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Proliferative vitreoretinopathy (PVR) is a complica-
tion that develops in 5% to 10% of patients who un-
dergo surgery to correct a detached retina. The only
treatment option for PVR is surgical intervention,
which has a limited success rate that diminishes in
patients with recurring PVR. Our recent studies re-
vealed that antioxidants prevented intracellular sig-
naling events that were essential for experimental
PVR. The purpose of this study was to test whether
N-acetyl-cysteine (NAC), an antioxidant used in a
variety of clinical settings, was capable of protect-
ing rabbits from PVR. Vitreous-driven activation of
PDGFRa and cellular responses intrinsic to PVR (con-
traction of collagen gels and cell proliferation) were
blocked by concentrations of NAC that were well be-
low the maximum tolerated dose. Furthermore, intra-
vitreal injection of NAC effectively protected rabbits
from developing retinal detachment, which is the
sight-robbing phase of PVR. Finally, these observa-
tions with an animal model appear relevant to clinical
PVR because NAC prevented human PVR vitreous-in-
duced contraction of primary RPE cells derived from
a human PVR membrane. Our observations demon-
strate that antioxidants significantly inhibited ex-
perimental PVR, and suggest that antioxidants have
the potential to function as a PVR prophylactic
in patients undergoing retinal surgery to repair a
detached retina. (4m J Patbol 2010, 177:132—140; DOI:
10.2353/ajpath.2010.090604)
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Proliferative vitreoretinopathy (PVR) is a complication that
develops in a patient undergoing surgery to correct a
detached retina.”? Cells that are mislocalized to the vit-
reous proliferate, synthesize extracellular matrix proteins
and organize into an epiretinal membrane. The most
sight-robbing phase of PVR occurs when the membrane
contracts and detaches the retina.

Although only a minority (5% to 10%) of patients who
undergo retinal re-attachment surgery develop PVR, the
only treatment involves removing the epiretinal mem-
brane surgically."® The percentage of these first-time
PVR patients who fail to achieve anatomical success is
20% to 40%, and such patients are more prone to expe-
rience additional bouts of PVR."*% Thus the available
treatment option for PVR is not ideal.

There have been multiple attempts to develop nonsur-
gical therapies for PVR. These include pharmacological
strategies to block the cellular events intrinsic to PVR. For
instance, investigators have tried using antiproliferative
agents to prevent PVR such as 5-fluorouracil® and dauno-
mycin’-® that are used to treat patients with cancer. Al-
though these approaches have shown some success in
either animal models or limited clinical applications, they
have not been found to be widely successful.°~'? A re-
cent study in a small number of patients indicates that
postoperative oral 13-cis-retinoic acid treatment was
beneficial for maintaining retinal attachment, decreasing
macular pucker, and improving vision.'®

A fundamental understanding of the biochemical/mo-
lecular events that drive key processes intrinsic to a
disease has been instrumental in developing effective
therapies. For instance, the discovery that vascular en-
dothelial growth factor is one of the potent drivers of
angiogenesis guided development of anti-angiogenic
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therapies that are widely used to improve vision and/or
delay vision loss in patients with the wet (neovascular)
form of age-related macular degeneration.™ Similarly,
identification of an activated tyrosine kinase as the ge-
netic lesion underlying chronic myelogenous leukemia
directed efforts to develop kinase inhibitors (Imatinib me-
sylate and related compounds) that are currently used to
extend the life-expectancy of a substantial percentage of
individuals afflicted with this disease.'

There is a growing appreciation that growth factors in
the vitreous are likely to be driving the cellular events
intrinsic to PVR. For instance, members of the platelet-
derived growth factor (PDGF) family are present at high
levels in the vitreous of the vast majority of PVR pa-
tients, whereas only a small minority of patients with
retinal issues unrelated to PVR has a detectable level of
PDGFs in their vitreous.’® Furthermore, cells within
epiretinal membranes obtained from patients with PVR
express PDGF receptors (PDGFRs) and these receptors
are activated."”

A rabbit model of PVR that models the sight-robbing
retinal detachment phase of PVR reflects a number of
features of clinical PVR including high levels of PDGFs in
the vitreous and a suspected role for PDGFRs in cells that
form the epiretinal membrane.'®'®2° Experiments de-
signed to test the importance of PDGFR activation for
disease progression led to a number of surprising dis-
coveries. Although activation of PDGFR was essential for
experimental PVR, direct activation by PDGF was dis-
pensable.'”~'® Instead, indirect activation of PDGFR trig-
gered signaling events leading to PVR.""2" Indirect ac-
tivation of PDGFR is a relatively obscure phenomenon,
which proceeds as follows. Vitreal growth factors outside
of the PDGF family activate their own receptors and
thereby increase the intracellular concentration of reac-
tive oxygen species (ROS), which activate Src family
kinases that lead to activation of PDGFR.?"

These studies identified a number of potential thera-
peutic targets. For instance, antioxidants such as N-ace-
tylcysteine (NAC) prevent the accumulation of ROS, and
thereby block indirect activation of PDGFR and cellular
events intrinsic to PVR.2" NAC is a safe and inexpensive
compound that is currently used in a variety of clinical
applications. Consequently, we tested if intravitreal injec-
tion of NAC would protect rabbits from undergoing retinal
detachment in our PVR model.

Materials and Methods
Cell Culture

F cells are mouse embryo fibroblasts derived from mice
deficient for pdgfra and pdgfrb genes that were immortal-
ized with SV40 large T antigen.'® FaAx cells are F cells
engineered to express a mutant human PDGFRa without
the extracellular domain.?' F31/42 cells are F cells ex-
pressing a PDGFRa mutant in which tyr at 731 and 742
are mutated to phe.?® ARPE19 (RPE19) cells are a human
retinal pigment epithelial cell line purchased from Amer-
ican Type Culture Collection (Manassas, VA). Primary
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rabbit conjunctiva fibroblasts (RCF) were isolated from
rabbit conjunctiva as previously described.?®> RPE19«
cells were generated by expressing human PDGFRea in
the parental RPE19 cells.’®

To obtain cells from a PVR membrane, a single epireti-
nal membrane from a patient with a retinal detachment
and PVR was surgically removed and placed in Ham'’s
F12 medium (Gibco BRL, Grand Island, NY). The mem-
brane was washed with Hanks’ balanced salt solution,
dissected into 0.3 cm X 0.3 cm pieces, and placed into
separate 35-mm culture dishes containing Ham's F12
medium, 30% fetal bovine serum (FBS; Gibco BRL), pen-
icillin G sodium (100 units/ml), and streptomycin (100
mg/ml). After cells migrated out of the explants, the cells
were dissociated with 0.25% trypsin (Gibco BRL) and
placed into culture dishes containing growth medium
(Ham’s F12 plus 10% FBS and antibiotics as described
above). Characterization of the resulting cells indicated
that they stained positively for cytokeratin but weakly for
a-smooth muscle actin.?*

RCF, F, F31/42, and FaAx cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; high glu-
cose; Gibco BRL) supplemented with 10% FBS, 500 U/ml
of penicillin, and 500 ug/ml of streptomycin. RPE and
RPE19« cells were cultured in a 1:1 mixture of DMEM and
Ham’s F12 medium (Gibco BRL) supplemented with 10%
FBS, 500 U/ml of penicillin, and 500 ug/ml of streptomy-
cin. All cells were cultured at 37°C in a humidified 5%
CO, atmosphere.

Major Reagents

The anti-PDGFRa antibody (27P) was produced and
characterized as previously described.?® The antiphos-
photyrosine antibodies, 4G10 and PY20, were purchased
from Upstate and BD Transduction Laboratories (Madi-
son, WI), respectively. For some experiments, we used a
commercially available anti-PDGFRa antibody number
3164 from Cell Signaling (Beverly, MA). The phospho-Y742
PDGFRa antibody was raised against the following phos-
pho-peptide (KQADTTQY [Phospho-Y742] VPMLDMK) that
was synthesized by Tufts Medical School (Boston, MA).
Rabbits were immunized with this peptide by a Diagnos-
tic International, Inc. (San Antonio, TX) by using the stan-
dard immunization protocol. Recombinant mouse basic
fibroblast growth factor (bFGF) was purchased from Pep-
rotech Inc. (Rocky Hill, NJ). Antibodies that recognized
horseradish peroxidase-conjugated goat anti-rabbit IgG,
and goat anti-mouse IgG secondary antibodies, were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Enhanced chemiluminescent substrate for detection
of horseradish peroxidase was from Pierce Protein Re-
search Products (Rockford, IL). NAC was purchased
from Sigma (St. Louis, MO).

Measurement of ROS Production

Intracellular H,O, generation was measured indirectly by
using the fluorescent dye, 2’,7’-dichlorofluorescein diac-
etate, as described previously.?! Briefly, serum-deprived
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FaAx cells were stimulated for 10 minutes with bFGF (100
ng/ml) or PVR rabbit vitreous. Subsequently, the cells
were rinsed twice with Krebs-Ringer solution and incubated
in Krebs-Ringer solution containing 2',7’-dichlorofluores-
cein diacetate (5 umol/L). In the presence of H,0,, 2',7'-
dichlorofluorescein diacetate is oxidized to the highly fluo-
rescent 2',7'-dichlorofluorescein. Culture dishes were
sealed with paraffin film and placed in a CO, incubator at
37°C for 5 minutes, after which 2’,7’-dichlorofluorescein
fluorescence was read with a Bio-Tek fluorescence plate
reader at excitation and emission wavelengths of 485 and
528 nm, respectively.

Immunoprecipitation and Western Blot

Cells were grown to 90% confluence and then incubated
for 24 hours in the medium without serum. The cells were
pretreated with NAC (0.1, 0.5, and 2.5 mmol/L) for 10
minutes and then exposed to bFGF (100 ng/ml) or rabbit
vitreous (diluted 1:2 in DMEM) for 10 minutes. After wash-
ing twice with ice-cold PBS, the cells were lysed in ex-
traction buffer (10 mmol/L Tris-HCI, pH 7.4, 5 mmol/L
EDTA, 50 mmol/L NaCl, 50 mmol/L NaF, 1% Triton X-100,
20 pg/ml aprotinin, 2 mmol/L NagVO,, and 1 mmol/L
phenylmethylsulfonyl fluoride). Lysates were centrifuged
for 15 minutes at 13,000 X g, 4°C, and PDGFRa was
immunoprecipitated from clarified lysate as previously
described.?’ The immunoprecipitating antibody was a
crude rabbit polyclonal (27P), which recognized the cy-
tosolic domain of PDGFRa. The blotting antibody was a
1:1 mixture of antiphosphotyrosine antibodies (4G10/
PY20). The membrane was stripped and reprobed with
the PDGFRa antibody. Signal intensity was determined
by densitometry by using Quantity One (Bio-Rad, Her-
cules, CA) and normalized for the amount of PDGFRa in
each sample.?’

PVR membranes isolated from rabbits were pooled
and homogenized in sample buffer (10 mmol/L EDTA, 2%
SDS, 50 mmol/L Tris-HCI [pH = 6.8], 10% glycerol, 1%
B-mercaptoethanol, and 0.02% bromophenol blue). The
samples were subjected to Western blotting using a
phospho-Y742 PDGFRa antibody. The blot was subse-
quently stripped and reprobed with an antibody against
PDGFRa.

Cell Proliferation Assay

Cells (F, FaAx, RCF, and RPE19a) were seeded into a
24-well plate at a density of 3 X 10* cells/well in DMEM
and 10% FBS. After 8 hours, the cells had attached, the
medium was aspirated, and the cells were rinsed twice
with PBS and 0.5 ml of serum-free DMEM or rabbit vitre-
ous (diluted 1:2 in DMEM) = NAC (10, 20, or 50 mmol/L)
was added. The media were replaced every day. The
cells were counted in a hemocytometer on day 7. Each
experimental condition was assayed in duplicate, and at
least three independent experiments were performed.

Replating Assay

FaAx, RCF, and RPE19« cells were treated with NAC (0,
10, 20, or 50 mmol/L) for 7 days, counted as described
above and replated into a new 24-well plate. After incu-
bation for 6 hours, the adherent cells were enzymatically
released from the dish and recounted by using a hemo-
cytometer; at least three independent experiments were
performed.

Collagen | Contraction Assay

F, FaAx, or primary human RPE cells isolated from an
epiretinal membrane were suspended in 1.5 mg/ml of
neutralized collagen | (INAMED, Fremont, CA; pH 7.2) at
a density of 10° cells/ml.’”-2° The cells/collagen mixture
was transferred into a 24-well plate that had been pre-
incubated overnight with 5 mg/ml bovine serum albumin
in PBS. The collagen was solidified by incubating at 37°C
for 90 minutes, and then 0.5 ml DMEM or rabbit vitreous
(diluted 1:2 in DMEM) += NAC (10 mmol/L) was added.
The media were replaced every day. The gel diameter
was measured on days 1, 2, 3, and 4. The area was
calculated by using the formula @2, where r is the radius
of the gel. Each experimental condition was assayed in
duplicate, and at least three independent experiments
were performed.

Rabbit Model for PVR

PVR was induced in the right eyes of pigmented rabbits
purchased from Covance (Denver, PA) as previously de-
scribed.’® Briefly, a gas vitrectomy was performed by
injecting 0.1 ml of perfluoropropane (CsFg; Alcon, Fort
Worth, TX) into the vitreous cavity 4 mm posterior to the
corneal limbus. One week later, all rabbits received two
injections: (1) 0.1 ml of platelet-rich plasma and (2) 0.1 ml
DMEM containing 2 X 10° FaAX cells. All rabbits under-
went a third injection consisting of 0.1 ml of either 100
mmol/L NAC in DMEM, or DMEM alone. The NAC or
DMEM injection was repeated on days 2, 4, and 7. The
retinal status was evaluated with an indirect ophthalmo-
scope fitted with a +30 D fundus lens (Volk Optical, Inc.,
Mentor, OH) at days 1, 3, 5, 7, 14, 21, and 28. PVR was
graded according to the Fastenberg classification from 0
to 5. On day 28 the animals were sacrificed, the eyes
were enucleated and either frozen at —80°C, or placed
on ice and dissected to recover the PVR membrane. All
surgeries were performed under aseptic conditions and
pursuant to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. The protocol for the
use of animals was approved by the Schepens Animal
Care and Use Committee.

Preparation of Rabbit Vitreous

Rabbit vitreous was prepared as follows. The vitreous
was dissected from frozen rabbit eyeballs, allowed to
thaw, and then centrifuged for 5 minutes at 4°C, 10,000 X



g. The resulting supernatant was used for all analyses.
The eyes were not manipulated in any way and were
normal and free of obvious abnormalities.

Patient Vitreous

Ethical approval was obtained before the initiation of this
project from the Vancouver Hospital and University of
British Columbia Clinical Research Ethics Board. The
University of British Columbia Clinical Research Ethics
Board policies comply with the Tri Council Policy and the
Good Clinical Practice Guidelines, which have their ori-
gins in the ethical principles in the Declaration of Helsinki.
Written informed consent was obtained from patients.

Vitreous humor samples were obtained during pars
plana vitrectomy performed on five patients with PVR.
Samples from patients who had previously undergone
vitrectomy were excluded from this study. All subjects
underwent a standard three-port vitrectomy, with a core
sample of vitreous (1.0 to 1.5 ml) taken before initiating
the pars plana infusion as described previously.?® Undi-
luted samples were divided into aliquots and stored at
—80°C until use.

Statistics

The experimental data were analyzed using an unpaired
t-test or a Mann Whitney test. A P value less than 0.05
was considered statistically significant.

Results

Establishment of the Minimal and Maximal NAC
Dose

The first step in testing if antioxidants could protect rab-
bits from experimental PVR was to determine the minimal
dose of a suitable anti-oxidant that prevented vitreous-
driven biochemical and cellular events intrinsic to PVR.
We focused on NAC because it is safe and effective in
several clinical settings such as mucolytic therapy (Mu-
comyst, Mucosil) and treatment of acetaminophen over-
dose (Parvole, Acetadote). As shown in Figure 1, A and
B, pretreating cells with concentrations of NAC greater or
equal to 0.5 mmol/L prevented a rise in the level of ROS
and activation of PDGFR« by either bFGF (a represen-
tative vitreal growth factor) or vitreous. The observation
that millimolar concentrations of NAC were effective
was consistent with the reports from several laborato-
ries.?"2728 The concordance between ROS production
and activation of PDGFRa supports our previous find-
ings that growth factors outside of the PDGF family
engage a ROS-dependent mechanism to indirectly ac-
tivate PDGFRa.?’

We also determined the maximum tolerated dose of
NAC in several cell types relevant to experimental PVR,
including human RPE cells (RPE19«), RCFs, and F cells
expressing a truncated PDGFRa mutant that can only be
activated indirectly (FaAx). The cells were cultured in
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Figure 1. NAC prevented indirect activation of PDGFRa by rabbit vitre-
ous and bFGF. A: Near confluent FaAx cells were serum-starved for 24
hours, pretreated with NAC (0, 0.1, 0.5, and 2.5 mmol/L) for 10 minutes,
and then nothing (=), bFGF (100 ng/ml), or 1.5 ml of vitreous (RV)
isolated from healthy rabbits (diluted 1:2 in DMEM) was added and
incubated for ten minutes at 37°C. The cells were lysed, and PDGFRa was
immunoprecipitated using an anti-PDGFRa (27P) antibody. The resulting
samples were analyzed by sequential Western blotting: first, with a mix-
ture of antiphosphotyrosine antibodies (pY20 and 4G10; top paneD);
second, with an anti-panPDGFRa antibody (27P; bottom panel). The
intensity of the p-PDGFRa bands was normalized by the intensity of the
corresponding PDGFRa bands; the ratio of these two values is shown at the
bottom of the panel. The average fold change in three independent exper-
iments was 3.5 * 0.3 and 6.9 = 0.6 for bFGF and rabbit vitreous, respectively.
The results indicate that a 10-minute pre-incubation with 0.5 mmol/L or
greater NAC was sufficient to prevent activation of PDGFRa by either a single
representative vitreal growth factor (bFGF) or the combination of all growth
factors present in the vitreous. B: FaAx cells treated as described in A were
washed with Krebs-Ringer solution twice and then incubated with 2',7'-
dichlorofluorescein (5 wmol/L) for 5 minutes at 37°C. The cells were then
placed in a Bio-Tek fluorescence plate reader (excitation and emission
wavelengths of 485 and 528 nm, respectively). The results in this figure are
from three independent experiments; the bars represent the mean, whereas
the error bars indicate the SD. bFGF and RV increased the level of ROS,
and this event was suppressed by pretreating cells with a dose of NAC that
was equal to or greater than 0.5 mmol/L.

complete growth culture medium supplemented with in-
creasing concentrations of NAC. The medium was re-
freshed daily, and on day 7 the cells were photographed
(Figure 2A shows representative photos) and counted
(Figure 2B). As the concentration of NAC was increased,
the proliferative capacity declined, such that all three cell
types achieved a lower cell density. In the presence of 50
mmol/L NAC, cells were unable to proliferate and devel-
oped abnormalities such as nuclear condensation (Fig-
ure 2A). Furthermore, on trypsinization and replating, the
vast majority of cells treated in 10 or 20 mmol/L NAC
re-attached, whereas less than 10% of cells cultured in
the presence of 50 mmol/L NAC were capable of re-
attaching (Figure 2C). Taken together, these data indi-
cate that the three cell types behaved comparably, and
although proliferation was reduced as the concentration
of NAC was increased, cells appeared viable provided
that the concentration of NAC was kept equal to or below
20 mmol/L.
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Figure 2. Establishment of the maximum-toler-
ated dose of NAC for cultured cells. A: RPE19«,
RCF, and FaAx cells were plated in complete
growth medium at 3 X 107 cells/well of a 24-well
plate. Within 24 hours, the indicated concentra-
tion of NAC was added. The media were re-
freshed daily, and the experiment was continued
for a total of seven days. The pictures shown
were taken on day seven. In the presence of 50
mmol/L NAC, nuclear condensation developed
in all three cell types. Scale bar = 100 wm. B:
The cells described in A were counted on day
seven, and the data (cell numbers) from three
independent experiments were graphed (the
mean * SD). Blue, red, yellow, and green cor-
respond to 0, 10, 20, and 50 mmol/L NAC, re-
spectively. C: The cells described in B were
replated in complete growth medium, and the
number of attached cells was counted at the
6-hour time point. The data are expressed as a
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NAC Prevented Cellular Responses Intrinsic to
Retinal Detachment

We recently reported that vitreal growth factors such as
bFGF indirectly activated PDGFRa and triggered a num-
ber of cellular responses intrinsic to PVR, including
contraction of collagen gels and proliferation of cells.?"
Furthermore, bFGF increased the level of ROS, and an-
tioxidants such as NAC prevented indirect activation of
PDGFRa as well as subsequent cellular responses.?’
Consequently, we tested if NAC was capable of prevent-
ing these cellular responses when cells were simulta-
neously stimulated with a rich mixture of growth factors
and cytokines, ie, vitreous. F (null for all PDGFRs) and
FaAx cells were used because this pair had the three
features necessary to interpret the results of these stud-
ies: (1) A matched pair of cells that did and did not
express PDGFRa (necessary to observe PDGFRa-de-
pendent augmentation of cellular responses); (2) The
PDGFRa must be altered (ie, truncated) such that it was
not competent to undergo direct (ie, PDGF-dependent)
activation (to avoid the contribution of autocrine activa-
tion of PDGFRa by PDGF-C that fibroblasts and RPEs
secrete and activate'®); and (3) Cells null for both pdgfr
genes (this enabled observation of the introduced, trun-
cated PDGFRa without the contribution of endogenous
PDGFRs).

F cells failed to contract in response to rabbit vitreous,
whereas FaAx cells responded robustly (Figure 3, A and
B). This response disappeared when the FaAx cells were
pretreated with 10 mmol/L NAC (Figure 3). A dose re-

=

percentage of re-attached cells and are shown as
an average * SD from three independent exper-
iments. Black, gray, blue, and green correspond
to 0, 10, 20, and 50 mmol/L NAC, respectively,
which was the concentration of NAC in the cul-
ture medium before replating.

FoAx RCF

sponse experiment revealed that 2.5 mmol/L was the
minimum dose of NAC needed to prevent contraction
(Supplemental Figure S1, see htip://ajp.amjpathol.org).
These results indicate that expression of PDGFRa greatly
potentiated the ability of cells to contract collagen gels in
response to vitreous, and defined the minimum dose of
NAC necessary to prevent this event.

To address how NAC influenced other vitreous-driven
cellular responses, we considered cell proliferation. We
previously found that bFGF induced proliferation of F
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Figure 3. NAC prevented vitreous-dependent gel contraction. A: F and
FaAx cells were subjected to a collagen gel contraction assay in the presence
or absence of 0.5 ml vitreous from healthy rabbits (diluted 1:2 in DMEM). In
some cases NAC (10 mmol/L) was also included. The picture shown is a
representative experiment on day 3. B: The average * SD from three
independent experiments; the width of the gel on day three was measured
and the area was calculated (a = m7%); there is a statistically significant
difference, *P < 0.05. The data show that expression of PDGFRa enabled
cells to contract when exposed to vitreous and that NAC prevented this
response.
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Figure 4. NAC blunted vitreous-driven proliferation. Cells were plated at a
subconfluent density in serum-free medium that was supplemented with
nothing, vitreous, or vitreous and NAC (10 mmol/L). Vitreous from healthy
rabbits was diluted 1:2 in DMEM, and 0.5 ml of the resulting solution was
added to the appropriate wells of a 24-well plate. The medium was replaced
every day, and cells were counted on day three with a hemocytometer. The
data shown are the mean = SD from three independent experiments; there
is a statistically significant difference, *P < 0.05. The data indicate that NAC
blunted vitreous-driven proliferation of both cell lines and that the PDGFRa-
expressing cells lost their proliferative advantage in the presence of NAC.

cells, and that this bFGF-triggered response was greater
for FaAx as compared with F cells.®’ Furthermore, the
difference between the two cell types disappeared in the
presence of NAC.?" Thus when exposed to single vitreal
growth factor such as bFGF, PDGFRa-expressing cells
responded better than the same cells that did not ex-
press PDGFRa. To test if this was also true in the more
physiologically relevant setting, ie, when cells are ex-
posed to vitreous that contains a complex mixture of
growth factors, we repeated the experiment by using
rabbit vitreous instead of bFGF. Vitreous promoted pro-
liferation of both cell lines, and the response of the FaAx
line was greater than the F cells (Figure 4). Consistent
with the finding that NAC attenuated serum-dependent
proliferation of cells (Figure 2B), NAC blunted vitreous-
dependent proliferation in both cell lines. Importantly,
FaAx cells lost their proliferative advantage over F cells in
the presence of NAC (Figure 4). A dose response exper-
iment indicated that 2.5 mmol/L NAC was the minimum
dose required to eliminate the difference between the
two cell lines (Supplemental Figure S2, see http://ajp.
amjpathol.org). We conclude that expression of PDGFRa
potentiated the ability of cells to proliferate in response
to vitreous and that NAC effectively eliminated this
advantage.

NAC Protected Rabbits from Developing PVR

Having identified the minimum effective dose and maxi-
mum tolerated dose of NAC for cells, we sought to es-
tablish the maximum dose of NAC that could be injected
into the vitreous without overt retinal toxicity. To this end,
we first performed a gas vitrectomy (to mimic the PVR
protocol) and then injected a total of 0.1 ml of NAC to
achieve a final vitreal concentration of 2, 10, or 20
mmol/L. Two rabbits were injected with each of the three
doses, and injections were repeated on day 2 and 4 (a
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Figure 5. Histological analysis of retinas isolated from rabbits injected with
increasing doses of NAC. Rabbits underwent a gas vitrectomy as described in
Materials and Methods. One week after this procedure, 0.1 ml of NAC was
injected into vitreous to achieve a final vitreal concentration of 2, 10, or 20
mmol/L B, C, or D, respectively. The NAC injection was repeated on days
two and four. The rabbits underwent a fundus examination on days 1, 3, 5,
7, and 14. After the last fundus examination, the rabbits were euthanized and
the eyes were enucleated and fixed in 10% formalin. Sections were prepared,
stained with hematoxylin and eosin, and photographed. Representative pho-
tos are presented in each panel, and the concentration of NAC is indicated.
Scale bar = 100 wm.

total of three injections). Although there were adverse
effects (ie, retinal detachment) at the highest dose of
NAC, the two lower doses, 2 and 10 mmol/L, were toler-
ated well. Histological analysis of retinas isolated from
these animals confirmed these observations; only the
high dose (20 mmol/L) of NAC induced overt retinal dam-
age (Figure 5, A-D). Consequently, we chose the 10
mmol/L dose for the subsequent experiments.

PVR was induced following our standard protocol of a
gas vitrectomy followed by injection of cells (in this case
FaAx) and platelet-rich plasma. To test whether NAC
could prevent PVR, we modified the PVR protocol to
include injection on days 0, 2, 4, and 7 of 0.1 ml of buffer
(DMEM) or 100 mmol/L of NAC in DMEM (to achieve a
final vitreal concentration of 10 mmol/L). As shown in
Figure 6A, control rabbits (injected with the buffer) devel-
oped PVR over the course of the 4-week experiment. The
response was significantly reduced in rabbits injected
with NAC, and the suppression of the response persisted
for 3 weeks after cessation of NAC injections (Figure 6A).
Furthermore, although most of the NAC-treated rabbits
developed membranes, none of them progressed to ret-
inal detachment (Figure 6A). Representative fundus pho-
tos of each stage of PVR and histological sections of a
retina with and without a PVR membrane are presented in
Supplemental Figure S3 at http://ajp.amjpathol.org. These
studies indicate that NAC effectively protected rabbits
from developing the site-robbing phase of PVR.

Although NAC therapy effectively protected rabbits
from retinal detachment, most of the rabbits treated with
NAC still developed membranes (stage 1 and 2), which
suggests that NAC did not compromise the ability of the
injected cells to survive. Indeed, Western blot analysis of
PVR membranes isolated from the two experimental
groups revealed a comparable amount of PDGFRaAX
(arrowhead in the lower panel of Figure 6B). There was
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Figure 6. NAC therapy blunted in vivo activation of PDGFRa and prevented
retinal detachment. A: One week after a gas vitrectomy, rabbits were intra-
vitreally injected with platelet-rich plasma and FaAx cells. All rabbits also
received 0.1 ml injections of either buffer (DMEM) or NAC (100 mmol/L in
DMEM) on days 0, 2, 4, and 7. The rabbits were examined at the indicated
times, and the PVR status for each rabbit was plotted. The horizontal bar is
the mean of each group. The data were subjected to Mann-Whitney analysis
to assess whether there were statistically significant differences between
these two groups. The P value is indicated at the top of the figure. The data
reveal that NAC prevented rabbits from developing retinal detachment. B:
Once the animals were sacrificed (on day 28), the eyes were enucleated and
PVR membranes were harvested from four eyes with the most severe PVR in
each experimental group: stages one and two for the NAC-treated group;
stages four and five for the DMEM-treated group. The membranes within
each group were pooled, homogenized in sample buffer, and subjected to
Western blotting using an antibody against phospho-PDGFRa Y742 (top
panel). The membrane was stripped and reprobed using a pan PDGFRa
antibody (number 3164 from Cell Signaling; bottom panel). Numbers on the
left indicate molecular weight (kilodalton). Normalization of the phospho-
signal by the amount of PDGFRa present indicated that NAC reduced phos-
phorylation of PDGFRaAx by 2.6-fold. The left lane contains RCFs and is
included as a positive control. C: Fa (F cells expressing wild-type PDGFRa'®)
or F31/42 (F cells expressing a PDGFRa mutant in which tyr at 731 and 742
are mutated to phe??) were stimulated with PDGF-A (50 ng/mD for 10
minutes and then lysed. In the top panel, cleared cell lysate was subjected
to Western blot analysis using a phospho-Y742 PDGFRa antibody (upper
half); the blot was stripped and subsequently probed with a pan-PDGFRa
antibody (27P; lower half). In the bottom panel PDGFRa immunoprecipi-
tates were subjected to Western blot analysis using an anti-phosphotyrosine
antibody (upper half); the blot was stripped and subsequently probed with
a pan-PDGFRa antibody (27P; lower half). The data indicate that recogni-
tion of phosphorylated PDGFRa by the phospho-Y742 antibody is depen-
dent on either tyr 731 or 742 (presumably 742). The results were represen-
tative of two independent experiments.

slightly more full-length PDGFRa in membranes isolated
from control rabbits (arrow in lower panel of Figure 6B),
perhaps because membranes isolated from rabbits with
advanced stages of PVR have more rabbit-derived tissue
(which expressed full-length PDGFRa) associated with it.

To test if NAC prevented activation of PDGFRe in vivo,
we assessed the extent of PDGFRa phosphorylation in
PVR membranes by using a phosphospecific antibody
that recognized activated PDGFRa (Figure 6C).'®22
When normalized for the amount of PDGFRe, there was
2.6-fold greater phosphorylation of PDGFRaAX in mem-
branes isolated from the control rabbits, as compared
with those injected with NAC (arrowhead in the upper
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Figure 7. NAC prevented patient vitreous-driven contraction. A: Primary
human RPE cells that were obtained from a clinical PVR membrane were
subjected to the collagen contraction assay. Vitreous from PVR patient do-
nors (100 ul) was added together with 400 ul DMEM on top of the gel to
promote contraction. Some of the wells also received NAC (final concentra-
tion of 10 mmol/L). The photograph was taken on day three. The numbers
at the top of A indicate the different patients. B: The gel area was calculated,
and the data from all five patients were pooled and presented as the mean *=
SD; there is a statistically significant difference, *P < 0.05. The data indicate
that patient vitreous induced contraction of cells that were isolated from a
clinical PVR membrane and that NAC effectively blocked this response.

Gel area (mm?)

panel of Figure 6B). We conclude that although NAC did
not compromise the viability of the injected cells, it sup-
pressed both receptor phosphorylation/activation and
retinal detachment.

NAC Suppressed Patient-Driven Contraction of
Collagen Gels Containing RPE Cells

We performed the following experiments to begin to ad-
dress if NAC was likely to prevent contraction of PVR
membranes in the clinical setting. Primary RPE cells iso-
lated from a human PVR membrane were subjected to
the collagen gel contraction assay. In these experiments
we used vitreous from five PVR patient donors to induce
contraction. As shown in Figure 7, A and B, vitreous from
all patients promoted contraction of the RPE-containing
gel. Furthermore, NAC prevented this response in all
cases. These results show that NAC prevented patient
vitreous-driven contraction of cells isolated from a human
PVR membrane, and thereby suggest that NAC has the
potential to prevent retinal detachment in PVR patients.

Discussion

In this study we tested the hypothesis that an anti-oxidant
used in various nonophthalmologic settings would pro-
tect rabbits from retinal detachment in our PVR model.
We found that the minimum effective dose that prevented



all PDGFRa-dependent cellular and biochemical events
was 2.5 mmol/L, whereas the maximum intravitreally de-
livered dose that caused no overt retinal toxicity was 10
mmol/L. Furthermore, the 10 mmol/L dose of NAC sup-
pressed activation of PDGFRa and protected rabbits
from progressing to the sight-robbing phase of PVR,
retinal detachment. Finally, NAC prevented patient vitre-
ous-driven contraction of cells isolated from a human
epiretinal membrane. We conclude that NAC protected
rabbits from experimental PVR and may be effective in
patients.

Although NAC blocked retinal detachment, it did not
prevent the formation of an epiretinal membrane (Figure
6A). Because PDGFRa expressed by the injected cells
was not activate-able by PDGF, and NAC blocked indirect
activation of PDGFRa, it seems likely that vitreal growth
factors acted independently of PDGFR«a to promote the
formation of the membrane. Indeed, cells that have no
PDGFRs still form membranes in this model.'® Connective
tissue growth factor, which is present in the vitreous and
promotes formation of an epiretinal membrane in animal
models of PVR, is likely to be a contributor.23°

It remains an open question of whether membrane
formation requires proliferation of cells for experimental
PVR to develop. Irradiated cells, which are unable to
proliferate, are capable of inducing PVR, provided that a
sufficient number of them are injected.®' Simply surviv-
ing, generating extracellular matrix proteins, and con-
tracting the resulting membrane may be sufficient for
retinal detachment/PVR. If this is indeed the case, then
this model of PVR underestimates the therapeutic poten-
tial of NAC because it limits cell proliferation, especially
when dependent on PDGFRe (Figures 2, A and B, and 4).

Future investigation is necessary to address the clini-
cal applicability of NAC. For instance, pharmacological
studies should focus on refining and potentially reducing
the administration schedule of NAC. Oral administration
should also be considered, provided that it is coupled
with a suitable approach to measure the concentration of
NAC in the vitreous. It would be informative to learn if
NAC is effective in additional models of retinal detach-
ment and how NAC compares with other anti-oxidants.
Finally, anti-oxidants therapy should be considered in
combination with other therapeutic approaches.

In conclusion, our previous efforts to elucidate the
signaling/biochemical events that are required for PVR
led to identification of several potential therapeutic tar-
gets. The initial attempts to test one of them (NAC) are
encouraging and suggest that antioxidants may be a new
approach to protect patients undergoing retinal surgery
from developing detachments.
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