P2Y2 Receptor Agonist INS37217 Enhances Functional
Recovery after Detachment Caused by Subretinal
Injection in Normal and rds Mice
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PURPOSE. To evaluate the effects of INS37217 on the recovery
of retinal function after experimental retinal detachment induced by subretinal injection.
METHODS. Subretinal injections of 1 L of fluorescent microbeads, saline, or INS37217 (1–200 M) were made by the
transvitreal method in normal (C57BL/6) mice and in mice
heterozygous for the retinal degeneration slow (rds) gene.
Control, mock-injected animals underwent corneal puncture
without injection. Histologic and ERG evaluations were made
at 0 to 1 and 8 hours, and 1, 3, 7, 10, 14, and 60 days post
injection (PI). DNA fragmentation was evaluated by terminal
deoxynucleotidyl transferase–mediated uridine 5⬘-triphosphate-biotin nick end labeling (TUNEL).
RESULTS. A single subretinal injection of saline solution containing fluorescent beads caused a histologically evident retinal
detachment and distributed the microbeads to almost all the
subretinal space. Spontaneous reattachment occurred within
24 hours after injection and was accompanied by evident
retinal folding that appeared largely resolved by 6 days later.
Relative to controls, injection of saline resulted in approximately 40% recovery of dark-adapted a-wave amplitude at 24
hours PI and gradually improved to approximately 90% of
controls at 2 months PI. Subretinal injection of saline containing INS37217 (10 M) significantly increased rod and cone
ERG of normal and rds⫹/⫺ mice at 1 and 10 days PI, when
compared with injection of saline alone. Additionally,
INS37217 reduced the number of TUNEL-positive photoreceptors and the enhanced rate of reattachment.
CONCLUSIONS. Enhancement of ERG recovery by INS37217 is
likely due to reduced retinal folding and cell death associated
with detachment. These results support the use of INS37217 to
help restore function after therapies that involve subretinal
administration of drugs in animal models of retinal diseases.
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etinal detachment disrupts the function and cellular organization of the retina, often resulting in severe and permanent visual loss in humans, even after successful reattachment.
Histologically, some of the secondary effects of retinal detachment in experimental models include the proliferation of nonneuronal cells, hypertrophy of Müller cells, loss of proper
morphologic organization, and photoreceptor cell death.1–7
Many of these secondary effects are thought to occur as a result
of detachment-induced hypoxia of photoreceptors, as well as
disruption of vital photoreceptor and retinal pigment epithelium (RPE) interactions. These interactions are required for
phagocytosis of photoreceptor outer segments,8 metabolism
and transport of vitamin A,9 –11 and the regulation of volume
and composition of the subretinal space.12,13 Retinal detachments in humans are usually treated with reattachment surgery, but successful anatomic retinal reattachment frequently
does not correlate with restoration of normal visual function,
especially in cases involving macular detachment.14 Recovery
of photoreceptor function has also been shown to lag dramatically behind retinal reattachment in animal models of induced
retinal detachment. For example, in both clinical and experimental settings, recent studies have demonstrated a delay in
the recovery of cone function after temporary retinal detachment.15–17
For many other types of vision-threatening diseases that also
compromise photoreceptor function, a variety of investigative
therapeutic interventions under preclinical assessment are contingent on inducing a temporary retinal detachment to deliver
the therapeutic agent to the subretinal space. These diseases
include the multisymptomatic and multifactorial inherited retinal degenerations (http://www.sph.uth.tmc.edu/RetNet/; provided in the public domain by the University of Texas Houston
Health Science Center, Houston, TX).18 Potential experimental
therapies currently undergoing evaluation in animal models
include pharmacological agents,19,20 growth factors,21–24 and
viruses carrying therapeutic genes.25–31 Subretinal injection
represents perhaps the most accessible means of delivering
some of these potential therapeutic agents to the photoreceptor and RPE, but also invariably results in the creation of a
temporary retinal detachment.32,33 Furthermore, subretinal injections of saline are currently conducted in patients with
advanced age-related macular degeneration as part of a surgical
technique called macular translocation surgery, which involves
the creation of a retinal detachment to enable the surgeon to
move the macula from a diseased region of the RPE to a
healthier region.34 Given the present and perhaps future practices of conducting subretinal injections as part of medical
management of vision-threatening diseases, it is crucial to seek
approaches that reduce the adverse effects of induced retinal
detachment.
A pharmacological approach for enhancing reabsorption of
extraneous subretinal fluid may help minimize some of the
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adverse effects of naturally occurring and induced retinal detachments. Active and passive transport of ions and fluid across
the RPE has been shown to play a major role in the regulation
of subretinal fluid volume and composition.35 Activation of
appropriate fluid transport pathways in the RPE can therefore
be targeted as a means of promoting retinal reattachment. For
example, activation of P2Y2 receptors located on the apical
membrane of RPE cells using adenosine 5⬘-triphosphate (ATP)
or uridine 5⬘-triphosphate (UTP) has been shown to stimulate
ion transport and fluid absorption (apical-to-basolateral direction) in freshly isolated bovine RPE monolayers.36,37 Synthetic
P2Y2 receptor agonists such as INS37217 or INS542 have also
been shown to stimulate fluid reabsorption across bovine and
human fetal RPE monolayers, enhance subretinal fluid reabsorption and retinal reattachment in rat and rabbit eyes, and
increase active outward transport of fluorescein in rabbit
eyes38,39 (Maminishkis A, et al. IOVS 2000;41:ARVO Abstract
4541; Takahashi J, et al. IOVS 2002;43:ARVO E-Abstract 3265).
In the present study, we evaluated the recovery of retinal
morphology and function after subretinal injections in the
normal and rds⫹/⫺ model for retinitis pigmentosa (RP). In
addition, we assessed the effect of the synthetic P2Y2 receptor
agonist INS37217 on the recovery of retinal function after
these subretinal injections. We report that the recovery of both
rod and cone function lags behind morphologic reattachment
and that INS37217 is able to enhance functional recovery in
normal and rds⫹/⫺ mice after retinal reattachment.

MATERIALS

AND

METHODS

Animals
One-month-old normal C57BL/6 female mice (25–30 g) used in this
study were bought from Harlan Sprague-Dawley Laboratories (Indianapolis, IN). For the mouse model of RP, rds⫹/⫺ mice lacking one
functional allele of the peripherin/rds (Prph-2) gene were used. Phenotypically, these mice display an early-onset loss of rod function, and
a late-onset loss of cone function.40 This electrophysiological dysfunction, as assessed by ERG is accompanied by a slow rate of photoreceptor cell loss. The gene defect of rds mice was first moved onto a
pigmented background by continuous mating to normal C57BL/6
mice. The mice in the present study were generated from subsequent
matings of rds⫹/⫺ to normal (⫹/⫹) mice. The rds defect is inherited as
a Mendelian trait, so that approximately half of the offspring were ⫹/⫹
and half were rds⫹/⫺. Mice were screened for the presence of the rds
mutation by polymerase chain reaction amplification with two primers: MIN232 (5⬘-TGAGCCACAGCAGACGTTGG-3⬘) from the Prph-2
gene intron I and MIN99 (5⬘- GACCCAGATTGCCTGTGGCA-3⬘) from
the naturally occurring 9.2-kb inserted element in the mutant rds
gene.41 All mice studied were maintained in a breeding colony under
cyclic light (12-hour light-dark) conditions; cage illumination was approximately 7 foot-candles during the light cycle. All experiments were
approved by the local Institutional Animal Care and Use Committees,
and conformed to the National Institute of Health Guide for the Care
and Use of Laboratory Animals and the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research.

Transvitreal Subretinal Injections
After anesthesia by an intramuscular injection of 85 mg/kg ketamine
(Fort Dodge Animal Health; Fort Dodge, IA) and 14 mg/kg xylazine
(The Butler Company; Columbus, OH) and before subretinal injection,
the eyes were dilated with 2.5% phenylephrine (Akorn, Inc., Decatur,
IL) and topically anesthetized with 0.5% proparacaine (Alcon Laboratories Inc., Fort Worth, TX). Animals were placed on a regulated
heating pad, and images of the posterior pole were magnified under an
operating microscope (model 212F; AusJena, Jena, Germany). After
complete dilation was achieved, a drop of 2.5% methylcellulose was
added to the corneal surface to visualize the fundus. A 28-gauge
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beveled hypodermic needle (BD Biosciences, Franklin Lakes, NJ) was
used to puncture the cornea carefully, avoiding any contact with the
lens. The transvitreal subretinal injections, previously described in
rat,42 were then performed with a 33-gauge blunt needle (Hamilton
Co., Reno, NV). The blunt needle tip was inserted through the corneal
puncture, across the vitreous and the shaft aimed at the back of the
eyecup, avoiding any trauma to the lens or iris. A 1-L volume of
saline⫹fluorescein (0.1 mg/mL) or INS37217 (1–200 M)⫹fluorescein
(0.1 mg/mL) was injected into the subretinal space. Fluorescein was
added to the injected material to visualize the injection, and bleb
formation and was cleared from the eye as early as 4 hours post
injection (PI). As a control for anesthesia, corneal puncture and erythromycin treatment, a group of animals underwent corneal puncture
without subretinal injection. Subsequent to the injection, an erythromycin ophthalmic ointment (E. Fougera & CO, Melville, NY) was
applied to the corneal surface to reduce the risk of infections and the
associated opacifications. Animals injected with saline or fluorescent
microbead solution (Fluoresbrite plain YG 1.0-m microspheres; Polysciences, Inc., Warrington, PA) were then electrophysiologically
and/or morphologically evaluated at 0 to 1, 8 hours, and 1, 3, 7, 10, 14,
and 60 days PI. For each time point, an independent group of animals
was analyzed. Side effects of the subretinal injection procedure include
iris and subretinal bleeding (5%–10% incidence rate) which can contribute to either the persistence of retinal detachment or additional
tractional retinal detachment (data not shown). Furthermore, any damage of the lens caused cataract formation (3%–5% incidence rate),
which was observed several days after the injection. Animals with such
complications were excluded from analysis.

Tissue Preparation for Histology
Mice were anesthetized with 50 mg/kg pentobarbital (Nembutal; Abbott Laboratories, Santa Clara, CA) and eyes were fixed by transcardiac
perfusion with formaldehyde and glutaraldehyde (1% and 2%, respectively) in 0.1 M sodium phosphate buffer (pH 7.4). After the eyes were
enucleated, the posterior portion of each eye, containing the retina
and retinal pigment epithelium was fixed additionally for 24 hours in
0.1 M phosphate buffer (pH 7.4) containing 2% formaldehyde and 2.5%
glutaraldehyde. The tissues were then osmicated, dehydrated through
a graded ethanol series, embedded in paraffin, and processed for
histologic sectioning. The sections (0.5 m thick) were cut along the
horizontal meridian, passed through the optic nerve, and stained with
hematoxylin and eosin (H&E) in preparation for light microscopy. For
each time point, three to six animals were used to evaluate retinal
histology. The extent of retinal detachment was determined by drawing a measurement arc covering the region of physical separation of
neural retina from RPE. The lengths of these arcs were calculated using
computer-based interactive measurements (Axiovision; Carl Zeiss Meditec, Oberkochen, Germany).
For the evaluation of fluorescent microbead distribution, mice
were anesthetized as described earlier and fixed by transcardiac perfusion with 4% paraformaldehyde for cryostat sectioning. After enucleation and a 1-hour fixation in 4% paraformaldehyde, the anterior segments were removed, and eyes were fixed overnight at 4°C. The
following day, eyecups were washed in PBS and transferred to a 30%
sucrose solution for cryoprotection. After embedding in mounting
matrix (M-1; Shandon, Pittsburgh, PA), 5 m sections were cut approximately along the horizontal meridian, passing through the optic nerve.
For statistical evaluation, three to six eyes were evaluated for the
distribution of fluorescent microbeads after subretinal delivery.

Electroretinogram and Statistical Analysis
After at least 4 hours of dark adaptation, animals were anesthetized (as
indicated in the injection protocol), vibrissae were trimmed, and the
eyes were dilated using 2.5% phenylephrine. Animals were placed on
a regulated heating pad throughout the experiment. Electroretinograms (ERGs) were recorded using a stainless steel wire contacting the
corneal surface through a layer of 2.5% methylcellulose. Needle elec-
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trodes in the cheek and tail of the animal served as reference and
ground leads, respectively. Responses were differentially amplified
(half bandpass, 1– 4000 Hz), averaged, and stored by using a signalaveraging system (Compact 4; Nicolet, Madison, WI). For the assessment of rod photoreceptor function, a strobe flash stimulus was presented to the dark-adapted, dilated eyes in a Ganzfeld (model GS-2000;
Nicolet) with a 137-cd (sec/m2) flash intensity. The amplitude of the
a-wave was measured from the prestimulus baseline to the a-wave
trough. The amplitude of the b-wave was measured from the trough of
the a-wave to the crest of the b-wave. To evaluate the recovery of cone
photoreceptors in rds⫹/⫺ mice, animals were light adapted for 5
minutes under a light source of 29.02 cd/m2 intensity. After this period
of light-adaptation, a strobe flash stimulus was presented to the dilated
eyes in the Ganzfeld with a 77-cd (sec/m2) flash intensity. The amplitude of the cone b-wave was measured from the trough of the a-wave
to the crest of the b-wave.
One-way analysis of variance (ANOVA) and post-hoc tests using
Bonferroni’s pair-wise comparisons were used to determine the significance of differences in the ERG amplitudes after subretinal injection with the different treatments (Prism, ver. 3.02; GraphPad, San
Diego, CA).

TUNEL Detection after Subretinal Injection
Animals were subretinally injected with either 1 L of saline, INS37217
(10 M), or mock-injected and killed 48 hours PI. After death and
enucleation, the anterior segments of eyes were removed and the
posterior portion placed in 4% paraformaldehyde overnight. In preparation for cryostat sectioning, eyes were placed in a 30% solution of
sucrose overnight, embedded in M-1 matrix (Shandon), and sectioned
throughout the entire eyecup at a 10-m thickness. TUNEL detection
was performed according to manufacturer guidelines for cell death
detection (In Situ Cell Death Detection Kit, TMR red; Roche Applied
Sciences, Mannheim, Germany). After completing the labeling and
washing, slides were coverslipped using antifade mounting medium
for fluorescence (Vector Laboratories, Burlingame, CA).

RESULTS
Time Course of Retinal Reattachment
Histologic cross sections spanning the meridian of the eye
were used to evaluate the extent and time course of retinal
detachment and reattachment at 0 to 1 hour, 8 hours, and 1, 3,
and 7 days after a single 1-L subretinal injection of saline
(Fig. 1). Retinal detachment was defined as a morphologically
evident, physical separation of neural retina from RPE. This
separation appeared greatest near the site of injection, and
tapered in effect at sections distal from the site of injection.
Representative sections are shown in Figures 1A–F. The gross
morphologic extent of retinal detachment (measured in millimeters) was assessed throughout the cross section of the eye
that contained the site of injection. As shown in Figure 1G, the
values were averaged and plotted for each time point. At 0 to
1 hour PI, approximately 60% of the retina was detached (Fig.
1B). By 8 hours PI, there was an extensive decrease in the level
of retinal detachment (Fig. 1C), and gross reattachment appeared complete by 24 hours PI (Fig. 1D). However, extensive
retinal folding was also observed at 1 day PI (Fig. 1D) and as
late as 3 days PI (Fig. 1E). This retinal folding appeared fully
resolved at 7 days PI (Fig. 1F). We observed faint remnants of
retinal restructuring at 7 days PI in some eyes (Fig. 1F; boxed
area), but in most of the animals, the retinal folding appeared
completely resolved at the site of injection (data not shown).

Distribution of the Injected Material in the
Subretinal Space
To examine the distribution of the injected material in the
subretinal space, animals were subretinally injected with 1 L
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saline containing fluorescent microbeads and then examined
either immediately after the injection (0 –1 hour) or 7 days PI.
The distribution of the microbeads was assessed by fluorescence microscopy (Figs. 2, 3). Immediately after the injection,
nonuniform retinal blebs were apparent throughout the eyecup as an indicator of retinal detachment caused by the injection (Fig. 2A). The fluorescent microbeads were distributed
throughout the eyecup. Figure 2B shows a representative cross
section of the eyecup taken 1 hour after the injection and
centered around the site of injection. Higher magnification of
Nomarski and fluorescence overlay (Figs. 2C–F) and their corresponding fluorescence images alone (Figs. 2G–J) of the areas
indicated by rectangles in Figure 2B clearly reflect the level of
retinal detachment and the distribution of fluorescent beads in
the subretinal space. Although the beads were distributed
throughout the retina, a higher concentration was observed at
the site of injection (Figs. 2I, 2J), gradually decreasing in sections away from the injection site (Figs. 2G, 2H).
After retinal reattachment, Figure 3A shows a flattened
eyecup 7 days PI, demonstrating the distribution of beads
throughout the entire eye. A cross section of these eyes
showed most of the beads to be located in the RPE (Fig. 3B). To
confirm fluorescent microbead distribution, we removed the
retina and washed the eyecup three times with saline to eliminate any remnants of beads in the subretinal space. Although
some beads were detected in the washes, most of them were
retained in the RPE (Fig. 3C). The washed eyecup was then
cryosectioned and analyzed histologically (Fig. 3D). Fluorescence images of these sections show the localization of the
fluorescent microbeads inside the RPE cells (Fig. 3E), indicating the regained ability of RPE cells to phagocytose materials
immediately after retinal reattachment.

Recovery of the Dark-Adapted Rod Responses
after Retinal Reattachment
Dark-adapted ERG recordings were conducted at 1, 3, 7, 14, and
60 days after injection of 1 L saline in normal mice. Both
dark-adapted a- and b-wave amplitudes showed an improvement
in rod function over the 60-day recording period (Fig. 4). At 1 day
PI, dark-adapted a- and b-wave amplitudes were reduced approximately 60% compared with those of mock-injected animals (P ⬍
0.001; Bonferroni’s pair-wise test). The recovery of dark-adapted
ERG amplitudes continued with the progression of time. However, the data demonstrate that even at day 14 after retinal detachment, both rod a- and b-wave amplitudes remained significantly less than in mock-injected control eyes. Finally, at 60 days
PI, the retina produced a dark-adapted ERG response that was
comparable to that in mock-injected eyes.

Effect of INS37217 on Rod Functional Recovery
after Retinal Detachment in Normal Mice
Dark-adapted ERG recordings were made from normal mice at
1 and 10 days after a 1-L subretinal injection of saline alone or
of saline containing INS37217 at concentrations ranging from 1
to 200 M. Figure 5A shows the dose–response curve at day 1
PI. Select doses of INS37217 produced a significant increase in
dark-adapted a- and b-wave amplitudes when compared with
saline-injected eyes. The effects of INS37217 appear to follow
a “bell-shaped” dose–response curve. Of the doses used in this
study, one-way ANOVA and Bonferroni’s pair-wise comparison
revealed a statistically significant (P ⬍ 0.05) improvement in
a-wave ERG recovery with the 10-M dose (Fig. 5A, asterisks).
In terms of b-wave recovery, eyes injected with 10 and 20 M
of INS37217 showed a statistically significant (P ⬍ 0.05) improvement when compared with saline-injected eyes (Fig. 5A,
asterisks). Rod ERG function continued to recover in this
pattern, showing a more significant (P ⬍ 0.001) recovery in
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FIGURE 1. Recovery of retinal morphology after retinal detachment.
The entire eye globe was sectioned
and only H&E-stained sections at the
site of injection are presented to
show the extent of retinal detachment at the site of injection in a control eye (A) and in eyes injected subretinally with 1 L saline and
evaluated at 0 to 1 hour (B), 8 hours
(C), and 1 (D), 3 (E), and 7 (F) days
PI. Retinal detachment was defined
as the physical separation of the neural retina from the RPE. The extent of
retinal detachment was determined
by drawing a measurement arc covering the region of physical separation of neural retina from RPE. The
lengths of these arcs were calculated
by using computer-based interactive
measurements. (G) Averaged and
quantified areas of retinal detachment at various time points PI (0 –1
hour, 1 day [24 hours], 3 days [72
hours], and 7 days [168 hours]). The
retina achieved reattachment to the
RPE as early as 1 day after subretinal
delivery. Morphologically, the retina
returned to an unfolded, attached
state 7 days PI. For statistical evaluation, three to six eyes were evaluated
for the distribution of fluorescent microbeads after subretinal delivery.

INS37217- versus saline-injected eyes up to 10 days PI (Figs. 5B,
5C, asterisks). At 10 days after retinal detachment, INS37217treated eyes showed an approximate 90% recovery of rod ERG
function when compared to the 50% recovery in the salineinjected eyes. Figure 5B shows representatives of dark-adapted
ERG waveforms taken from mock-, saline-, and INS37217-injected eyes at 10 days PI. Averages of these treatment groups
are shown in Figure 5C, further demonstrating the favorable
effects of this compound.

Effect of INS37217 on Functional Recovery after
Retinal Reattachment in an rdsⴙ/ⴚ Mouse Model
of Retinitis Pigmentosa
The effects of subretinal injection of saline (1 L) with or without
INS37217 (10 M) on dark- and light-adapted ERG responses
were also evaluated in 1-month-old rds⫹/⫺ mice and compared
with mock-injected eyes. The functional recovery was monitored
1 day after subretinal injection. Although the rate of retinal degeneration is slow in rds⫹/⫺ mice, the abnormality in photore-

Downloaded from iovs.arvojournals.org on 04/14/2021

ceptor outer segment structure results in an approximate 65%
reduction in rod ERG response by 1 month of age, whereas
cone-specific ERG responses remain unaffected at this age.40 In
INS37217-treated eyes, significant increases in dark-adapted a- and
b-wave amplitudes (Figs. 6A, 6B) and in light-adapted cone b-wave
amplitudes (Figs. 6C, 6D) were observed when compared with
saline-injected control eyes (P ⬍ 0.05). Representative ERG waveforms in Figures 6A and 6C illustrate this enhancement in ERG
function afforded by the 10-M dose of INS37217 under dark- and
light-adapted conditions, respectively. This finding demonstrates
the ability of INS37217 to have a positive effect on the enhancement of functional recovery of rods and cones, even in a degenerating mouse retina.

Effect of INS37217 on Retinal Folding and the
Number of TUNEL-Positive Cells after Retinal
Reattachment in Normal Mice
In saline-injected eyes, most retinal folding occurred at the site
of injection (Figs. 1, 2). Figure 7 demonstrates the extent of
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FIGURE 2. Distribution of the injected material in the subretinal
space of the mouse eye at 0 to 1 hour
PI. (A) A representative fluorescence
image of an eyecup (without the anterior segment) showing retinal
blebs and the distribution of the fluorescent microbeads to most of the
eye. (B) Cross section of an eye
showing the structure of the retina at
the site of injection and the distribution of the fluorescent microbeads to
almost all of the subretinal space. Areas highlighted with rectangles were
examined at higher magnifications
and represent a composite overlay of
Nomarski and fluorescence (C–F)
and their corresponding images under fluorescence microscopy alone
(G–J). Arrows in (B) and (F): detachment at the site of injection.

retinal folding in saline-injected and INS37217-injected (10
M) eyes 2 days PI after complete morphologic reattachment
had occurred. When compared with saline-injected eyes (Figs.
7C, 7E), INS37217-treated retinas achieved morphologic reattachment with dramatically less folding, even at the site of

injection (Figs. 7D, 7F, needle track in D). Representative
sections also show a correlation between photoreceptors residing in the folded region of the retina and TUNEL-positive
staining (Figs. 7C–F). After examination of cross sections spanning the entire eyecup of injected mice, evaluation showed a
dramatic reduction in the number of TUNEL-positive cells in
INS37217 (10 M)-treated eyes (Figs. 7D, 7F) when compared
with their saline-injected counterparts (Figs. 7C, 7E). Mockinjected animals showed neither retinal folding (Fig. 7A) nor
TUNEL-positive photoreceptor cells throughout the entire eyecup (Fig. 7B).

DISCUSSION

FIGURE 3. The distribution of fluorescent microbeads in injected
mouse eye 7 days PI. (A) Fluorescence image of a representative
flattened eyecup revealed retinal reattachment and the spread of the
injected material throughout the entire eye. (B) Retinal cross section
that represents a composite overlay of Nomarski and fluorescence
image shows the structure of the retina at the site of injection and the
distribution of the fluorescent microbeads to most of the subretinal
space. (C) A representative fluorescence image of a flattened eyecup
without the retina showing the distribution of the beads in the RPE
layer. After the retina was removed, the eyecup was washed with PBS
to remove remnants of the beads in the subretinal space. The fluorescent microbeads appear to have been phagocytosed by RPE cells. (D)
Cross section of the eyecup in (C), to confirm the localization of the
fluorescent microbeads to the RPE. (E) A corresponding fluorescence
image of the RPE layer shown in (D).
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With the most recent developments in prospective gene therapies for retinal diseases26,43– 48 and their great promise for
clinical applications,28 it is critical to measure the efficacy of
these therapies in well-characterized animal models with phenotypes closely resembling those of patients. The mouse eye is
widely used as a model for a variety of human ocular diseases
and can therefore be used to test the efficacy of novel therapeutic approaches for treating human retinal diseases. So far,
the most effective means of delivering gene therapies to the
photoreceptor and RPE cells is through subretinal delivery.
However, any volume injected in the subretinal space causes a
temporary retinal detachment. Persistence of this detachment
leads to many negative consequences that impact visual function. Because the interaction between photoreceptors and RPE
is vital, one must balance the resultant detachment needed for
the distribution of therapeutic agent with that of the pathologic state caused by the detachment.1,2,33,49 Although in the
normal retina, retinal reattachment after temporary detachment eventually leads to a relatively complete recovery of
morphology and function,4,42,50 cell death still occurs.1 No
study to date has shown the effect of experimental retinal
detachment on the recovery of either retinal morphology or
visual function in animal models of retinal degeneration.
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FIGURE 4. Time course of dark-adapted ERG recovery in the normal mouse eye after retinal reattachment. (A) Dark-adapted a- and (B) b-wave
amplitudes recorded at 1, 3, 7, 14, and 60 days PI of 1 L of saline. Both a- and b-wave amplitudes show an improvement in function over time.
The gradual recovery in rod ERG function reached a normal level by 60 days. Control mock-injected values represent results from the contralateral
eye of saline-injected animals. These eyes underwent corneal puncture without injection. ERG values represent averages of 8 to 12 eyes per
treatment.

In the current study, a single subretinal injection of 1 L
saline solution containing fluorescent microbeads caused a
retinal detachment and distributed the microbeads to almost all
of the subretinal space. Gross histologic evaluation revealed
that spontaneous retinal reattachment occurred within 24
hours PI and retinal folding was observed for another 2 days
but appeared largely resolved by 7 days after the initial detachment. Functional recovery, as determined by ERG responses,
did not correlate with the rate of morphologic reattachment. In
mice, the recovery of dark-adapted a-wave ERG amplitudes at
1, 3, 7, 14, and 60 days after a single subretinal injection was
shown to be, respectively, 36%, 42%, 52%, 61%, and 90% of the
a-wave of mock-injected control mice (100%). The recovery of
dark-adapted b-wave ERG amplitudes for the same time points
were 44%, 31%, 45%, 61%, and 98% of the b-wave of mockinjected control animals. This dissociation between time
course of morphologic reattachment and functional recovery,
in part, reflects retinal restructuring that occurs as a result of
retinal detachment and persists even after achieving a significant level of reattachment.1,15,51 These results are consistent
with clinical findings that report that full visual recovery lags
behind successful surgical reattachment14 and are further supported by studies in the rabbit and the squirrel.15,52 Our
present findings, along with previous reports of compromised
retinal function after retinal reattachment in humans and in
experimental animal models, prompted us to evaluate the use
of a pharmacological approach for enhancing recovery of retinal ERG function after detachment in mice.
Earlier studies have demonstrated that the synthetic P2Y2
receptor agonist INS37217 stimulates subretinal fluid reabsorption and improves the rates of retinal reattachment in rat and
rabbit models of experimental retinal detachment.38,39 Herein,

we show that subretinal injection of saline solution containing
INS37217 (10 M) significantly enhanced recovery of a- and
b-wave amplitudes at 1 and 10 days PI in normal mice, when
compared with saline-injected control animals. Of the doses of
INS37217 tested, the ERG rescue effect of 10 M INS37217
appeared optimal. The reason for the absence of protective
effect on ERG function at higher INS37217 concentrations is
unknown and remains to be investigated. However, we observed no obvious toxicological effect of INS37217 on the
retina at higher concentrations, a finding that is consistent with
previous rabbit ERG studies of intravitreally administered
INS37217.38 We also report that, when compared with salineinjected controls, INS37217 (10 M) also enhanced the recovery of rod and cone functions in 1-month old rds⫹/⫺ mice. This
enhancement in functional recovery persisted at 10 days PI
(data not shown). The data in the rds⫹/⫺ mouse model of
retinitis pigmentosa demonstrate a protective effect of
INS37217 on rod and cone function after experimental detachment in a relatively advanced stage of photoreceptor dysfunction. This finding has direct implications for the potential use
of subretinal injection as a means of delivering therapeutic
agents in patients.
Although studies have shown that factors such as brainderived neurotrophic factor (BDNF) and glial-derived neurotrophic factor (GDNF)53,54 (Lewis GP, et al. IOVS 1998;39:ARVO
Abstract 2647), as well as oxygen supplementation55–57 reduces photoreceptor cell death and mitigates the progression
of a number of detachment-induced retinopathic changes in
experimental animals, the effects of these factors on functional
recovery after retinal reattachment have not been reported.
Our present findings with INS37217 represent the first example of the use of a pharmacological agent to improve ERG
‹

FIGURE 5. Dose–response curve of the effect of INS37217 on the functional recovery of the dark-adapted ERG after retinal detachment in normal
mice. (A) The effects of INS37217 at concentrations ranging from 1 to 200 M on the recovery of the dark-adapted a- and b-wave amplitudes at
1 day PI. The 10-M dose of INS37217 elicited the most significant recovery in dark-adapted rod function when compared with saline injected eyes.
(B) Representative dark-adapted ERG waveforms from mock-injected, saline, and INS37217-injected eyes recorded at 10 days PI demonstrating the
long-term ability of INS37217 to enhance significantly the recovery of rod-ERG function after retinal detachment. (C) The pattern of ERG recovery
in both a- and b-wave amplitudes resulting from the 10-M dose of INS37217 persisted until 10 days PI. At this time point, the saline injected eyes
recovered approximately 50% of the rod ERG, whereas the INS37217-injected eyes recovered 90% of the rod-ERG. ERGs were also obtained from
saline injected contralateral eyes. *Statistically significant difference between INS37127- and saline-injected eyes. ERG values represent averages of
8 to 12 eyes per treatment.
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FIGURE 6. Effect of INS37217 on
the recovery of the dark- and lightadapted ERG after retinal reattachment in the rds⫹/⫺ mice. (A) Representatives of the dark-adapted ERG
waveforms from saline-, INS37217-,
and mock-injected eyes at 1 day PI
reflect the enhancement in the rod
function afforded by the 10-M dose
of INS37217. (B) Dark-adapted ERG
a- and b-wave amplitudes recorded at
1-day PI from animals that were
mock-injected control, saline-injected, or saline⫹INS37217 (10 M)injected animals. Data are averaged
from 8 to 10 independent measurements. (C) Representative lightadapted waveforms showing the enhanced recovery of the cone ERG
amplitudes as a result of injection of
INS37217. (D) The average values of
the recovery of the light-adapted bwave from eight independent measurements showing a significant enhancement in cone function afforded
by the 10-M dose of INS37217. Data
were also obtained from saline injections in the contralateral eye of the
INS37217-injected animals. ERG values represent averages of 8 to 12
eyes per treatment.

function after experimental retinal reattachment in healthy
eyes and in a model of inherited photoreceptor degeneration.
Although the underlying mechanism driving this ERG-enhanc-
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ing effect of INS37217 in mice needs further examination,
notable differences in retinal morphology were detected between saline and INS37217-injected eyes as early as 2 days after
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FIGURE 7. Detection of TUNEL-positive cells in saline- versus INS37217injected retinas. (A) Representative fluorescence image of a retinal cross
section at 2 days PI shows a mock-injected eye stained with DAPI without
any retinal detachment. (B) TUNEL staining of the same section showing
the absence of TUNEL-positive photoreceptors. (C, E) Representative
fluorescence images of retinal cross sections 2 days after saline injection,
taken from two unrelated representative eyes stained with DAPI (blue)
and TUNEL (red). Both sections were obtained at the site of injection and
show a significant level of retinal detachment and a high number of
TUNEL-positive photoreceptor cells. (D, F) Retinal cross section from two
independent samples at the same time point injected with INS37217 and
stained with DAPI (blue) and TUNEL (red). Both sections show significant
reduction in the level of retinal detachment and number of TUNELpositive photoreceptor cells. Indicated in (D) is an example of the needle
track at the site of injection.

retinal detachment. Significantly fewer retinal folds were seen
at the site of injection in INS37217 (10 M)-treated eyes compared with their saline-injected counterparts. More significantly, the number of TUNEL-positive photoreceptor cells was
reduced in the presence of INS37217. Because TUNEL staining
has been widely accepted as an indicator of cell death, it is
reasonable to suggest that INS37217 reduces photoreceptor
cell death by stimulating more efficient retinal reattachment,
therefore improving the intimate interactions between photoreceptor outer segments and the RPE.
In summary, we describe the enhanced recovery of retinal
morphology and function after the administration of INS37217.
This recovery is probably due to reduced morphologic rearrangements and cell death associated with retinal detachment.
When taken together, these findings support the future use of
this P2Y2 receptor agonist in the clinical resolution of retinal
detachment and in enhancement of functional recovery after
subretinally delivered therapies.
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