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PURPOSE. Glaucoma filtration surgery often fails because of the
fibrotic reaction from Tenon’s capsule fibroblasts (TCFs). This
study examined whether the interaction of the opioid growth
factor (OGF) [Met5]-enkephalin with its receptor (OGFr) is a
regulator of TCF proliferation.

METHODS. The presence of OGF and its receptor (OGFr) was
determined in rabbit TCFs (RTCFs) by immunocytochemistry.
The kinetics of OGFr were established in receptor binding
assays. The ability of OGF to inhibit RTCF proliferation was
assessed with dose–response, receptor mediation, and revers-
ibility studies. Dependence on OGF and OGFr was ascertained
by antibody neutralization and siRNA studies, respectively. The
mechanism of action of the OGF–OGFr axis on survival (apo-
ptosis, necrosis) and DNA synthesis of RTCFs was elucidated.

RESULTS. OGF and OGFr were detected in RTCF cells, and
specific and saturable binding to OGFr was recorded. Exoge-
nous OGF had a dose-dependent, reversible, and receptor-
mediated inhibitory effect on cell proliferation. Endogenous
OGF was found to be constitutively produced and tonically
active in cell replication, with neutralization of this peptide
causing acceleration of cell proliferation. The silencing of
OGFr by using siRNA technology stimulated cell replication,
validating OGFr’s integral role. The mechanism of OGF–OGFr
action was not related to cell survival, but rather to DNA
synthesis—specifically, the cyclin-dependent kinase inhibitory
pathway. Knockdown of p16 or p21 eliminated OGF’s inhibi-
tory effect on growth.

CONCLUSIONS. The OGF–OGFr system is a native biological reg-
ulator of cell proliferation in RTCFs and may offer a means of
improving the success of glaucoma filtration surgery in a safe
and nontoxic manner. (Invest Ophthalmol Vis Sci. 2010;51:
5054–5061) DOI:10.1167/iovs.09-4949

Glaucoma affects more than 65 million people worldwide
and is the leading cause of blindness.1 The major risk

factor for glaucoma is elevated intraocular pressure, which is
caused by inadequate drainage of aqueous humor from the

anterior chamber of the eye and is responsible for optic nerve
injury. When glaucoma fails to respond to pharmacologic ther-
apy or laser treatment, glaucoma filtration surgery (trabeculec-
tomy) is the most frequently used procedure for reducing
intraocular pressure.2,3 The purpose of glaucoma filtration sur-
gery is to create a scleral fistula that enables the drainage of
aqueous humor from the anterior chamber to the subconjunc-
tival space.4,5 This surgical wound is unusual, because the
successful endpoint is a state of arrested healing. Complete
healing results in occlusive fibrosis, which obliterates the sub-
conjunctival space and therefore results in a failure to control
intraocular pressure.6 Thus, the extent of postoperative Tenon’s
capsule fibroblast (TCF) proliferation and secondary fibrosis de-
termine surgical success7,8 and result in a surgical failure rate
ranging from 2% to 40%.7,8

Antimetabolites, including mitomycin C and 5-fluorouracil,
are commonly used to inhibit TCF proliferation in an attempt
to increase the success of glaucoma filtration surgery.8,9 How-
ever, these agents can produce significant adverse side effects
and postoperative complications, such as ocular hypotony
with secondary choroidal detachment and hypotony macu-
lopathy and progressive thinning of the filtering bleb, resulting
in blebitis or endophthalmitis.5,9–13 Therefore, these compli-
cations have prompted research into alternative treatments
that may modulate the subconjunctival healing response after
trabeculectomy in a more physiologic manner.

[Met5]-enkephalin is an opioid pentapeptide that serves as a
tonically active inhibitory growth factor targeted to cell prolif-
eration processes in neural and non-neural cells, including
neoplasias.14 In view of this peptide’s role in regulating
growth-related processes, [Met5]-enkephalin has been termed
the opioid growth factor (OGF).14 The action of OGF in regu-
lating cellular proliferation is dependent on a nonclassic opioid
receptor, OGFr, which has no homology with classic opioid
receptors at the nucleotide or protein levels.14 Although the
OGF–OGFr system has the pharmacologic attributes of opioid–
receptor relationships (e.g., stereospecificity and naloxone re-
versibility), it utilizes signaling pathways that are entirely different
from those related to classic opioid–receptor interactions.15,16

The OGF–OGFr axis has been identified and demonstrated to
function in normal cellular renewal, wound healing, inflamma-
tion, and angiogenesis.14,17–20

OGF has been detected by immunohistochemistry in fibro-
blasts of rat dermis.21 The relationship of the OGF–OGFr axis
to biological processes of fibroblasts, however, is unknown. In
the present investigation, we explored the question of whether
the OGF–OGFr axis is present and functional in TCFs and the
mechanism(s) underlying these pathways. Because TCFs are
important in the outcome of glaucoma filtration surgery, infor-
mation derived from this study regarding the toxicity, efficacy,
and mechanism of action of the OGF–OGFr system may be of
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importance in increasing the success of this surgical proce-
dure.

MATERIALS AND METHODS

Rabbit Tenon’s Capsule Fibroblasts

Male New Zealand White (RSI:NZW) rabbits (�1.5 kg) were purchased
from RSI Farms (Mocksville, NC) and housed individually in stainless-
steel cages under standard laboratory conditions; water and food were
continuously available. All investigations conformed to the guidelines
in the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and the regulations of the National Institutes of Health
(NIH, Bethesda, MD), the U.S. Department of Agriculture, and the
Department of Comparative Medicine of The Pennsylvania State Uni-
versity (Hershey, PA). Five rabbits were used in the studies.

The animals were euthanatized with sodium pentobarbital (100
mg/kg; IP), and Tenon’s capsule was harvested. After they were dis-
sected and washed, the tissue pieces were transferred to a 25-cm2 flask
containing Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 20% fetal bovine serum (FCS), 1.2% sodium bicarbonate,
and antibiotics (5000 U/mL penicillin, 50 �g/mL streptomycin, and
100 �g/mL neomycin), and dispersed by pipette throughout the flask.
The cells were maintained in a 37°C incubator with a 5% CO2/95% air
mixture. Once the tissue had adhered to the flask, additional aliquots
of DMEM with 20% FCS (1 mL) were added to the flask daily until a
total volume of 5 mL was obtained. The medium was changed weekly
until substantial outgrowth was observed. Once the outgrowth had
reached approximately 50% confluence, the tissue was removed, and
the rabbit TCFs (RTCFs) were subcultured in complete DMEM with
10% FCS.

Purity of the RTCF Population

The purity of the harvested RTCFs was assessed by examination of cells
based on morphology and staining with phalloidin. The RTCFs were
seeded onto 22-mm coverslips (100,000 cells per well) and allowed to
adhere for 24 hours before they were stained with hematoxylin and
eosin or phalloidin. Human umbilical vein endothelial cells (HUVECs)
were used as the positive control for phalloidin staining. Purity was
determined with six random grids/coverslip; three coverslips per treat-
ment were evaluated. The number of fibroblasts per total number of
cells provided the purity of the cultures.

Immunocytochemistry

Log-phase RTCFs were plated onto 22-mm diameter coverslips and, 72
hours later, were fixed and stained with anti-OGF and -OGFr antibod-
ies, according to published procedures.18 Rabbit polyclonal antibodies
to OGF and OGFr were generated in the laboratory and have been fully
characterized.22 All cells were stained with 4�,6-diamidino-2-phenylin-
dole (DAPI; Invitrogen, Carlsbad, CA), to visualize cell nuclei. Control
experiments included cells incubated only with secondary antibodies
(goat-anti rabbit IgG, TRITC, Invitrogen). At least three coverslips were
examined by using differential interference contrast (DIC) or epifluo-
rescence microscopy, with at least 10 fields examined per coverslip.

OGFr Binding Assays

Receptor binding assays for OGFr were performed using log-phase
cells and custom synthesized [3H]-[Met5]-enkephalin (52.7 Ci/mmol;
Perkin Elmer-New England Nuclear, Boston, MA).18 Four independent
assays were performed in duplicate.

Cell Growth

Cells were plated in 24-well plates and counted 24 hours later (time 0),
to determine seeding efficiency. OGF or other compounds were added
at time 0, and media and compounds were replaced daily. All drugs
were prepared in sterile water, and dilutions represent final concen-
trations of the compounds. An equivalent volume of sterile water

(vehicle) was added to control wells. At designated times, the cells
were harvested, stained with trypan blue, and counted with a hema-
cytometer. At least two aliquots per well of at least two wells per
treatment per time point were sampled. Three to five independent
assays were performed for each of the experiments (i.e., dose–
response, growth curves, receptor mediation, and reversibility).

To determine the specific opioid peptide involved in growth reg-
ulation, we added a variety of endogenous peptides and synthetic
compounds (10�6 M) to the RTCFs for 72 hours, including [DAla2,
MePhe4, Glycol5]-enkephalin (DAMGO), morphine, [D-Pen2,5]-en-
kephalin (DPDPE), [D-Ala2, D-Leu5]-enkephalin (DADLE), dynorphin A,
endomorphin-1, U-69593, and �-endorphin, as well as the opioid an-
tagonist naltrexone (NTX). An equivalent volume of sterile water
served as the control. Drug or vehicle and medium were changed daily.
Cell proliferation was then evaluated (Promega Cell Titer 96 Aqueous
One Solution Cell Proliferation Assay; Promega Corp., Madison, WI).
Absorbance was recorded at 290 nm with a 750-nm filter on a plate
reader (Bio-Rad, Hercules, CA). The plate consisted of 10 wells per
treatment and the mean of those absorbencies was plotted. Three
independent experiments were performed.

Specificity of Endogenous OGF

The specificity of endogenous OGF for cell growth was determined by
treating the cells with a polyclonal antibody to OGF (1:50; CO172);
preimmune rabbit serum (1:50) served as the control. Serum and
medium were changed daily, and the cells were counted after 72 hours
of treatment. Cell viability was determined with at least two aliquots
per well, and at least three wells per treatment were evaluated. Three
independent experiments were performed.

Specificity of OGFr: Knockdown with OGFr-siRNA

The OGFr-targeted siRNA (antisense, 5�-uagaaacucagguuuggcg-3�; sense,
5�-cgccaaaccugaguuucua-3�) was designed and obtained as a ready-an-
nealed, purified duplex probe from Ambion (Austin, TX). Cells (5 �
104 well) were seeded in 24-well plates containing 1 mL of medium
without antibiotics. The cells were transfected with either 20 nM OGFr
siRNA or scrambled siRNA (Ambion) solutions with an oligo-complex-
ing transfection reagent (Oligofectamine; Invitrogen), in serum- and
antibiotic-free medium. The cells were incubated for 4 hours at 37°C
before the addition of 10�6 M OGF or NTX. The cultures were incu-
bated for an additional 20 hours, and fresh complete medium (2 mL)
either lacking or containing OGF or NTX was added. At 72 hours, the
cells were collected and either counted or harvested for RNA for
Northern blot analysis. Three independent experiments were con-
ducted.

Total RNA was extracted (Paris Kit; Ambion), separated on an
agarose gel, and transferred to a nylon membrane (Immobilon; Bio-
Rad). Membranes were probed with 32P-dCTP-OGFr cDNA. Control for
equal loading was achieved by stripping and reprobing the blots with
radiolabeled GAPDH; the optical density of each band was then deter-
mined and analyzed (QuickOne; Bio-Rad). Each value was normalized
to GAPDH from the same blot. Three independent experiments were
conducted.

The level of OGFr protein knockdown was determined by using
semiquantitative immunocytochemistry on a subset of cultures that
were seeded and transfected with siRNAs on round coverslips. For
quantification of OGFr protein levels, images were captured at the
same exposure time with special care taken to avoid photobleaching
samples. The mean intensity of staining was determined for at least 100
cells per group from at least two coverslips per group.

The level of OGFr protein knockdown was further evaluated by
performing Western blot analysis on a subset of cultures that were
transfected with siRNAs. At 72 hours after the start of transfection,
cells were collected for Western blot analysis, to determine the level of
OGFr knockdown. Three independent experiments were conducted.
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Mechanisms of OGF-Modulated Growth
Inhibition: DNA Synthesis, Apoptosis,
and Necrosis

The effect of OGF on DNA synthesis (BrdU incorporation), apoptosis
(TUNEL), and necrosis (trypan blue) of RTCFs was evaluated. Cells
were seeded onto 22-mm diameter coverslips, placed in six-well plates
(5 � 104 cells/coverslip), and treated with OGF or NTX for 72 hours;
media and drugs were replaced daily. Three hours before the cells
were fixed, 30 �M BrdU (Sigma-Aldrich, St. Louis, MO) was added to a
subset of cultures. The cells were fixed in 10% neutral buffered forma-
lin for 10 minutes and either stained with antibodies to BrdU (anti–
BrdU-BOD, Invitrogen), to assess DNA synthesis, or processed for
TUNEL, to assess apoptosis and necrosis. Three independent experi-
ments were performed.

siRNA Knockdown of p16 and p21

Log phase cells were transfected with 20-nM concentrations of p16
and/or p21 siRNAs (Santa Cruz Biotechnology, Santa Cruz, CA) or
scrambled siRNAs (Ambion) with a transfection reagent (Oligo-
fectamine; Invitrogen) in serum- and antibiotic-free medium for 4 hours
at 37°C before the addition of OGF (10�6 M). The cultures were
incubated an additional 20 hours, and then 2 mL fresh complete
medium lacking or containing OGF was added. OGF and medium
were changed daily. At 72 hours after the start of transfection, the
cells were collected for growth curves or for Western blot to
determine the level of p16 and p21 knockdown. Three independent
experiments were performed, with at least two wells per treatment
per experiment evaluated.

Western Immunoblot Analysis

To determine the level of protein knockdown resulting from siRNA
transfections, we collected the cells and solubilized them in 200 �L
RIPA buffer (1� PBS, 10 �M IGEPAL, 1 mg/mL SDE, and 5 mg/mL
deoxycholic acid), containing a cocktail of protease and phosphatase
inhibitors (Roche, Boulder, CO). Total protein concentrations were
measured with a DC protein assay kit (Bio-Rad).

Equal amounts of protein (60 �g) were subjected to 15% SDS-PAGE
followed by transfer of proteins to nitrocellulose using standard pro-
tocols. Antibodies to p16 (F-12, mouse IgG; Santa Cruz Biotechnology),
p21 (B6B, mouse IgG; BD PharMingen, San Diego, CA), and �-actin
(AC-15, mouse IgG; Sigma-Aldrich), were purchased from commercial
sources, whereas rabbit anti-OGFr was made in our laboratory.22 Mem-
branes were probed with primary antibodies (1:200), followed by
appropriate horseradish peroxidase–conjugated secondary antibodies,
and developed with a chemiluminescence Western blot detection
system (Amersham ECL; GE Health Care, Piscataway, NJ). Equal loading
of total protein was ensured by stripping the blots with stripping
buffer (62.5 mM Tris-HCl, 100 mM �-mercaptoethanol, and 2% SDS [pH
6.7]) at 50°C and reprobing with anti–�-actin (1:5000).

The optical density of each band was determined by densitometry
(Quick One; Bio-Rad), and each value was normalized to �-actin from
the same blot. The percentage of protein knockdown was calculated
by dividing the normalized value of the transfected samples by the
normalized value of the nontransfected samples. Means � SE were
determined from the results of three independent Western blot anal-
yses.

Chemicals

The following compounds were obtained from the indicated sources:
[Met5]-enkephalin, NTX, naloxone (NAL), DAMGO, morphine, DPDPE,
DADLE, dynorphin A, endomorphin-1, and �-endorphin from Sigma-
Aldrich and U69583 from Upjohn Diagnostics (Kalamazoo, MI).

Statistics

Data on cell counts, number of dead cells, and presence of BrdU-
positive cells were analyzed by one-way analysis of variance and New-

man-Keuls tests. Nonlinear regression analysis was performed to estab-
lish the doubling time of RTCFs. Results were significant at P � 0.05.

RESULTS

Purity of RTCFs

Bright-field and fluorescence microscopy revealed that RTCF
cultures were 99.2% pure (Fig. 1A). There was a distinct dif-
ference in the distribution of fluorescent phalloidin in RTCFs
compared with HUVECs, indicating that isolated cultures of
RTCFs were relatively devoid of cell types derived from blood
vessels (data not shown).

OGF and OGFr in RTCFs

Immunocytochemical staining of the RTCFs with antibodies
specific for OGF or OGFr demonstrated the presence of both

FIGURE 1. The presence and distribution of OGF and OGFr in rabbit
Tenon’s capsule fibroblasts. (A) Photomicrographs of log-phase RTCFs
visualized with differential interference (DIC) microscopy or immuno-
cytochemistry of samples stained with antibodies (1:100) to [Met5]-
enkephalin (OGF) or OGFr. Nuclei were visualized with DAPI. Rho-
damine-conjugated IgG (1:1000) served as the secondary antibody
(inset). Immunoreactivity was associated with the cytoplasm and the
nucleus; staining was not observed in cell preparations incubated with
secondary antibodies only (inset). Scale bar, 15 �m. (B) Representative
saturation isotherm of specific binding of [3H]-[Met5]-enkephalin to
nuclear homogenates of RTCFs. Mean � SE binding affinity (Kd) and
maximum binding capacity (Bmax) from four independent assays per-
formed in duplicate. Representative Scatchard plot (inset) of specific
binding of radiolabeled [Met5]-enkephalin to RTCF nuclear proteins
revealed a one-site model of binding.
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peptide and receptor in the cytoplasm and the nucleus
(Fig. 1A).

Receptor binding assays detected specific and saturable
binding of radiolabeled OGF in the nuclear fraction of RTCFs.
The binding data suggested a one-site model of binding, with a
binding capacity (Bmax) of 6.5 � 0.8 femtomoles/mg protein
and a binding affinity (Kd) of 4.6 � 1.4 nM (Fig. 1B).

Effect of OGF on Growth of RTCFs

OGF in dosages of 10�4, 10�5, 10�6, and 10�7 M depressed
the number of cells by 47%, 37%, 32%, and 28%, respectively,
from the levels in control cultures, when measured at 72 hours
(Fig. 2A). However, dosages of 10�8, 10�9, and 10�10 M OGF
had the same number of cells as were in the control cultures.
Log phase cultures treated with 10�6 M OGF had 22%, 20%,
16%, and 41% fewer cells than did sterile-water–treated cul-
tures at 48, 72, 96, and 120 hours, respectively (Fig. 2B).
Nonlinear regression analysis revealed that the doubling times
for the control and OGF groups were 35.0 � 0.4 and 43.8 �
0.5 hours, respectively (P � 0.01). Control cultures were
confluent by 120 hours, and the experiment was concluded.

To determine whether the effects of OGF were mediated by
opioid receptors, we exposed RTCF cultures simultaneously to
OGF and the short-acting opioid antagonist NAL at concentra-
tions of 10�6 M. No change in the number of cells from control
levels was recorded in preparations subjected to both OGF and
NAL or NAL alone (Fig. 2C). However, RTCFs treated with
10�6 M OGF exhibited a 28% decrease in the number of cells
compared with RTCFs treated with sterile water.

Reversibility experiments were performed to evaluate
whether the inhibitory effects of OGF were permanent and
toxic. After 72 hours of treatment with OGF, cell counts were
20% less than in control cultures (Fig. 2D). Cultures that no
longer received OGF (OGF–Co) and were examined 48 hours
later (i.e., 120 hours) had 29% fewer cells than in control
cultures (Co), whereas the cell count was subnormal by 41% in
preparations continuing to receiving OGF (OGF–OGF). The
OGF–Co cultures had 18% more cells than did the OGF–OGF
cultures, and the difference was statistically significant.

Inhibitory Effect of OGF on Cell Proliferation

To determine whether opioids other than OGF influence the
proliferation of RTCFs, we examined the effects of a variety of
synthetic and natural opioids, recognizing �, �, and � opioid
receptors. After 72 hours of treatment, cell counts in these
cultures subjected to other opioids was comparable with con-
trol counts (Fig. 3A). OGF-treated RTCF counts, however, were

‹

FIGURE 2. OGF inhibited growth of RTCFs in a dose-related, temporal,
receptor-mediated, and reversible manner. The cells were seeded at
50,000/well; media and OGF and sterile water (Co) were replaced
daily. (A) Growth of RTCFs subjected to various concentrations of OGF
for 72 hours. (B) Growth of RTCFs treated with OGF (10�6 M) or an
equivalent volume of sterile water for a 120-hour period. (C) Opioid
receptor mediation of the growth inhibitory effects of OGF in RTCFs.
Cell cultures were subjected to OGF (10�6 M), the opioid antagonist
NAL (10�6 M), OGF and NAL, or sterile water (Co) for 72 hours.
(D) Reversibility of the growth inhibitory effects on RTCFs treated
with 10�6 M OGF or sterile water (Co). At 72 hours, one-half of the
OGF-treated cultures continued to receive OGF (OGF–OGF) for an
additional 48 hours, and one-half of the plates were treated with sterile
water for an additional 48 hours (OGF–Co). Control (Co) cultures
received sterile water throughout the 120 hours. Compounds and
media were replaced daily. All experiments were repeated three to five
times, and data represent mean � SE of at least two aliquots/well from
at least two wells/group. Significantly different from respective con-
trols (A–D) at **P � 0.01, ***P � 0.001, and from the OGF–Co group
at ���P � 0.001 (D).
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subnormal by 17%. Moreover, exposure to the opioid antago-
nist NTX revealed a 23% increase in cell counts compared with
the control cultures.

To further understand the specificity of OGF in the repres-
sion of RTCFs, we treated the cultures daily with polyclonal
antibody to OGF or preimmune serum and recorded the num-
ber of cells after 72 hours. Cell counts of RTCFs treated with
OGF antibody were 30% greater than in sterile-water– and
preimmune-serum–treated cultures (Fig. 3B), demonstrating
that OGF neutralization by an antibody can increase cell pro-
liferation. Cell counts in the control and preimmune serum
groups were comparable.

Effect of Silencing of OGFr in RTCFs on the
Inhibitory Action of Endogenous and Exogenous
OGF and the Stimulatory Action of NTX

In an assessment of the requirement of OGFr for OGF’s inhib-
itory action on cell proliferation, siRNA technology was used to
silence OGFr expression. OGFr siRNA-transfected RTCF cells

had a 51% reduction in OGFr mRNA levels relative to nontrans-
fected cells (Fig. 4A). Cells exposed to scrambled siRNA had
OGFr mRNA levels comparable to those in nontransfected
cells. Semiquantitative immunocytochemistry revealed that
OGFr siRNA transfected RTCFs had approximately 70% of
OGFr immunoreactivity, as recorded for nontransfected cells
(Fig. 4B). Western blot analysis demonstrated that OGFr siRNA
transfected RTCFs had a 53% decrease in OGFr protein levels
relative to nontransfected cells (Fig. 4C). RTCF cells trans-
fected with OGFr siRNA had 41% more cells than cultures that
were not transfected (Fig. 4D). The addition of exogenous OGF
or NTX had no inhibitory or stimulatory effects, respectively,
on cells transfected with OGFr siRNA, compared with cultures
treated with OGFr siRNA and sterile water.

Effect of OGF on DNA Synthesis but Not on
Apoptosis or Necrosis

To investigate whether OGF decreases cell proliferation by
altering DNA synthesis, we assessed the amount of incorpo-
rated BrdU. After 72 hours of treatment, the percentage of
BrdU-positive cells in the OGF group was 40% lower than in
the control cells (Fig. 5). NTX-treated RTCFs had a labeling
index that was 35% greater than control levels. Programmed
cell death was assessed by TUNEL staining, and necrosis was
monitored by trypan blue staining. Apoptosis and necrosis
were negligible with all treatments, with RTCF cultures sub-
jected to vehicle, NTX, or OGF, each having less than 1 apo-
ptotic/necrotic cell per well (data not shown).

Role of p16 and p21 in OGF-Induced
Growth Inhibition

To test the role of p16 and/or p21 in OGF-induced inhibitory
action on RTCF cell growth, we treated the cells with scrambled
siRNA, p16 siRNA, p21 siRNA, or both p16 siRNA and p21 siRNA.
Cells transfected with p16 or p21 siRNA had significantly reduced
levels of p16 (56%) or p21 (66%) protein compared with that in
nontransfected cells after 72 hours (Figs. 6A, 6B). Growth analysis
of RTCF cells transfected with p16 or p21 siRNAs revealed that
both p16 and p21 induction are necessary for OGF inhibitory
action (Fig. 6C). RTCF cells that were not transfected or were
transfected with scrambled siRNA and treated with OGF (10�6 M)
for 72 hours had reductions in growth of 32%.

DISCUSSION

This study is the first to show that the OGF–OGFr axis is
present and functions in TCFs. In a tissue culture model of
RTCFs, both OGF and OGFr were detected by immunocyto-
chemistry, and receptor binding studies revealed that the OGF
receptor was capable of recognizing OGF. Cell proliferation
assays ascertained that OGF depressed cell counts in a dose-
dependent fashion. OGF inhibitory activity was rapid and per-
sistent and did not exhibit tolerance when tested as early as 24
hours after peptide administration and extending for 5 days
thereafter. The effects of OGF on RTCFs were receptor medi-
ated (blocked by NAL in the absence of an effect of NAL alone)
and reversible (indicating a cytostatic but not toxic action).
Cells subjected to a wide variety of synthetic and natural
opioids, including those specific for � (DAMGO, endomorphin
1), � (DPDPE, DADLE), and � (U69593, dynorphin) opioid
receptors, showed that none of these compounds had any
effect on growth at a concentration of 10�6 M at which OGF
markedly depressed cell proliferation. Thus, these results re-
veal a native OGF-mediated biological pathway that regulates
cell proliferation in RTCFs.

Even though OGF was the only opioid peptide to inhibit
RTCF proliferation, and OGF was detected in these cells by

FIGURE 3. OGF was the specific opioid peptide involved in the
growth inhibition of RTCFs. (A) The effects of various endogenous and
exogenous opioids (10�6 M) on RTCF number for 72 hours. (B) RTCFs
were treated with a polyclonal antibody specific for OGF (CO172),
preimmune serum (IgG), or sterile water; antibodies and peptide were
replaced daily. Cell counts were recorded at 72 hours. Data from the
experiment in (A) represent the mean � SE of at least 10 wells/group
performed in triplicate. Data for the experiment in (B) represent the
mean � SE of at least two aliquots/well from at least three wells/group.
Significantly different from respective controls at *P � 0.05 and ***P �
0.001.
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FIGURE 4. OGFr was necessary for OGF’s inhibitory action on growth. (A) Northern blot analysis, (B) semiquantitative densitometry, and
(C) Western blot analysis demonstrating the specificity and level of OGFr knockdown in RTCFs. Log-phase cells were transfected for 24 hours with
either scrambled siRNA or OGFr siRNA. Forty-eight hours after transfection, the cells were harvested and the RNA isolated. Data (percent of
OGFr/GAPDH ratio) represent the mean � SE of two blots from independent experiments. ***Significantly different from nontransfected cultures
at P � 0.001. (B) Photomicrographs of log-phase RTCFs stained with a polyclonal antibody to OGFr, demonstrating the extent of OGFr protein
knockdown. The cells were transfected for 24 hours with OGFr siRNA or scrambled siRNA and incubated in medium for an additional 48 hours.
Photomicrographs of cells stained with OGFr were taken with the same exposure time. Semiquantitative measurement of OGFr immunocyto-
chemistry demonstrated the level of protein knockdown in the RTCFs. Decreased OGFr staining intensity (mean gray value) is indicative of
decreased OGFr protein expression. Data represent the mean � SE. ***Significantly different from nontransfected cells at P � 0.001. (C) Western
blot analysis and quantitative densitometry demonstrating the level of OGFr knockdown. The cells were transfected with OGFr siRNA or scrambled
siRNA. Seventy-two hours after the start of transfection, the cells were harvested and the protein isolated. Data (% of OGFr/actin) represent the
mean � SE of three independent blots. *Significant difference between nontransfected and scrambled-siRNA–transfected cultures at P � 0.05.
(D) Growth of RTCFs cultures transfected with OGFr siRNA or scrambled siRNA for 24 hours and treated with OGF (10�6 M), NTX (10�6 M), or
an equivalent volume of sterile water for 72 hours; compounds and media were changed daily. Values represent the mean � SE cell counts of at
least two aliquots/well and least two wells/treatment. ***Significantly different at P � 0.001 from cultures that were not transfected.
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immunocytochemistry, the question can be raised as to
whether endogenous OGF is a functional native peptide re-
lated to growth. Two pieces of evidence support this conclu-
sion. First, the growth of cells exposed to the general opioid
antagonist NTX was accelerated, indicating that the opioid
related to cell proliferation is constitutively expressed and
tonically active. Second, and more specific to OGF, neutraliza-
tion of endogenous OGF by an antibody to this peptide stim-
ulated cell replication. Thus, depletion of endogenous OGF
removed the inhibitory influence on these cells, thereby inter-
rupting homeostatic equilibrium in cell proliferation and up-

setting the delicate balance in regulating the cell count by
peptide activity.

An extensive body of literature shows that OGF interacts
with OGFr to regulate cell proliferation, implying that the
effects on controlling cell number by endogenous OGF, as well
as exogenously administered peptide, are mediated by this
receptor.14–20 OGFr was detected in RTCFs by immunocyto-
chemistry and receptor binding technology; however, OGF is
[Met5]-enkephalin, and this opioid peptide is known to bind
to classic opioid receptors such as �, �, and � as well.23 To
examine the specificity of OGF for OGFr with respect to
regulation of cell proliferation, we determined the effects of
knocking down OGFr with siRNA technology. Cells treated
with OGFr siRNA were observed to have an increase in the
number of cells, suggesting that attenuating OGFr compro-
mises the action of endogenous OGF. Moreover, exogenously
administered OGF, which depressed the cell counts in log-
phase cultures, did not have any effect when the cells were
transfected with OGFr siRNA. It is interesting to note that
although OGFr siRNA knocked down OGFr transcriptional
activity by approximately 50%, this level of activity was suffi-
cient to increase the number of RTCFs by 41%, yet the addition
of NTX to these cultures did not increase cell proliferation
further. These results suggest that the magnitude of the knock-
down of OGFr in these cells is capable of interfering with the
depressive interaction of OGF and OGFr that reduces cell
counts. Of course, OGF–OGFr interactions and function are
dependent on a host of other factors, such as the requirement
of nucleocytoplasmic transport by way of nuclear localization
signals, carrier proteins, and guidance by nucleoporins and

FIGURE 5. OGF’s inhibitory effects on DNA synthesis. RTCFs were
seeded on 22-mm coverslips and treated for 72 hours with 10�6 M
concentrations of OGF, NTX, or an equivalent volume of sterile water.
BrdU (30 �M) was incorporated into RTCFs for 3 hours before staining.
Data represent the percent BrdU-positive cells (mean � SE). **Signifi-
cantly different from control cells at P � 0.01.

FIGURE 6. The OGF–OGFr axis in
RTCFs inhibits DNA synthesis and re-
quires the presence of both p16 and
p21 pathways. (A) RTCFs were trans-
fected for 24 hours with p16, p21, or
scrambled siRNA, and total proteins
were isolated 48 hours after transfec-
tion, separated by SDS-PAGE, and
probed with antibodies specific to
p16 or p21 to demonstrate level of
protein knockdown. (B) Densitomet-
ric analysis of three Western blot
analyses from independent experi-
ments was performed, and p16 and
p21 expression (% p16/actin and
p21/actin ratio) is expressed relative
to nontransfected cultures. (C) p16
and p21 pathways are necessary for
OGF’s inhibitory action on cell pro-
liferation. RTCFs were transfected
with p16, p21, p16 and p21, or
scrambled siRNA for 24 hours and
subsequently treated with 10�6 M
OGF or an equivalent volume of ster-
ile water for 72 hours. Data represent
the mean � SE cell counts for at least
two aliquots/well and at least two
wells/treatment. Significantly differ-
ent from wild-type cultures as well as
those transfected with scrambled
siRNA at **P � 0.01 and ***P � 0.001.
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presumably DNA binding proteins.24 Moreover, in modulating
cell proliferation, it is well known that OGF–OGFr signaling is
targeted to the cyclin-dependent inhibitory kinase pathway
(i.e., p16, p21). Deciphering these complex relationships in
the context of the present experiments will necessitate further
study. However, all the data, together with the knowledge that
OGF is the peptide involved with modulating the cell count of
RTCFs, clearly indicate that proliferation of these fibroblasts is
dependent on the OGF–OGFr axis.

The decrease in cell count resulting from treatment with
OGF could be due to a decrease in cell survival because of
programmed cell death, necrosis, and/or a reduction in DNA
synthesis and subsequent cell replication. Our data showed
neither apoptosis nor necrosis in RTCFs, a result consistent
with previous experiments involving tissue culture.18 How-
ever, DNA synthesis in cultures treated with OGF exhibited a
marked decrease from control levels. Consistent with previous
studies,14–18,20 these data indicate that the role of OGF in-
volves the regulation of cell proliferation.

With respect to the mechanism of OGF activity in inhibiting
DNA synthesis, studies in normal cells, including human der-
mal fibroblasts, have shown that regulation requires both p16
and p21,15 suggesting that cyclin-dependent inhibitory kinase
pathways are a target of OGF. Given these results, we raised
the question of whether OGF targets the p16 and/or p21
pathways in RTCFs. Transfection of RTCFs with p16 and/or
p21 siRNAs and treatment with OGF, showed that both p16
and p21 are necessary for OGF inhibitory action.

Many adjunctive therapies having been studied in an at-
tempt to increase the success of glaucoma filtration surgery;
however, most have harmful side effects (e.g., infection, loss of
vision) that can nullify any beneficial attributes of treat-
ment.5,8–13 It is necessary to examine other therapies that can
have results similar to those of traditional adjunctive therapies
(e.g., 5-fluorouracil and mitomycin C) without actively killing
healthy cells located in and around the surgical area. OGF is a
nontoxic, native, and safe biotherapy that does not invoke
apoptosis or necrosis, but instead works through cyclin-depen-
dent inhibitory kinase pathways to inhibit proliferation of nor-
mal cells. Given the effectiveness of OGF in the cell cultures
documented herein, studies with OGF in an in vivo model of
glaucoma filtration surgery are warranted.
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