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Fig. 2. Quantification of GFP fluorescence over time. (a) Fluorescence intensity versus the maximum pixel intensity for each animal
is plotted as a function of time for three animals treated with rAAV.CHOPS2053.GFP: Ger31 (white circles), Ger27 (black circles),
Ger28 (triangles). (b) Time course of GFP fluorescence intensity for a region of near the injection site (high fluorescence, black circles)
and distal to the injection site (weaker fluorescence, white circles) for one of the injection sites for Ger31. The curves drawn in both
(a) and (b) were best-fit curves generated from a model describing changes in intensity predicted over time.

distal to the injection site, at an intermediate location, and at the
border of the region of retina detached by the injection. For all
three locations within the detached region, about 42 + 3% (300/
724) of the cones were double labeled with PNA and GFP, with
differences in fluorescence intensity across regions being mostly
accounted for by decreasing density of cones with increasing
eccentricity.

For the gerbil sacrificed at 1.5 years post-injection (Fig. 3a)
we assessed four regions of the bleb and approximately 37 =+
3% (462/1237) of cones labeled with PNA also expressed GFP.
Thus, anytime from 4 months to 1.5 years post injection, the
percentage of cones that express the GFP transgene appears to
stabilize around 40%.

Characterization of GFP expression in S-cones

The time course of expression of the virus, rAAV.HB570.GFP, is
shown in Fig. 4. As with GFP under control of the human L opsin
promoter, GFP fluorescence increased over time, reaching a max-
imum at about 3 months post injection, followed by a decline in
intensity. The magnitude of pixel intensity for animals treated with
rAAV.HB570.GFP is 3-5% of the signal observed in a time-
matched image of a gerbil expressing GFP in M cones. This result
is consistent with selective targeting of GFP expression to gerbil S
cones. At 140 days post-injection, the gerbil was sacrificed, and the

cones labeled with PNA. Confocal microscopy was used to calcu-
late the fraction of cones double labeled with GFP and PNA versus
those labeled only with PNA. Figs. 3d, 3e, and 3f show confocal
micrographs of a wholemounted retina, and in this image, 3.6%
(18/502) of the PNA labeled cells also contained GFP. These
results further support the conclusion that the HB570 promoter
targets GFP expression to S cones in gerbils.

Colocalization of fluorescence and function

The function of gene products delivered through gene therapy is
crucial to the eventual treatment of retinal disease and to the suc-
cess of experiments to investigate neural circuitry. We used a cone-
isolating color multifocal electroretinography (mfERG) to evaluate
cone photopigment function for a human L opsin delivered by gene
therapy. As described above in methods, a 1:1 mixture of the
rAAV.CHOPS2053.GFP and rAAV.CHOPS2053.RHLOPS was in-
jected so that the pattern of GFP fluorescence could be compared to
the pattern of activity in the mfERG, as shown in Fig. 5. In Fig. 5b,
a fluorescence fundus image of the treated retina at 6 months post-
injection defines the area of retina for which we would also expect
to see increased sensitivity to long-wavelength light mediated by
the human L cone photopigment. Areas of the retina that do not
show GFP fluorescence serve as an internal control, and should not
show increased sensitivity to long-wavelength light. As illustrated
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Fig. 3. (a) Merged 3-D reconstruction (z-series) of the outer photoreceptor layer at with PNA staining of the cone outer photoreceptor
sheath (red) and GFP expression (green) targeted to gerbil M-cones via rAAV.CHOPS2053.GFP (Ger36). Yellow regions are areas of
co-localization of PNA labeling and GFP fluorescence. The red (PNA). (b) and green (GFP) (¢) channels are shown separately. (d)
Merged 3-D reconstruction (z-series) of the outer photoreceptor layer with PNA staining of the cone outer photoreceptor sheath (red)
and GFP expression (green) targeted to gerbil S-cones via rAAV.HB570.GFP. The red (PNA). (e) and green (GFP) (f) channels are

shown separately.

in Figs. 5a and 5b, there is excellent correspondence between the
regions of fluorescence and increased sensitivity to long-wavelength
light (Fig. 5a). Conversely, regions that do not fluoresce also do not
show increased sensitivity to long-wavelength light in the mfERG.

Discussion

Recently, the rAAV.CHOPS2053.GFP virus was shown to target
transgene expression to cones of mice, ferrets, rats, and New World
primates (Wang et al., 1992; Alexander et al., 2007; Li et al., 2007,
Mancuso et al., 2007). As is typical for mammals, mice, ferrets,
and rats, have two cone types—UV/S cones sensitive to ultraviolet
(UV) or short-wavelengths (S), and M/L cones sensitive to rela-
tively longer wavelengths. In rats and ferrets, transgene expression
under the control M pigment specific sequences was selectively
targeted to M cones, but in mice, it was expressed in both UV and
M cones; which is not surprising as mice co-express their endog-
enous UV and M cone photopigments (Rohlich et al., 1994,
Applebury et al., 2000). In gerbils, at early time points post
injection, nearly all cones express GFP; however, after fluores-
cence intensity has stabilized, about 40% of cone photoreceptors
express GFP. The distribution of GFP positive photoreceptors and
the observation that nearly all GFP positive photoreceptors were
also positive for PNA labeling indicates that expression was spe-
cific for cones. This specificity is time dependent with many more
cells labeled with less specificity at earlier time points, for exam-
ple, as has been reported at six weeks post-injection in the rat and

ferret. Presumably, the initially high transgene copy number over-
whelms repressive mechanisms in S-cones and rods that normally
function to keep L/M opsin turned off in those cells. We attribute
the change in specificity to a decrease in number of transgene
cassettes per cell that occurs over time after the initial injection
ultimately falling with the range in which repressive mechanisms
operate effectively in S-cones and rods. An estimated two to five
percent of gerbil cones are UV cones (Govardovskii et al., 1992);
if only M cones express GFP from the rAAV.CHOPS2053.GFP
virus, then 35-40% of gerbil M cones expressed GFP at 4 months
and 1.5 years post-injection. Since GFP fluorescence declines
between the peak at about 4 months post-injection until about 6
months post-injection when the final, stable level of GFP expres-
sion is reached (Fig. 2), the 35-40% of cones labeled at 4 months
post-injection may represent a value slightly higher than the final
percentage of cones that stably express GFP at 1.5 years. These
results indicate that with the present technology even when un-
diluted virus is injected, the maximum fraction of cones that can be
stably transduced is about 40%.

In a previous study using the same S-opsin promoter carrying
rAAV.HB570.GFP virus used here, it was shown at 22 to 32 days
post-injection to target transgene expression to all photoreceptors
in rats in the proportion ~5:4:1 rods:UV/S cones:M cones (Glusha-
kova et al., 2006). Assuming that at the 20-30 day time point
almost all S-cones express the transgene, a proportion of 500 to
1000 rods for every S-cone would indicate that as many as 1:500
rods express GFP. Similarly, if M cones outnumber S cones by



Virally mediated transgene expression in gerbil cones

®

2 months

279

O
O

3 months

4 months

Fig. 4. (a) Serial fluorescence fundus images of GFP fluorescence in a gerbil retina treated with S-cone targeted GFP. The circled
regions are areas of needle penetrations that appear autofluorescent. The subretinal fluid injected (15 ul) detached virtually the entire

retina and thus pan-retinal fluorescence was observed.

about 20:1, about 1:400 M cones express the transgene at an early
time point in the rat. As illustrated in Fig. 4b, at 4 months
post-injection in the gerbil, all GFP positive cells that we identified
were also PNA positive, indicating that rods did not express GFP
driven by the S opsin promoter in retinal regions examined at this
time point. Our results (Figs. 1, 2, and 3) indicate that expression
of the rAAV delivered transgenes is in flux for 5 to 6 months after
the injection before expression settles to a stable level that is
maintained long-term. This change appears to be principally the
result of a decrease in transgene cassettes over time (Glushakova
et al., 2006). AAV2/5 enters rods and cones, and Glushakova et al.
(2006) suggest that cellular machinery responsible for responsible
for suppressing UV/S opsin expression from the HB570 promoter
in adult rods and M cones may be overwhelmed by the high
number of transgene cassettes per cell.

In the rat, it was estimated that the injection introduces 103
to 10° virus particles per photoreceptor, but by about 1 month
post injection, there are only five to 10 copies of virus per

photoreceptor (Glushakova et al., 2006). The results presented
here allow us to estimate the number of active trangenes that are
maintained per photoreceptor for the long term. A simple model
can explain the changes in vivo fluorescence observed over
time. As observed previously, after subretinal injections, we
found that GFP fluorescence increases to a maximum and then
declines. In retinal areas that develop only weak fluorescence,
the number of active GFP transgenes decline to an endpoint
below detection. When the treatment is most effective, the flu-
orescence intensity stabilizes at a high level and persists without
diminishing. A simple model in which stable transgene expres-
sion is achieved via two probabilistic events can explain these
results. First, immediately after injection, only a small fraction
of virus particles in the extracellular environment enter the
photoreceptor and second, only a fraction of these virus particles
entering the cell and contributing to initial GFP expression are
retained for the long term. Each event can be modeled as a
fixed probability.
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Fig.5. A 1:1 mixture of the rAAV.CHOPS2053.GFP and rAAV.
CHOPS2053.RHLOPS was injected sub-retinally in a gerbil to demon-
strate co-localization of GFP fluorescence (b) with photoreceptor response
to an L-isolating stimulus measured with a mfERG taken 6 months
post-injection. (a). In this figure, the gray outline corresponds to the region
of the GFP fluorescence that was created by the initial subretinal injection.

The number expressing transgenes per cell can estimated be-
cause of two aspects of the results presented here that simplify the
problem. (1) In the long term, even under optimal conditions, 60%
of cones do not express GFP. Thus we know that the number of
expressing transgenes in the non-fluorescent cones is zero. (2)
Since there are two possible long term outcomes for any transgene
initially entering a cell, it can either be maintained or lost, the
number of particles can be approximated by a binomial distribu-
tion. Given that 60% of cones have zero transgenes maintained, the
number having 1, 2, 3, etc. to be approximated from the binomial
distribution. Having an estimate of the probability distribution for
the number of stable transgenes per cell, the distribution of parti-
cles initially entering the cell can be determined from the change
in expression observed from early to late. From those values the
probability that a particle will enter a cell initially can be deter-
mined from knowing the initial concentrations of viral particles
per photoreceptor.

Particles per photoreceptor was determined with the knowledge
that pseudotyped AAV preferentially infects photoreceptors and
that each 5 ul injection covers ~9.6 mm? of retina which contains
~3.6 million photoreceptors. There were approximately 3.48 X
10'0 infections particles per ul in the injection mixture which
yields roughly 50,000 infectious particles per photoreceptor in
each subretinal bleb. Initially, we estimate that between 90 and
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99% of cones express GFP. Assuming that each viral particle has
the same chance of entering the photoreceptor and that the number
of particles per photoreceptor will follow a binomial distribution,
the calculated probability that any one viral particle will enter a
photoreceptor and drive GFP expression is about 1 in 20,000. The
initial binomial distribution of the number of particles per cell is
shown in Fig. 6a (dashed line) for an average injection of 50,000
per photoreceptor. Assuming a constant probability of 1/20,000,
theoretical distributions are shown for lower concentrations of
35,000 per photoreceptor (black solid line) and 15,000 per photo-
receptor (gray line).

Knowing the fraction of photoreceptors that stably express GFP
long term allows us to determine the probability of transgene
cassettes initially entering a photoreceptor, described in Fig. 6a,
becoming stable. Assuming a fixed probability that produces a
binomial distribution, and that 40% of photoreceptors stably ex-
press one or more GFP transgenes, we estimate that the fixed
probability that any one viral particle inside a cell will become
stable and express in the long term is 23%. Fig. 6b shows how
theoretically, as concentrations of the initial injection are reduced,
the number of stably transduced photoreceptor drops. For a start-
ing concentration of 35,000 virus particles per photoreceptor (solid
black line) the fraction of cones that stably express the transgene
(containing one or more viral transgenes) would theoretically drop
to 29%, and for viral concentrations 15,000 per photoreceptor
(gray line) the fraction of cells that stably express GFP would
theoretically drop to 12% as illustrated Fig. 6b. This shows that a
relatively large concentration of virus is required to get significant
long term expression. At the highest concentrations achievable in
this study, nearly half of the cones stably express GFP and bi-
nomial statistics predict that most of those cones retain a single
stable copy of the transgene. We predict that concentrations of the
virus below about 20% of that used here would result in only a
very small fraction of cones transduced and fluorescence levels
that may be below those detectable with in vivo methods.

These statistics also speak to the issue of misexpression of GFP
under the control of S-opsin regulatory sequences reported earlier
in the rat. The binomial distributions shown in Fig. 6 indicate that
for the highest concentration of vector, around 1/200 cells contain
six or more transgene cassettes at early time points. The high
number of transgene cassettes may overwhelm factors in the M
cones and rods that normally suppress expression of the S-opsin in
those cells and may account for the S-opsin expression levels of
one in several hundred that is observed early on. However, Fig. 6b
illustrates that 5 to 6 months after the injection, the number drops
such that very few photoreceptors would have more than two
cassettes, a level which would be within the cellular machinery’s
ability to suppress expression from the human S-opsin promoter.

The injection procedure generates a retinal detachment that is
delimited by a border of retina adhered to the RPE. We investi-
gated whether gene expression extended beyond the visible region
of the detachment created by the injection and it is clear from
confocal micrographs that there is no GFP fluorescence beyond the
border. The sub-retinal injection exposes tissue within the region
of the bleb to the vector, but does not come in contact with the
tissue past the boundaries. Previously, it was reported that in rat,
the region of the retinal detachment gave rise to a GFP fluores-
cence that extended over 2.5 times the area of the histological
abnormality created by the detachment (Daniels et al., 2003). At
least in gerbil, results reported here are consistent with the con-
clusion that the histological abnormalities only encompass a frac-
tion of the entire region of the detachment.
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Fig. 6. Two probabilistic events explain changes in GFP fluorescence over
time and the long term stability of photoreceptor transduction by rAAV-
GFP. The first probability is that associated with a given virus entering a
cell. The second probability is that associated with viral cassette inside a
cell becoming stably expressed. The two discrete, binomial probability
density functions in this figure reflect the dependence of long term trans-
gene expression on these two probabilities. (a) binomial probability density
function representing the percentage of photoreceptors (y-axis) containing
given number of viral particles after initial transfection (x-axis) at three
concentrations (high: 50,000 viral particles per photoreceptor; intermedi-
ate: 35,000 viral particles per photoreceptor; and low: 15,000 viral particles
per photoreceptor). At the earliest time points following an injection of
~50,000 viral particles per photoreceptor (dashed line), >90% of cone
photoreceptors show GFP fluorescence thus less than 10% have zero this
increases to near, 50% of cells (grey line) for a low initial viral concen-
tration. The high concentration curve best models the experimental data.
Over time the amount of GFP fluorescence declines before reaching a
stable level presumably because viral transgenes become inactive. (b) The
binomial probability density function describing the percentage of photo-
receptors expressing the viral transgene long term. The probability that a
viral transgene expression will be maintained for the long term is depen-
dent on the number of viral particles initially infecting each cell (described
in (a)). Fitting our results to the stochastic model indicates that 23% of the
viral transgenes initially entering the cell become stable for the long term.
For the initial, high concentration injection (~50,000 particles per photo-
receptor) approximately 40% of cells contain 1 or more stable transgenes.
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