders from the perspective of the clinician. Identification of specific
loci, genes, and causative mutations have led to reclassification and
reordering of the preexisting nosological classification. Progression
in the understanding of the function of the relevant protein, and
putative metabolic disturbance caused by the mutation at the cellular level, is continuing and therapies developed to address these
abnormalities are currently undergoing evaluation.
Molecular genetics has also had an impact on clinical management. The most common questions asked regarding inherited retinal dystrophies in a clinical setting are the diagnosis, visual
prognosis, whether there is a possibility that the disorder may be
From: Methods in Molecular Medicine, vol. 47: Vision Research Protocols
Edited by: P. E. Rakoczy © Humana Press Inc., Totowa, NJ
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transmitted to the next generation, and whether there is or will be a
“cure.” Molecular genetics contributes to answering these questions.
In families in which a mutation in a gene has been identified, the
diagnosis is secure, and by documenting the distribution of the
mutant gene within a family, genetic counselling can be given with
confidence; although identification of a mutation in gene in an individual can be associated with variable expression of the disease even
within the same family. The developments in tumor biology and the
therapeutics involved are not within the scope of this chapter, nor
are the developments in immunogenetics as applied to uveitis. It is
also beyond the scope of this chapter to review adequately complex
multifactorial disorders such as age-related macular degeneration.

1.1. Phenotype and Genotype Correlation
The outer retinal dystrophies comprise a large number of disorders characterized by progressive retinal degeneration. In the past,
careful description of the clinical phenotype supplemented by
functional evaluation by electrophysiology and psychophysics led
to clinical categorization of retinal dystrophies into retinitis
pigmentosa, macular, and rod/cone dystrophies. Further subdivision
was achieved on the basis of inheritance as autosomal dominant,
autosomal recessive, or X-linked. However, each of these categories contained many individual diseases.
Retinal degenerations have also been classified on the basis of
nonsyndromic and syndromic type. The syndromic type includes
disorders such as Usher syndrome in which congenital hearing
loss and retinitis pigmentosa are associated. Syndromic RP is usually associated with either autosomal recessive or mitochondrial
inheritance, but there are exceptions such as macular dystrophy and
spinocerebellar ataxia (1). Examples of digenic inheritance, other
than that described in peripherin/RDS and ROM1 (2), or proof that
the second allele is exerting either a protective or deleterious effect,
are yet to be described.
The first firm evidence of different pathogenetic mechanisms
became evident in the early 1980s. Autosomal dominant disease was
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divided into the “diffuse type” in which diffuse loss of scotopic
function occurred before photopic loss, and the “regional type” in
which patchy loss of both these systems occurred simultaneously
(3,4). Furthermore, it was concluded that in the latter, visual loss
was because of cell death or loss of the outer segment, whereas in
the former, this could not be the case.
Clinical classification has been revolutionized by the advent of
molecular genetics. In the last few years in particular, chromosomal
localization and identification of causative genes have led to the
conclusion that retinal dystrophies exhibit marked clinical and
genetic heterogeneity. Not unexpectedly, mutations in different
genes may give rise to distinct phenotypes, but different mutations
in the same gene also give rise to different disorders (5). Furthermore, within a family, the same mutation can give rise to a phenotype that may vary both quantitatively and qualitatively. By contrast,
mutations in different genes may give rise to phenotypes that currently appear to be indistinguishable one from another, so that
patients with a common phenotype cannot be assumed to be
homogeneous. These observations have an impact for clinicians and
patients, as an important part of clinical practice is to establish a
diagnosis.
A system that relates a genotype to the phenotype is clearly
important. It is hoped that with more sophisticated analysis of retinal structure and function that clinical features can be shown to
reflect the metabolic derangement consequent upon the mutation.
In recent years, careful genotype–phenotype correlations have been
undertaken, which, in some cases, have demonstrated that inter- and
intrafamilial variation exists. An example of this is the peripherin/RDS
mutation in codon 153 or 154 of the peripherin/RDS gene giving
rise to marked phenotypic variation with retinitis pigmentosa,
pattern dystrophy, and fundus flavimaculatus in one family (5). In contrast to this, the phenotype recorded in the codon 172-peripherin/RDS
macular dystrophy is fairly consistent (6,7).
Explanations include epigenetic phenomenon, the possibility of a
“protective” allele, digenic disease, or stochastic or environmental
influences. Mutations in the rhodopsin gene that give rise to auto-
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somal dominant RP appear to have a more consistent phenotype,
even though familial variability in phenotype has been described;
the P23H mutation is a good example of this kind of phenotype (8).
Information from genotype–phenotype correlation studies is
becoming increasingly available as loci and genes are identified.
In some cases, distinctive phenotypes associated with specific
mutations, are emerging. Genes described in association with cone
(COD) and cone–rod (CORD) dystrophies are good examples of
this, and are discussed below. Although these genotype–phenotype
studies have shown us that there is variability as aforementioned,
further studies are warranted as identification of the secondary
factors that are modulating this clinical expression can then be
attempted.

1.2. Laboratory-Based Techniques
and In Vivo Studies of the Retina
The identification of new genes has led to an increase in knowledge regarding these genes. The site of expression, and resultant
abnormalities in structures affected by mutant genes are being
investigated using techniques including in situ hybridization and
immunohistochemistry. These different techniques all contribute to
the understanding of retinal disease and help identify the intended
site of action for proposed therapeutic measures as well as direct
research towards appropriate therapies; this will also allow evaluation of the results of these therapies.
Various investigative approaches allow documentation of the
function of the normal and the mutated gene, either by using
mutagenesis in cell systems, or by creating transgenic or knockout
animal models. These techniques have been widely used in the
examination of retinal degeneration. As mutations in genes are identified their effect can be examined both in vitro and in vivo.
Transgenic models of rhodopsin and peripherin/RDS mutations have
enabled functional evaluation with sequential histopathology. Specific effects on cells and their connections can be addressed.
Transgenic or knockout animal models provide the advantage that
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Fig. 1. Figure 1A shows the reflectance imaging of the left macula of
an 18-yr-old presymptomatic individual with a codon 172 peripherin/RDS
mutation and Fig. 1B demonstrates increased levels of autofluorescence
in the same subject.
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the effects of the mutated gene are observed in vivo, which may be
significantly different from that observed in vitro (9,10). In addition, effects of therapies under evaluation can also be examined in
these models. In parallel with these techniques, information is
gleaned from clinical examination of the retina and associated structures with electrophysiology, psychophysics, and scanning laser
ophthalmoscopic imaging, so that in vivo effects of the mutation in
humans can be assessed (see Fig. 1).

1.3. Prospect of Treatment
The first apparently successful gene therapy was initiated in 1990
for the rare recessively inherited disorder adenosine deaminase
(ADA) deficiency (a severe combined immunodeficiency) (11). The
ADA gene is small and the target cells are T cells that are easy to
access and culture such that ex vivo gene therapy was possible. The
effect of the gene transfer was demonstrated to persist for several
weeks. The difficulty in treating retinal disease is that the retina is a
brain derivative, is delicate, and fairly inaccessible. In addition, for
any tissue the introduction of a foreign product may be accompanied by toxic reaction, may evoke an immunogenic response, or
may even introduce a new problem associated with the vector itself.
In particular, the use of virus vectors is being evaluated carefully (12).
Each viral vector has its advantages and disadvantages and some
may be better suited to the retina than others. Other vectors that are
currently undergoing evaluation include liposomes. These are currently associated with rather a low efficiency of transfer, but may be
suitable for use as part of an in vivo strategy and their nonviral origin may prove an advantage.
The various methods described in the previous chapters include
delivery of different recombinant viruses to the eye, antisense DNA
technology, and inhibition of gene expression by ribozymes.
At first glance the difficulties to be overcome seem daunting.
Successful in vivo gene transfer to ocular tissue was first reported
in 1994 (13). The theory is that a piece of DNA coding for the
desired protein is transferred into the target cell. The cell then tran-
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scribes the gene, and translates the resulting mRNA into the desired
protein. In order to function normally, the gene must have its
upstream region including its promotor region, where transcription
factors can bind to in order to initiate and regulate transcription.
Other more subtle factors, which as yet may be unknown regarding
temporal regulation of gene expression, and cis and trans acting
factors concerning the regulation of the gene, may influence the successful outcome. Research into the use of these therapies using animal models has been in progress throughout the 1990s. Successful
gene therapy applicable to human retinal disease will be dependent
on a reliable method to deliver a gene to the target, adequate expression of the gene, and subsequent regulation of its expression. In
addition, it will be necessary to demonstrate low toxicity and longterm efficacy, safety, stability, and target specificity. The vector that
is used to transfer the gene to the target site must not cause disease,
inflammatory reactions, immunogenic reactions, or spread to other
people. Retinal tissues are not easily accessible thus rendering
in vivo therapy more appropriate than ex vivo gene therapy. It is
clear that one particular technique may not be appropriate for all
disorders, and that the nature of the disorder may well dictate the
specific therapeutic agent. For example, in a recessive disorder such
as gyrate atrophy there is a lack of ornithine transferase so a gene
augmentation approach is desirable; similarly in choroideremia
where the protein is missing, corrective gene addition seems a logical approach. Generally, the type of inheritance pattern will influence the strategy in gene therapy. Some generalizations are helpful
in considering the suitability of various disorders for gene therapy.
In recessive disorders there is usually little or no gene product as
both alleles are affected so that it would be expected that if any level
of expression can be achieved, that this should confer some benefit.
This concept is not the same for dominant disorders as most are
heterozygous and therefore 50% of the normal product is produced
as well as the abnormal gene product (unless there is a null mutation). Therefore, although gene augmentation would be predicted to
be helpful in recessive disorders, but the reverse is likely in dominant conditions. Therefore, in disorders where there is a gain of
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function, or a toxic product, adding a normal gene would be inappropriate. Either specific blocking of the mutant gene or repair or
removal of the offending gene would be necessary.
The opposite of the gene augmentation approach is corrective
treatment; for example, the introduction of antisense oligonucleotides to prevent overexpression. Specific genes that are overexpressing and producing deleterious products are targeted for inhibition.
Antisense oligonucleotides can be introduced into the cell to bind
the mRNA and prevent translation of the protein. The particular
potential of this technique is to target conditions where excessive
cell proliferation is occurring. Retinal disorders that involve angiogenesis such as retinal vein occlusions, sickle-cell disease, and diabetes may be very suited to this form of therapy. Ribozyme therapy,
whereby specific gene expression can be blocked, may be more suitable for the treatment of autosomal dominant retinal disorders.
Ribozymes have been shown to discriminate and catalyze in vitro
the destruction of P23H mutant mRNAs from a transgenic rat model
of ADRP (14). This approach has also been achieved in vivo using
a recombinant adeno-associated virus (rAAV) incorporating a rod
opsin promoter. Ribozyme-directed cleavage of mutant mRNAs
may be an effective therapy for ADRP and may be applicable to
other inherited diseases (15). An alternative to a viral vector is
lipsomal delivery that is undergoing evaluation.
Current drawbacks with all of the therapies are the difficulties in
obtaining adequate transfer, problems with toxicity, and to establish
continued expression. The issue regarding viral vectors and their
potential for harm is also a consideration. In addition, it has been
shown that the immune privilege observed in the eye is not indefinite and absolute (16).
The response to foreign antigens delivered to some tissues is distinctly different depending on the mode of delivery and to which
tissue. Experiments involving transplantation of allogenic neonatal
retina tissue into the subretinal space demonstrated prolonged survival, but the tissue was eventually rejected. However, the rejection
was atypical and no significant cell infiltrate and little or no injury
to uninvolved ocular structures was observed (16).
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1.4. Alternative Approaches
In some disorders, in both man and animals, there is increasing
evidence that the metabolic defect consequent upon the mutation
causes cell death through apoptosis. This would account for cone
loss in patients with RP because of rhodopsin mutations (17).
Apoptosis, or programmed cell death, is a genetically encoded
potential of all cells, and is an essential part of embryonic development,
cell turnover and of removal of cells infected by virus or harbouring
mutations (18). Morphologically, it is characterized by disintegration
of the nucleolus and generalized condensation of the chromatin.
In contrast to necrosis, the process affects isolated cells with healthy
neighboring cells and in the absence of acute inflammation.
The observation that apoptosis may be manipulated by growth
factors suggested an alternative therapeutic approach. The first
indication that this may be viable was the demonstration that injection of basic fibroblast growth factor (bFGF) into the eye resulted in
long-term survival of photoreceptors in the RCS rat (19). A potential disadvantage of bFGF is its lack of specificity since it influences many cell types. For instance in the rabbit, it can cause
cataract and proliferative vitreoretinopathy (20). Neurotrophins,
including brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF) and neurotrophin 4/5 (NT4/5) appear to be more
attractive since they have a relatively specific influence on neural
tissue (21). They are present in the CNS, and play important roles in
neural development, differentiation and survival (21). Another
important neurotrophic factor is the ciliary neurotrophic factor
(CNTF) that is closely related to the interleukin 6 (IL-6) (22). There
is an increasing body of experimental work that illustrates the
potential value of this approach. Intravitreal injections of either
BDNF, CNTF, or bFGF transiently protect the retina from pressureinduced ischaemic injury (23). Both BDNF and CNTF protect the
retina from light damage in albino rats and mice (24,25). CNTF
delays photoreceptor degeneration in rd (retinal degeneration) mice
(25), transgenic rhodopsin Q344ter mutant mice (25), and Rdy (retinal dystrophy) cats (26).
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This form of treatment of retinal degeneration has the advantage
that it may be effective in disease without having to know the causative mutation. Currently, the effect of the neurotrophic factors is
relatively short lived, lasting only about a month in animals (24–26);
although the effect may be much longer in humans. Repeated
monthly intravitreal injections would present ergonomic difficulties, and would be associated with risks such as retinal detachment
and endophthalmitis. Biological and biochemical slow-delivery systems are being developed that may overcome these problems (27,28).
The possible role of cell transplantation has also been investigated. Early work did not appear to show promise, but recently it
has been shown that the cells may survive and there appears to be
integration with the host retina (29). If successful, it is the only current approach that would potentially restore vision.
2. Methods—Disorders
The tissue in which the gene is expressed is not necessarily the cell
system in which clinically evident dysfunction occurs. For the purposes of this chapter, the disorders are considered according to the
main structure affected by the disorder. In those cases in which more
than one structure is involved, it is the site of proposed primary damage that will be used. The retinal degenerations will be considered
under the following groups: those primarily affecting photoreceptors;
the retinal pigment epithelium, Bruch’s membrane, and the choriocapillaris. Some disorders have been better characterized than others
and are used as illustrative examples. Not all inherited retinal degenerations are reviewed, but appended to the end of the chapter is a list
of all the inherited disorders with known loci and genes to date.
Further information and references regarding these genes and loci
can be obtained from the Retinal Information Network (30).

2.1. Photoreceptor Dystrophies
2.1.1. Retinitis Pigmentosa
Donders described the fundus findings of this condition and first
used the term retinitis pigmentosa (RP) in 1855 (31). Through the
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Fig. 2. The figure shows the typical features of intraretinal bone spicule pigmentation.

years, many terms have been used to describe RP including tapetoretinal degeneration, primary pigmentary retinal degeneration,
pigmentary retinopathy, and rod–cone dystrophy. RP is a essentially
a group of heterogeneous progressive retinal degenerations with a
common set of clinical characteristics comprising night blindness,
constricted visual fields, pigment deposition in the outer retina, and
a diminished or absent electroretinogram (ERG) (see Fig. 2).
RP affects approx 1 in 4000 of the general population and occurs
as autosomal dominant, recessive, X-linked or simplex forms
(32,33). In addition, digenic inheritance has been reported (2).
Mitochondrial disorders have also been described with progressive
retinal degeneration; for example, Kearns–Sayre syndrome.
3. Autosomal-Dominant RP (adRP)
The reported relative incidence of adRP ranges from 10 to 25%.
The adRP group is reported on average to be milder and have a later
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Table 1
Appendix of All Known Loci of Retinal Disorders to Date (May 1999) (30)
Location

Disease

262

Recessive Leber congenital amaurosis; recessive RP

1p21–p13

Recessive Stargardt disease, juvenile and late onset;
recessive MD; recessive RP; recessive fundus
flavimaculatus; recessive combined RP
and cone–rod dystrophy
Dominant RP
Dominant MD, age-related
Recessive ataxia, posterior column with RP
Recessive RP with paraarteriolar preservation
of the RPE (PPRPE)
Recessive Usher syndrome, type 2a

1q13–q23
1q25–q31
1q31–q32
1q31–q32.1
1q41
2p16

2p14–p13
2p11–p16
2q11

Dominant radial, macular drusen;
dominant Doyne honeycomb retinal degeneration
(Malattia leventinese)
Recessive Alström syndrome
Recessive RP
Recessive achromatopsia;

2q31–q33

Recessive RP

Retinal pigment epithelium-specific
65 kD protein (RPE65)
ATP-binding cassette transporter—
retina (ABC-R)

Novel protein with similarity to laminins
and cell adhesion molecules
Gene reported at ARVO 1999
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1p31

Protein

Cone photoreceptor cGMP-gated cation
channel, alpha subunit

263

6q
6cen–q15
6q11–q15

Dominant cone–rod dystrophy
Recessive RP
Dominant MD, Stargardt-like

3p13–p12
3q21–q24
3q21–q25
3q28–q29
4p16.3
4p16.1
4p14–q13
4q22–q24
5q13–q14
5q31.2–q34
6p21.3
6p21.2–cen

Arrestin (s-antigen)
Rod transducin alpha subunit
SCA7 protein

Rhodopsin

Rod cGMP phosphodiesterase beta subunit
Wolframin
Rod cGMP-gated channel alpha subunit
Microsomal triglyceride transfer protein

cGMP phosphodiesterase alpha subunit
Tubby-like protein 1
Peripherin/RDS
Guanylate cyclase activating protein 1A
(GCAP-1)

263

6p21.1

Recessive Bardet–Biedl syndrome
Recessive Oguchi disease; recessive RP;
Dominant CSNB, Nougaret type;
Dominant spinocerebellar ataxia w/ MD
or retinal degeneration;
Recessive Bardet–Biedl syndrome
Dominant RP; dominant CSNB; recessive RP
Recessive Usher syndrome, type 3
Dominant optic atrophy, Kjer type
Recessive RP; dominant CSNB;
Recessive Wolfram syndrome;
Recessive RP
Recessive abetalipoproteinemia
Dominant Wagner disease
and erosive vitreoretinopathy
Recessive RP
Recessive RP;
Dominant RP; dominant MD; digenic RP with ROM1;
dominant adult vitelliform MD
Dominant cone dystrophy:
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2q31
2q37.1
3p21
3p21.1–p12

(continued)
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Table 1
(continued)
Location
6q14–q16.2

264

10q24
10q24.3–q25.1
10q26

Dominant MD, North Carolina type;
dominant progressive bifocal chorioretinal atrophy
Dominant retinal–cone dystrophy 1
Dominant MD, cystoid
Dominant RP
Recessive Refsum disease, infantile
Dominant RP
Dominant tritanopia
Dominant RP
Recessive RP and/or recessive or dominant ataxia
Dominant MD, atypical vitelliform
Dominant RP with sensorineural deafness
Recessive Usher syndrome, type 1f
Recessive Refsum disease
Recessive Usher syndrome, type 1d
Recessive nonsyndromal congenital retinal
nonattachment
Recessive RPE degeneration
Dominant renal–coloboma syndrome
Recessive gyrate atrophy

Protein

Peroxisome biogenesis factor 1
Blue cone opsin

Phytanoyl-CoA hydroxylase

Retinol-binding protein 4
Paired homeotic gene 2
Ornithine aminotransferase
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6q25–q26
7p21–p15
7p13–p15
7q21–q22
7q31.3
7q31.3–32
8q11–q13
8q13.1–q13.3
not 8q24
9q34–qter
10
10p
10q
10q21

Disease

11p15.1
11p12–q13
11q13
11q13
11q13–q23
11q13
11q13.5

265

13q14.1–q14.2
13q34
13q34
14
14
14q11.2
14q24
14q32
15q22.3–q23
15q24

Dominant atrophia areata; dominant chorioretinal
degeneration. helicoid
Recessive Usher syndrome, Acadian
Dominant MD, Best type
Recessive Bardet–Biedl syndrome
Dominant RP; digenic RP with RDS

Retinal outer segment membrane protein 1
(ROM-1)

Myosin VIIA

Retinoblastoma protein 1

Rhodopsin kinase

Neural retina lucine zipper

265

Dominant familial exudative vitreoretinopathy
Dominant neovascular inflammatory vitreoretinopathy
Recessive Usher syndrome,
type 1; recessive congenital deafness without RP;
recessive atypical Usher syndrome (USH3-like)
Dominant germline or somatic retinoblastoma;
benign retinoma; pinealoma; osteogenic sarcoma
Dominant MD, Stargardt type
Recessive CSNB, Oguchi type
Recessive RP (possibly)
Recessive rod monochromacy or achromatopsia
Dominant RP
Recessive Leber congenital amaurosis
Recessive Usher syndrome, French
Recessive Bardet–Biedl syndrome
Recessive retardation, spasticity
and retinal degeneration

Bestrophin
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(continued)
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Table 1
(continued)
Location
15q26
16p12.1
16p12.1–p12.3
16q21
17p
17p13

266

18q21.1–q21.3
19q13.2–q13.3
19q13.3

Recessive RP; recessive Bothnia dystrophy;
recessive retinitis punctata albescens
Recessive Batten disease
(ceroid-lipofuscinosis, neuronal 3), juvenile
Recessive RP
Recessive Bardet–Biedl syndrome, type 2
Dominant central areolar choroidal dystrophy
Recessive Leber congenital amaurosis;
dominant cone–rod dystrophy
Dominant cone dystrophy, progressive
Dominant RP
Cone–rod dystrophy
Dominant RP
Mouse recessive retinal degeneration;
protein: cGMP phosphodiesterase gamma subunit
Cone–rod dystrophy; de Grouchy syndrome
Recessive optic atrophy with ataxia
and 3-methylglutaconic aciduria
Dominant cone–rod dystrophy; recessive, dominant
and “de novo” Leber congenital amaurosis;
dominant RP
transcription factor (CRX)

Protein
Cellular retinaldehyde-binding protein
Batten disease protein

Retinal-specific guanylate cyclase (Ret-GC)
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17p13–p12
17p13.3
17q
17q22
17q25

Disease

Cone–rod otx-like photoreceptor homeobox

Xp22.3–p22.1
Xp22.13–p22.11
Xp21–q21
Xp21.3–p21.2
Xp21.2
Xp21.1

Retinoschisis
X-linked RP, dominant
RP with mental retardation
X-linked RP
Oregon eye disease (probable cause);
X-linked RP; X-linked CSNB (possibly);

Xp11.4
Xp11.4–p11.3
Xp11.4–p11.3
Xp11.4–p11.3
Xp11.4–p11.2
Xp11.4–q21
Xp11.3

X-linked cone dystrophy, 1
X-linked CSNB
Norrie Disease; familial exudative vitreoretinopathy
X-linked CSNB
X-linked optic atrophy
Åland island eye disease
X-linked RP

Xp11.3–p11.23
Xp11.23

Retinal dysplasia, primary
X-linked CSNB, incomplete

Xq13.3

RP with myopathy

Phospholipase-C-beta-4

Tissue inhibitor of metalloproteinases-3
(TIMP-3)
X-linked retinoschisis 1 protein

Dystrophin
Retinitis pigmentosa GTPase regulator
(RPGR)

Norrie disease protein

Novel protein with similarity
to human cofactor C
L-type voltage-gated calcium channel,
alpha-1 subunit
Phosphoglycerate kinase
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Dominant RP
Dominant Alagille syndrome;
Recessive Usher syndrome, type 1
Dominant Sorsby's fundus dystrophy
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19q13.4
20p12–p11.23
21q21
22q12.1–q13.2

(continued)
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Table 1
(continued)
Location

Disease

Protein

Xq21.1–q21.3

Choroideremia

Xq26–q27
Xq27
Xq28

X-linked RP
X-linked progressive cone dystrophy, 2
Protanopia and rare dystrophy
Red cone opsin
in blue cone monochromacy
Deuteranopia and rare retinal dystrophy in blue cone Green cone opsin
monochromacy

Xq28

Geranylgeranyl transferase Rab escort
protein 1 (REP-1)
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onset than other inherited groups. However, it is becoming clearer
that the severity of disease depends on the gene, and the position
and character of the mutation in the gene.
Because the first description of a P23H rhodopsin mutation by
Dryja et al. in 1991 (34), over 70 different mutations in rhodopsin
have been linked to autosomal dominant and recessive RP and congenital stationary night blindness. Mutations in rhodopsin account
for over 25% of adRP in large families (17,35,36). If smaller families are analyzed, the figure falls to 10%. To date, nine mapped loci
and three genes have been associated with adRP. The three genes
are rhodopsin (34), peripherin/RDS (37), and the neural retina leucine (NRL) gene (38).
The great majority of mutations in rhodopsin are short-length
mutations affecting less than 20 basepairs. Of these, 90% are base
substitutions and there are a few nonsense mutations; otherwise, all
are missense mutations. The remaining 10% are deletions or insertions. Two families have been described with autosomal recessive
inheritance. Polymorphisms have been found in the noncoding
region of the gene and several sequence variants have been found in
the rhodopsin gene in the homozygous state not giving rise to
disease (17).
In vitro functional assays of rhodopsin mutations performed by
Sung et al. showed that rhodopsin mutations tended to fall into two
types as set out here. Class I mutations resemble wild-type opsin
in their site of expression and ability to bind in vitro to 11-cis-retinal; these mutations are usually clustered at the carboxyl end. In
contrast, class II are associated with opsin accumulation in the rough
endoplasmic reticulum and there is no evidence of a photolabile
pigment (39,40). As 80% of rod outer segment protein is rhodopsin
(41), it has been suggested that large quantities of structurally altered
mutant protein may lead to photoreceptor degeneration (42). This
hypothesis is supported by examining recessive RP with a null
mutation in rhodopsin (43). In this case, the photoreceptor remains
relatively healthy with only 50% of normal rhodopsin present in the
heterozygous carriers of the null mutation. It would appear that
absence of the mutant product in the presence of 50% of the normal
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protein appears to be well tolerated. It can be postulated that for the
heterozygous state, it may be the presence of the mutant protein that
is causing disease.
It is clear from studies of the rhodopsin molecule that certain
domains are more critical than others. Lys296Glu is an example of
this, as it is located at the 11-cis-retinal binding site, and gives rise
to severe disease (44). With more information regarding the biochemistry and structure of the gene product, it should be possible to
predict whether a certain mutation will exert a specific effect
because of its character or position. However, this is not always the
case, the investigation of the effect of the codon 296 mutation is a
good example. The effect of mutant protein in vivo appears to be
different from that of in vitro studies. In vitro findings suggested a
constitutive activation of transducin by these alleles (45), but no
evidence for such a mechanism was found by in vivo studies and
Lys296Glu opsin was phosphorylated and bound to arrestin normally in transgenic animals (46).
Li et al. examined the retina in adRP associated with a threonine17-methionine rhodopsin mutation using histopathology and immunocytochemistry. This is a mutation that gives rise to inferior retinal
involvement. By using immunocytochemistry with rod-specific
markers, they found that rods were qualitatively normal in the superior mid- to far-peripheral retina. Electron microscopic immunogold
labeling with antirhodopsin revealed similar densities of gold particles over rod outer segments of the RP and a normal donor retina.
Degenerate photoreceptors in the superior equatorial region of the
RP retina had short outer segments, and some rods had surface
labeling with antirhodopsin of the inner segments, somata, and synapses. The results indicate regional retinal differences of disease
severity in this genotype, and show that rods in the superior peripheral retina have normal morphology despite the presence of the
mutant allele (47).
Generation of transgenic animals with rhodopsin mutations has
helped in elucidating the basis of the retinal degeneration seen in
these mutations (48,49). Li et al. investigated the rhodopsin
transgenic pig retina with the P347S mutation and found that this
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model shared many cytologic features with human retinas with
retinitis pigmentosa (48). Altered cAMP levels in retinas were found
in these transgenic mice expressing P347S mutant rhodopsin suggesting that mutants of rhodopsin are mistargeted to the rod inner
segment, raising the possibility that rhodopsin triggers apoptosis
through activation of signaling pathways not normally under its control (48). Such models provide an opportunity to examine the earliest stages in photoreceptor degeneration, about which little is known
in humans.
Models of retinitis pigmentosa using rhodopsin transgenic animals to assess the effect of gene therapy are now being used and
have the advantage that they reproduce the degenerative disease,
but the course is over several weeks to months, making it easier to
observe beneficial effects, if produced.
Mutations in peripherin/RDS have been associated with a wide
range of phenotypes including adRP, pattern dystrophy (a disorder
characteristically affecting the retinal pigment epithelium), CORD,
COD, and fundus flavimaculatus (37,50–55). To date, more than
30 different mutations have been described (55). Several genotype–
phenotype correlation studies have been carried out showing that
this gene can be associated with a high degree of phenotypic variability even within the same family (5). In contrast, the codon
172 mutation appears to have a more consistent phenotype (6,7).
Peripherin/RDS is a structural protein in the disc rim of the outer
segment disks. It was first identified in bovine disk membranes
using monoclonal antibodies (56), and was subsequently cloned
(57). Its importance in outer segment morphology was confirmed
by cellular and molecular analysis of the retinal degeneration slow
mouse (rds). Jansen and Sanyal showed that mice homozygous for
the rds mutation failed to develop outer segments and the photoreceptors underwent slow degeneration. In the heterozygous state,
the outer segments are short and highly disorganized (58). Travis et al.
used subtractive hybridization techniques to identify a mutation in a
photoreceptor specific gene (59).
The mechanism by which mutations in peripherin/RDS cause specific phenotypes has been examined by using a heterologous cell
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expression system (55). Molday et al. findings suggest that the large
intradiscal loop is important in subunit to subunit interactions. They
investigated the R172W peripherin/RDS mutation that, in general,
does not exhibit rod involvement. They found that the mutant protein folds normally and assembles with ROM-1. By contrast, mutant
proteins causing retinitis pigmentosa do not form dimers with ROM-1.
Digenic ROM-1/peripherin/rds disease was also analyzed. Using a
ROM-1 knockout mouse and rds mouse they undertook comparative analysis and concluded that peripherin/RDS is the dominant
subunit required for disk morphogenesis and that ROM-1 had a more
minor role (55).
Recently, mutations in NRL zipper protein have been identified
as causing RP. NRL is a retinal transcription factor that interacts
with CRX and promotes transcription of rhodopsin and other retinal
genes. It is a gene that codes for a basic motif leucine zipper, bZIP,
that is highly and specifically expressed in adult retina. Cell-culture
studies were performed to compare levels of transcription of
rhodopsin in the mutant and wild state, and it was shown that
rhodopsin is overexpressed with low levels of NRL in cell systems (38).
Although there are now three known genes associated with adRP,
there are a number of genes yet to be identified. In adRP, associated
with chromosomes 19q and 7p, the genes are not yet known. In these
two conditions, there is markedly variable expressivity with incomplete expression in some generations. Molecular genetics can be
helpful here with haplotype analysis that can be performed to assist
the clinician in genetic counselling (60,61). These two types of adRP
are of interest because of the significant variation in expressivity.
Further investigation may lead to an explanation for this phenomenon.
4. Autosomal Recessive (arRP)
This is the most common mode of inheritance. The incidence is
particularly high in isolated communities and where consanguinity
is common. The majority of “simplex” and “multiplex” cases are
assumed to be autosomal recessive RP. There is large variation of
severity and age of onset, although in autosomal recessive RP vision

Ophthalmologists’ Perspective

273

tends to cause early onset disease progressing to severe visual handicap by the fourth decade. However, mild autosomal recessive disease exists. A number of genes have been found associated with
arRP. They include RPE65 (62) rod cGMP phosphodiesterase beta
subunit (63), rod cGMP-gated channel alpha subunit (64), cGMP
phosphodiesterase alpha subunit (65), and tubby-like protein 1 (66).
No good phenotypic characterization is available as yet.
5. Leber Congenital Amaurosis (LCA)
Early onset severe retinal degenerations are known as LCA and are
classically inherited as autosomal recessive disorders. Nonallelic heterogeneity has been proved in LCA with mutations in the RETGC (67),
RPE 65 (68), and CRX genes (69). Most of the LCA patients with
RETGC and RPE 65 mutations are homozygotes or compound heterozygotes. De novo mutations have been reported in RPE 65 and CRX
that may indicate dominant disease (70,71). Little is known of the
disease mechanisms, except for RPE 65, which appears to important
in generating 11-cis retinal to make it available within the RPE (72).
6. X-Linked Recessive (xlRP)
The reported relative incidence of X-linked RP of all types of
RP ranges from 8 to 20%. As a group, it is consistently severe, of
early onset, and associated with myopia. The retinitis pigmentosa
GTPase regulator (RPGR) (RP3) (73) and human cofactor C (RP2)
(74) are mutated in xlRP. The functions of these genes are not
fully understood.
7. Digenic RP
A combination of mutations at the peripherin/RDS and ROM-1
loci has been shown to produce an RP phenotype (2).

7.1. Cone and Cone–Rod Dystrophies
Cone dystrophies are characterized by progressive dysfunction
of the photopic system with preservation of scotopic function; most
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cone dystrophies present themselves in childhood or early adulthood. In late disease, rod photoreceptor involvement can be demonstrated in a proportion of cases (75). For this reason, cone and
cone–rod dystrophies are often considered together.
Common symptoms in cone dystrophy include photophobia, loss
of visual acuity, color vision, and central visual fields. Electrodiagnostic tests are used to distinguish cone, cone–rod, and macular
dystrophies. Simplex cases are most commonly reported followed
by autosomal dominant inheritance, and autosomal recessive;
X-linked forms are also described. Genetic studies, to date, have
shown that autosomal dominant cone and cone–rod dystrophies are
genetically heterogeneous with 13 different genomic regions so far
reported. Four genes have been described in cone and cone–rod dystrophies and include peripherin/RDS (52,53) GUCA1A associated
with autosomal dominant cone dystrophy (76), GUCY2D associated with cone–rod dystrophy (77), and CRX associated with autosomal dominant cone-rod dystrophy (69).
Recent cell-culture mutagenesis systems have demonstrated in the
case of the mutation in GUCA1A gene that the mutant Y99C
guanylate cyclase activating protein 1 (GCAP-1) becomes unresponsive to increasing levels of calcium that would normally inhibit it.
Dizhoor et al. produced recombinant Y99C GCAP-1 mutant and
tested its ability to activate retGC in vitro at various concentrations of
calcium (78). The mutant did not decrease the ability of GCAP-1 to
activate retGC; in fact, the RetGC stimulated by the mutant remained
active even when calcium levels dropped to a level which would normally render the GCAP-1 inactive. Thus, retGC becomes constitutively active. This would presumably result in inappropriately high
levels of cyclic GMP. Evidence exists that continuously high levels
of cGMP can cause photoreceptor cell death (79). In addition, immunohistochemical staining for GCAP-1 in cones in human retinas demonstrated intense staining of both the outer and inner segment through
cell body, axon to pedicle. Weaker immunoreactivity was observed
in the rod inner segments, and the rod outer segments were very minimally immunostained (80). Therefore, it is predictable that the disorder would affect cone more than rod photoreceptors.
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Mutations in RETGC-1 (GUCY2D) are associated with autosomal
dominant cone–rod dystrophy in the heterozygous state (77). Work
is currently under way to examine the function of the mutant protein
in the heterozygous state. This will be interesting particularly in
view of the intimate relationship between GCAP and RETGC in the
phototransduction cascade.
CRX is a photoreceptor specific transcription factor that is associated with regulatory control of rhodopsin and the expression of
other photoreceptor-specific genes during embryonic development
and during adult life. Mutations in the gene CRX cone-rod homeobox gene located on chromosome 19q13.3 are associated with autosomal dominant cone–rod dystrophy, recessive, dominant and de novo
Leber congenital amaurosis (71). Expression studies have identified that CRX is highly expressed in developing and adult mice retinas and binds to sites in the rhodopsin, interphotoreceptor retinoid
binding protein, `-phosphodiesterase, and arrestin promotors (69).
That this gene is important in both early and adult gene regulation is
supported by the early onset Leber congenital amaurosis (LCA) and
CORD seen in patients with mutations in this gene. Further biochemical in vitro and genetically engineered animal studies will help
elucidate the mechanism of disease.

7.2. Congenital Stationary Night Blindness (CSNB)
CSNB is a heterogeneous group of disorders characterized by
poor night vision that is life-long and described as nonprogressive.
Dark adaptation may be absent or markedly prolonged. X-linked
inheritance is the most common pattern in CSNB. Autosomal recessive and dominant forms are also seen. Oguchi disease and fundus
albipunctatus are distinct forms of CSNB.
CSNB is usually classified into two distinct groups according to
the electrophysiological findings. In type I, there is no rod a-wave
suggesting a defect inherent in the rods themselves. A missense
mutation in the gene of alpha-subunit of rod transducin is one of
the genes responsible for the autosomal dominant form of type I
CSNB (81). Rod cGMP phosphodiesterase beta is also a disease
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causing gene in the heterozygous or homozygous state. It is associated with recessive RP and dominant CSNB (82,83). The gene has
been cloned and the same gene is responsible for the rd-mouse and
the Irish red setter dog retinal degeneration (84). Rhodopsin mutations give rise to dominant CSNB, as well as dominant and recessive RP (45,85). There is evidence that these mutations cause
rhodopsin to be constitutively active such that the retina would
behave as if it is in constant light.
In type II, the ERG is negative (a relative preservation of a-wave
as compared with b-wave—Schubert-Bornschein type). The defect
is presumed to indicate a posttransductional abnormality. Type II
has been subdivided into complete and incomplete types. The complete type shows no rod function. In the incomplete variety, rod
function is reduced but present. A mutation in the gene encoding a
voltage-gated calcium channel that may decrease neurotransmitter
release from photoreceptor presynaptic terminals has been identified in X-linked type II incomplete CSNB (86).
Oguchi disease is a rare autosomal recessive form of CSNB characterized by a golden/gray-white discoloration of the retina giving
rise to a metallic sheen to the back of the eye. This disappears when
the fundus is viewed after some time in the dark and has become
known as the Mizuo phenomenon. Visual acuity, color vision, and
visual fields are usually normal in Oguchi disease. Dark adaptation
of the rods is extremely delayed, but cone photoreceptors appear to
react normally. As in type II CSNB, the ERG is negative. Two genes
involved in Oguchi disease have been identified and include:
arrestin (87) and rhodopsin kinase (88). The arrestin mutations are
more common in Japanese Oguchi disease, and rhodopsin kinase in
European Oguchi disease. There is no good explanation why these
mutations should give rise to a negative ERG or a yellow sheen.

7.3. Stargardt Disease/Fundus Flavimaculatus
Stargardt disease (juvenile macular degeneration) was first
described by Stargardt in 1909 (89). His classification stipulated
that the central area of the macula was affected by typical fleck-like
deposits at the level of the retinal pigment epithelium (RPE) in a
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Fig. 3. The figure shows the typical flecks with increased levels of
autofluorescence in the location of the flecks. Picture courtesy of Noemi
Lois, MD.

ring-shaped pattern associated with depigmentation and atrophy of
the RPE. Childhood onset, autosomal recessive inheritance, and progressive bilateral central visual loss are also key features that he
described (see Fig. 3).
The term fundus flavimaculatus was introduced by Franceschetti
and François, in 1965 to describe a fundus appearance characterized by ill-defined yellowish spots in the deeper retinal layers of the
posterior pole of the eye (90). As similar flecks had been previously
described in Stargardt disease, it is impractical to separate these two
conditions.
Linkage in families and individuals with fundus flavimaculatus
and Stargardt disease was demonstrated to chromosome 1p13 (91)
suggesting that these two disorders were the same, but exhibiting
phenotypic variation. Since the discovery of the ABCR transporter
gene, mutations in this gene segregating with fundus flavimaculatus
and Stargardt disease (92) show that consideration of these two disorders as a spectrum of the same disease was justified.
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Some cases of autosomal dominant Stargardt disease have been
described in the literature, but these are not common. The phenotype has been seen both with peripherin/RDS mutations and in families with linkage to loci 6q (93) and 13q34 (94). These share
phenotypic similarities.
Color vision may be affected in this condition. In particular, there
may be abnormalities in the red–green axis. On autofluorescence
imaging, the pale flecks have increased autofluorescence and the areas
of atrophy are dark. Dysfunction is usually restricted to the macula,
but general photopic and scotopic losses may occur. Dark adaptation has been described as slow in the intact peripheral retina. Fluorescein angiography, usually demonstrates a lack of choroidal
fluorescence known as a “dark or silent choroid.” This has been
explained by the even deposition of abnormal material at the level
of the pigment epithelium that absorbs blue–green light. Flecks of
recent origin do not show hyperfluorescence, but areas of RPE atrophy exhibit it.
These changes start to develop in childhood. At the site of previous
white lesions, atrophy of the pigment epithelium occurs. Fluorescein
angiography shows multifocal hyperfluorescence corresponding to
the areas of pigment epithelial atrophy (95) (see Fig. 3).
A histopathological study showed accumulation of a substance in
the inner half of the cells of the RPE (96). This substance was
identified as an acid mucopolysaccharide, with lipofuscin and
melanolipofuscin.
The gene has been shown to express in rods and the protein is
limited to the margins of the outer-segment disks. The ABCR
protein is thought to transport 11-cis and all-trans retinal in and out
of the disk membrane and is considered important in rhodopsin
regeneration (97).

7.4. X-Linked Juvenile Retinoschisis
X-linked juvenile retinoschisis is a relatively rare disorder, with
symptoms and signs usually occurring in preteens. Inheritance is
X-linked recessive. The phenotype of this condition varies in severity from family to family and also within each family.
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Patients usually experience difficulty in seeing in detail and
report a decrease in central vision. Visual loss tends to become less
progressive by the late teens. The pattern of the central abnormality
has been likened to the appearance of bicycle-spokes. These radial
striations are particularly apparent early in disease. In older patients,
the bicycle-spoke pattern may become replaced by atrophic changes.
In approximately half of these cases, the central abnormalities are
the only feature.
Linkage studies have localized the retinoschisis gene XLRS1 to
the distal short arm of Xp22.1-p22.3 (98). Using positional cloning,
the gene has been identified (99). DNA analysis can help detect the
carrier state. Appropriate DNA probes can be used to identify carrier status if DNA is available from the possible carrier and several
family members, including an affected male.
An inherent structural defect in the Müller cells is suggested by
ultrastructural studies of the Müller cells (100). However, the gene
is expressed in photoreceptor cells and it is thought that the protein
is exported into the extracellular space. How this gives rise to the
phenotype is unknown as yet.
8. Diseases of the Retinal Pigment Epithelium,
Bruch’s Membrane and Choroid

8.1. Best Disease
Best disease, otherwise known as vitelliform dystrophy, is an
autosomal dominant condition characterized by early-onset macular degeneration in the form of yellow deposits that are usually
bilateral and symmetrical (see Fig. 4). Phenotypic variation is well
recognized and about half of those with the abnormal gene have
good vision throughout life and normal or near-normal fundi (101).
Visual acuity tends to remain quite good and in some individuals
may become fairly static. Choroidal neovascularization, and occasionally macular holes, have been reported in association with Best
lesions. If these occur, or atrophic changes of the retinal pigment
epithelium secondary to the vitelliform lesion, central visual acuity
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Fig. 4. Figure 4A shows a cLSO image of the typical egg yolk-type
lesions seen in a 10-yr-old child demonstrating high levels of autofluorescence. Figure 4B shows another Best lesion in a 70-yr-old adult,
again showing increased levels of autofluorescence within the lesion.
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may be affected. An absent or severely diminished light rise of the
electrooculogram is the hallmark of the disease.
The gene is located on chromosome 11p12-q13 and is called
bestrophin and has been cloned. It is known to be retinal-specific,
and expressed exclusively in the RPE (102,103). It may be involved
in the metabolism and/or transport of polyunsaturated fatty acids.
O’Gorman et al. examined an eye affected by Best with histopathology (104). RPE cells across the entire fundus were seen with an
excessive amount of lipofuscin as defined by ultrastructural appearance, autofluorescence studies, and staining properties. Lipofuscin
accumulation was particularly notable in some pigment epithelial
cells in the fovea. Their findings were consistent with Best’s
vitelliform macular dystrophy representing a generalized disorder
of the pigment epithelium that secondarily affects focal areas of
the retina.

8.2. Gyrate Atrophy of the Choroid and Retina
Gyrate atrophy (GA) is a rare autosomal recessive disorder characterized by elevated levels of serum ornithine (105) caused by
reduced activity of ornithine aminotransferase (OAT), a mitochondrial matrix enzyme (106). It is supposed that high levels of circulating ornithine levels damage tissues, including the eye. Patients
with GA usually have myopia and night blindness during the first
decade of life, although phenotypic variation exists. Progressive
visual field constriction with central visual loss leads to blindness
by the fifth or sixth decade of life. The fundal appearance shows
sharply demarcated circular regions of chorioretinal dystrophy in
the midperiphery that become confluent and extend anteriorly and
posteriorly (107) (see Fig. 5).
The chromosomal localization of the human OAT gene was linked
to 10q26 (108). Over 50 different mutations in the OAT gene,
including missense mutations, nonsense mutations, deletion, and
splice acceptor mutation, were identified leading to GA (109,110).
The combination of PCR amplification of the gene sequences,
denaturing gradient gel electrophoresis (DGGE) analysis, and direct
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Fig. 5. The figure shows typical atrophy with scalloped edges.

sequencing can be used to detect mutations in GA cases (111). The
serum ornithine levels can be lowered in some patients with GA by
pyridoxine (vitamin B6), and the progress of the disease slowed by
dietary restriction. The genotypes are known in some of these
patients (112). This is a potential role for molecular analysis allowing clinicians to target therapy.
A clinicopathologic study of GA showed the retina in the posterior
pole had focal areas of photoreceptor atrophy with adjacent retinal pigment epithelial hyperplasia (113). An abrupt transition from the nearnormal retina to a zone of near-total atrophy of the retina, RPE, and
choroid was present in the midperiphery. Although every cell carries
the genetic defect, for some reason, only the RPE is primarily affected.
Knockout mice lacking OAT were shown to have retinal degeneration (114,115). The primary disease was found to be in the retinal pigment epithelium, which is followed by photoreceptor
degeneration (115). Retrovirus (116) and adenovirus (117) have
been used as vectors for gene transfer of OAT into human cells.
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An alternative therapeutic approach is to lower serum ornithine
level by using transfected epidermal keratinocytes overexpressing
OAT. An in vitro study has shown some promise (118). The gene is
replaced in the keratinocytes allowing immunogenicity and expression studies to be performed. The suggestion is that by using adenoassociated viruses, it may be possible to obtain long-term expression
of the gene and the gene would need to be injected into the eye with
specific promotors to the RPE only.

8.3. Sorsby’s Fundus Dystrophy (SFD)
Sorsby and Mason described four families with autosomal dominant macular dystrophy (119). The fundus features are similar to
those of exudative type of age-related macular degeneration (AMD),
but patients present at a younger age (see Fig. 6A,B). Central visual
loss is usually secondary to choroidal neovascularization (CNV) in
the fifth decade (120) or later because of geographic atrophy. SFD
was linked to chromosome 22q13ter (121) and subsequently a point
mutation was identified in the tissue inhibitor of metalloproteinases-3
(TIMP-3) gene (122). This highlights the potential importance of
TIMP-3 in AMD.
All known disease-causing mutations are found in exon 5 of the
TIMP-3 gene, which leads to an additional cysteine residue in the
mature protein. This alters the 3-dimensional structure, and the mutant
protein is believed to form a dimer. This dimer remains active and
may not be degraded as quickly as wild-type TIMP-3 (123).
The family of tissue inhibitors of metalloproteinases (TIMPs)
currently represents four distinct gene products that are specific
inhibitors of the matrix metalloproteinases (MMPs). The local balance between MMPs and TIMPs is believed to play a major role in

Fig. 6. (opposite page) Figure 6A shows the central choroidal neovascular membrane in a 49-yr-old female, and the distribution of drusen
along the arcades is a typical feature of SFD, although it is only present in
a proportion of cases. Figure 6B shows the fluorescein findings in the
same patient highlighting the choroidal neovascular membrane.
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Fig. 6.
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Fig. 6. (continued) Figure 6C shows TIMP-3 immunohistochemistry
in Sorsby fundus dystrophy (×400). Histopathology shows gross thickening of Bruch membrane and retinal degeneration. The entire Bruch membrane is immunopositive for TIMP-3.

extracellular matrix remodeling during development and in disease.
Unlike the other TIMPs, which are soluble, TIMP-3 is unique in
being a component of the extracellular matrix.
TIMP-3 transcripts have been demonstrated in cultured human
RPE, choroidal microcapillary endothelium, and pericytes (124).
RPE cells also express and secrete TIMP-3 protein, which was
localized to the extracellular matrix and was not found in the culture medium; TIMP-1 and TIMP-2 were found almost exclusively
in the medium. TIMP-3 is present in Bruch's membrane, the elastic
layer of some choroidal vessels and the basement membrane of the
nonpigmented ciliary epithelium. Fariss et al. have also found
TIMP-3 in Bruch’s membrane. Using the same techniques, TIMP-1
was noted to be absent and TIMP-2 was barely detectable in Bruch’s
membrane. It therefore appears that TIMP-3 is the main TIMP in
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Bruch’s membrane (125). Light microscopy showed a layer of lipidpositive floccular deposit, which was up to 30 µm in thickness, on
the inner aspect of Bruch’s membrane. This could represent an
extreme example of Bruch’s membrane thickening, which is common in AMD patients (126). The distribution of TIMP-3, elastin,
and collagen in eyes from an SFD donor has been recently reported
(127). TIMP-3 immunoreactivity was present in the subretinal epithelial deposit. There were also multiple breaks in Bruch’s membrane with CNV formation (see Fig. 6C). Electron microscopy
revealed a morphologically altered elastic layer of Bruch’s membrane. Furthermore, the distribution of TIMP-3 and elastin were
remarkably similar. It was suggested that TIMP-3 might play a role
in the metabolism of elastin. The altered elastic layer of Bruch’s
membrane might have weakened the Bruch’s membrane leading to
multiple break formation.

8.4. Choroideraemia
Choroideraemia (tapetochoroidal dystrophy, TCD), a common
form of X-linked blindness, is characterized by progressive and profound atrophy of the choroid, RPE, and inner retina (see Fig. 7).
Heterozygotes show pigmentary change and may lose vision in
middle to late life. The TCD gene was found to be linked to the
Xq21 region (128). By making use of reverse genetics strategies,
Cremers et al. isolated eight overlapping complementary DNA
clones from the same chromosomal region (129). The corresponding gene is expressed in retina, choroid, and RPE. The cDNA
encompass an open reading frame of 948 basepairs that is structurally altered in eight TCD patients with deletions, and in a female
patient with a balanced translocation involving Xq21.
The Rab geranylgeranyl transferase (GG transferase) from rat
brain contains two components, A and B. The holoenzyme attaches
3H-geranylgeranyl to cysteines in two GTP-binding proteins,
Rab3A and Rab1A. Six peptides from rat component A show striking similarity to the product of the defective gene in choroideremia
(130). The choroideremia protein resembles Rab3A guanine nucle-
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Fig. 7. The figure shows a fluorescein angiogram in a 39-yr-old individual highlighting the typical loss of RPE and choriocapillaris with
retention of islands of tissue.

otide dissociation inhibitor (GDI), which binds Rab3A (130). This
was confirmed by cDNA cloning (131).
In biochemical assays, component A binds unprenylated Rab1A,
presents it to the catalytic component B, and remains bound to it after
the geranylgeranyl transfer reaction (131). In the absence of detergents, the reaction terminates when all of component A is occupied
with prenylated Rab. Detergents allow multiple rounds of catalysis,
apparently by dissociating the component A-Rab complex and thus
allowing recycling of component A. Within the cell, component A
may be regenerated by transferring its prenylated Rab to a protein
acceptor, such as Rab3A GDI. In view of its function in escorting
Rab proteins during and presumably after the prenyl transfer reaction, component A was renamed as Rab escort protein (REP) (131).
A related gene, which was designated as choroideremia-like,
encodes a protein that closely resembles REP-1. This protein was
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named REP-2 (132). The two proteins were approximately equal in
facilitating the attachment of GG groups to several Rab proteins,
including Rab1A, Rab5A, and Rab6. However, REP-2 was only
25% as active as REP-1 in supporting GG attachment to Rab3A and
Rab3D. The low activity toward Rab3A was increased to that of
Rab1A when the COOH-terminal 12 amino acids of Rab3A were
replaced with the corresponding residues of Rab1A. REP-2 might
substitute for the absent function of REP-1 in nonretinal cells of
patients with choroideremia, thus preventing cellular dysfunction
throughout the body. In the retina, REP-2 may be only partially
effective, leading eventually to retinal degeneration and blindness (132).
As nearly all known mutations in the CHM gene create stop
codons that truncate the protein product and result in absence of
REP-1 (133), this has led to a simple test for CHM. The clinical
diagnosis of CHM can be confirmed simply by immunoblot analysis with anti-REP-1 antibody, showing the absence of REP-1 protein in peripheral blood samples (134) or the use of the protein
truncation test (PTT) applied to lymphocyte RNA derived from
affected males (135).
A gene-targeting approach was used to disrupt the mouse chm/rep-1
gene. Chimaeric males transmitted the mutated gene to their carrier
daughters but, surprisingly, these heterozygous females had neither
affected male nor carrier female offspring because of lethality in
male embryos; in female embryos, it is also lethal if the mutation is
of maternal origin (136).
9. Syndromal
Most of these syndromes are of autosomal recessive inheritance
pattern for which gene augmentation approaches would seem logical. However, in the syndromal RP group, the target cells are not
just those of the retina. A more wide-ranging therapeutic approach
would need to be employed. There is a whole group of rare and
various syndromes of which we have selected some examples.
Mitochondrial disorders have been described in association with
pigmentary retinopathy and maculopathy, but are not dealt with here.
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9.1. Usher Syndrome
Usher syndrome represents the association of a hearing impairment with retinitis pigmentosa, and is the most frequent cause of
deafness associate with blindness in humans. It is inherited as an
autosomal recessive trait that is clinically and genetically heterogeneous. Some patients show abnormal organization of microtubules in the axoneme of their photoreceptors cells (connecting
cilium), nasal cilial cells, and sperm cells, as well as widespread
degeneration of the organ of Corti.
Usher syndrome type 1 (USH1) is characterized by a profound
congenital sensorineural hearing loss, constant vestibular dysfunction and prepubertal onset of retinitis pigmentosa. Of three different
genes responsible for USH1, USH1B maps to 11q13.5 (137) and
accounts for about 75% of USH1 patients. The mouse deafness
shaker-1 (sh1) mutation has been localized to the homologous
murine region. Weil et al. considered the human homolog as a good
candidate for the gene that is defective in USH1B, following the
identification of a gene encoding an unconventional myosin as a
candidate for shaker-1 (138). The gene-encoding myosin VIIA was
found to be responsible for USH1B (139). Two different premature stop codons, a six-basepair deletion and two different missense mutations were detected in five unrelated families. In one of
these families, the mutations were identified in both alleles. These
mutations, which are located at the amino-terminal end of the motor
domain of the protein, are likely to result in the absence of a functional protein. Thus USH1B appears as a primary cytoskeletal
protein defect.
Using antibodies specific to the tail portion of this unconventional
myosin, myosin VIIa was expressed in cochlea, retina, testis, lung,
and kidney. In cochlea, myosin VIIa expression was restricted to
the inner and outer hair cells, where it was found in the apical stereocilia, as well as the cytoplasm. In the eye, myosin VIIa is
expressed by the RPE cells, where it was enriched within the apical
actin-rich domain of this cell type. The cell-specific localization of
myosin VIIa suggests that the blindness and deafness associated
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with Usher syndrome is caused by lack of proper myosin VIIa function within the cochlear hair cells and the RPE cells.
In Usher type II, USH2A localized to 1q41 (140), the responsible
gene is a protein within the extracellular matrix and similar to
laminins and cell-adhesion molecules in sequence (141). The function of this protein remains unknown.
Usher III is confined to a distinct genetic group and is characterized by progressive hearing and visual loss and the gene has been
localized to chromosome 3 (142).

9.2. Refsum Syndrome
Refsum disease is an autosomal recessive disorder characterized
by retinitis pigmentosa, peripheral polyneuropathy, cerebellar
ataxia, and increased cerebrospinal fluid protein. Biochemically, the
disorder is defined by two related properties: pronounced accumulation of phytanic acid and selective loss of the peroxisomal
dioxygenase required for alpha-hydroxylation of phytanoyl-CoA2.
Decreased phytanic acid oxidation is also observed in human cells
lacking PEX7, the receptor for the type-2 peroxisomal targeting signal (PTS2), suggesting that the enzyme defective in Refsum disease
is targeted to peroxisomes by a PTS2.
Human phytanoyl-CoA alpha-hydroxylase (PAHX) is targeted
to peroxisomes, requires the PTS2 receptor for peroxisomal localization, interacts with the PTS2 receptor in the yeast two-hybrid
assay, and has intrinsic PAHX activity that requires the dioxygenase cofactor iron and cosubstrate 2-oxoglutarate. The use of
radiation hybridization places the PAHX on chromosome 10
(143) in a region implicated in Refsum disease by homozygosity
mapping (144).
Sequence analysis of PAHX fibroblast cDNA from five patients
with Refsum disease revealed distinct mutations, including a onenucleotide deletion, a 111-nucleotide deletion, and a point mutation
(145). Moreover, transfection of skin fibroblasts from two RD
patients with wild-type PAHX gene restored the activity for alphaoxidation of phytanic acid (146).
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9.3. Infantile Refsum Disease
Human peroxisome biogenesis disorders (PBDs) are a group of
genetically heterogeneous autosomal-recessive disease caused by
mutations in PEX genes that encode peroxins, proteins required for
peroxisome biogenesis. These lethal diseases include Zellweger
syndrome (ZS), neonatal adrenoleukodystrophy (NALD), and
infantile Refsum disease (IRD), three phenotypes now thought to
represent a continuum of clinical features that are most severe in
ZS, milder in NALD, and least severe in IRD2. At least 11 PBD
complementation groups have been identified by somatic-cell
hybridization analysis compared to the 18 PEX complementation
groups that have been found in yeast (147). Human PEX1 gene has
been identified by computer-based “homology probing” using the
ScPex1p sequence to screen databases of expressed sequence tags
(dbEST) for human cDNA clones. In vitro studies demonstrated that
expression of PEX1 rescued the cells from the biogenesis defect in
human fibroblasts of complementation group 1 (CG1), the largest
PBD complementation group (146).

9.4. Batten Disease
Batten disease is also known as juvenile ceroid-lipofuscinosis and
CLN3 is an autosomal recessive disorder that results in blindness
caused by retinal degeneration. There are several clinically and
genetically distinct forms of ceroid-lipofuscinosis, the most common of which is Batten disease (148). Visual deterioration usually
begins at age 5–7 yr, with onset of seizures and progressive psychomotor and cognitive deterioration. This culminates in a vegetative
state and death usually by the midteens to early-20’s.
The CLN3 gene was mapped to chromosome 16p12.1 and
has been identified by positional cloning (149). Katz and colleagues
using immunochemical techniques found that the protein was
almost exclusively located in the mitochondria, but only in certain
cell types (148).
The mnd/mnd mouse strain has been proposed as an animal model
for this condition, although linkage analysis has ruled out a mutation in the CNL3 gene as causative in these mice (150).
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10. Summary
Although new genes have been identified in retinal degenerations
and advances in molecular genetics have facilitated the search, many
disease-causing genes are still unidentified. The contributions of
other disciplines, again part of molecular medicine, have allowed
more insight into the function of both normal and mutated genes.
We now know more about their expression, interaction and function. The clinical potential of the new techniques described in the
previous chapters is yet to be realized, and there may be significant
difficulties in implementing these gene-based therapies.

10.1. What of the Future?
Again, from the clinician’s perspective, it is clear that all the
information derived from the laboratory has shed light on many
aspects of these inherited disorders, and the benefits of knowing the
disease gene and its effect are obvious. The results of mutational
screening should become more easily accessible to the clinician as
this form of screening becomes more routinely available with automation of investigative procedures such as mutational analysis and
linkage studies, leading to quicker and more reliable results. Identification of further genes will add more DNA/RNA-based diagnoses
and therefore should lead to increase diagnostic accuracy. Genotype–phenotype correlation studies will help in more precise definition of genetic abnormalities.
Genetic screening services with appropriate funding and resources
will become part of the norm. Ethical issues, such as prenatal diagnosis and counseling will also need to be addressed. Regarding
therapy, several options in addition to gene therapy are currently
undergoing evaluation in inherited retinal disease. None of these is
as yet either ready or proved to be beneficial. They include RPE and
retinal transplantation, survival factors, product substitutes, and construction of artificial or electronic devices. In the light of expanding
knowledge of the gene function, it may be possible to design drugs
to correct molecular abnormalities. It is an exciting time and it is to
be hoped that at least one of these therapies will be successful in the
not-too-distant future.
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