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Morphine in a Chronic Ocular-Hypertensive Rat Model
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PURPOSE. The current study examined if opioid-receptor-
activation by morphine can improve retinal function and retinal
ganglion cell (RGC) integrity in a chronic glaucoma rat model.

METHODS. IOP was raised in Brown Norway rats by injecting
hypertonic saline into the limbal venous system. Rats were
treated daily with 1 mg/kg morphine for 28 days at 24-hour
intervals; animals were examined for changes in IOP by a
TonoLab tonometer. Pattern-ERG (PERG) was obtained in
response to contrast-reversal of patterned visual stimuli. RGCs
were visualized by fluorogold retrograde-labeling. Changes in
the expression pattern of TNF-a and caspases were measured
by Western blotting.

RESULTS. A significant IOP elevation was seen as early as 7 days,
and maintained for up to 8 weeks, after surgery. PERG
amplitudes were significantly reduced in ocular-hypertensive
eyes (15.84 6 0.74 lvolts) when compared with normal eyes
(19 6 0.86 lvolts). PERG deficits in hypertensive eyes were
reversed by morphine treatment (18.23 6 0.78 lvolts; P <
0.05). In untreated rats, a 24% reduction in labeled RGCs was
measured in the hypertensive eye compared with the normal
eye. This reduction in RGC labeling was significantly amelio-
rated in the presence of morphine. In retinal samples, TNF-a,
caspase-8, and caspase-3 expressions were significantly upre-
gulated in ocular hypertensive eyes, but completely inhibited
in the morphine-treated animals.

CONCLUSIONS. These data provide evidence that activation of
opioid receptors can provide significant improvement in PERG
and RGC integrity against glaucomatous injury. Mechanistic
data provide clues that activation of one or more opioid
receptors can reduce glaucomatous-injury via suppression of
TNF-a and caspase activation. (Invest Ophthalmol Vis Sci.

2012;53:4289–4298) DOI:10.1167/iovs.12-9467

Glaucoma is one of the world’s leading causes of visual
impairment and blindness. Nearly 67 million people

worldwide are believed to have glaucoma, including an

estimated 2.2 million in the United States.1 Clinically, glaucoma
is characterized by ‘‘cupping’’ of the optic nerve head with a
decline in visual field. These changes result from loss of retinal
ganglion cell axons, combined with collapse and posterior
bowing of their supporting connective tissue sheets, or the
lamina cribrosa. It is believed that elevated IOP causes
distortion or ‘‘bowing’’ of the extracellular matrix (ECM)
plates, which in turn damages axon bundles by mechanical
stress and eventually leads to retinal ganglion cell (RGC)
death.2,3 Although a major risk factor for the development of
glaucoma is elevated IOP, the pathophysiological mechanisms
by which elevated IOP leads to optic nerve atrophy and retina
degeneration are unknown.

Clinically, opioids are powerful analgesics; however, they
are also potent modulators of immune, cardiovascular,
gastrointestinal, and the central nervous systems. The effects
of opioids are mediated through activation of three, opioid-
receptor subtypes: d-opioid, j-opioid, and l-opioid.4 The
expression of opioid receptors has been shown in virtually
all major organ systems, including the central nervous system,5

heart,6 skin,7 and retina.8 Endogenous opioids are key
mediators and modulators of activity among the immuno-
neuroendocrine systems, particularly in stress-related injury.9

In other systems, opioid-receptor activation by exogenous
agonists (like endogenous opioid-induced preconditioning) has
been shown to facilitate a protective effect against hypoxia,
ischemia, cold, or an acidic environment.10–12 Recently, we
published novel findings that morphine pretreatment can
provide significant retinal neuroprotection against acute
ischemic injury,8 and this neuroprotection is mediated in part,
via inhibition of TNF-a production.13

TNF-a is a proinflammatory cytokine that is rapidly
upregulated in several neurodegenerative disorders, such as
multiple sclerosis, Parkinson disease, Alzheimer disease, and
glaucoma.14,15 The levels of TNF-a and its receptor, TNF-R1,
are also upregulated significantly in glaucoma.15,16 In the eye,
TNF-a–mediated neurotoxicity has been linked to optic nerve
degeneration in patients with glaucoma.16,17 In addition,
studies have demonstrated that intravitreal injections of TNF-
a induce axonal degeneration in the optic nerve of mouse,18

rat,19 and rabbit.20 TNF-a, via activating TNF-R1 receptors,
triggers upregulation/activation of numerous cell death signal-
ing molecules, including caspases. Caspases are a family of
cysteine proteases that regulate apoptosis. Studies have shown
that caspase-3 and -9 play pivotal roles in the apoptotic death
of RGCs after axotomy.21–23

The current article describes potential participation of
opioid receptors in a neuroprotective paradigm against
glaucomatous injury in a chronic ocular-hypertensive rat
model. Data presented herein provide evidence that opioid-
receptor activation by the exogenous ligand, morphine,
protects RGC function and integrity against glaucomatous
injury. Mechanistic data provide clues that TNF-a, caspase-8,
and caspase-3 are produced during the early phase of
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glaucoma, and protective actions of morphine are related to
the suppression of these neuro-destructive signals.

MATERIALS AND METHODS

Animals

Adult male or female Brown Norway rats (3–5 months of age; 150–225

grams; Harlan Laboratories, Inc., Indianapolis, IN) were used in this

study. Rats were kept under a cycle of 12-hours light and 12-hours dark.

Animal handling was performed in accordance with the ARVO

Statement for the Use of Animals in Ophthalmic and Vision Research;

and the study protocol was approved by the Animal Care and Use

Committee at the Medical University of South Carolina. Stock morphine

(15 mg/mL) was diluted in normal saline (0.9%). Morphine (1 mg/kg)

was injected intraperitoneally (IP) in Brown Norway rats daily for 28

days. Drug administration (100–150 lL) was performed daily at the

same time between 9 AM and 11 AM. The control group was handled

in a similar fashion except that normal saline was injected without

morphine. Animals were examined for changes in IOP, mean arterial

pressure (MAP), and body weight.

Development of the Glaucoma Model by
Hypertonic Saline Injections

Brown Norway rats (150–225 g body weight) were housed under a

standard cycle of 12-hours light:12-hours dark. Stable baseline IOP was

determined before hypertonic saline injections. Rats were anesthetized

with ketamine (75 mg/kg) and xylazine (8 mg/kg) and body

temperature was maintained at 378C with a heating pad. Topical

proparacaine (0.5%) was applied to numb the cornea. A pulled-glass

micropipette attached to a syringe by PE-50 tubing was inserted into a

circumferential limbal vein near the cornea and approximately 50 lL of

2 M hypertonic saline was injected into the limbal venous system as

described by Morrison et al.24 After surgery, an antibacterial ointment

(neomycin) was applied at the injection site of each animal to prevent

infection. IOP using a calibrated Tonolab tonometer (Colonial Medical

Supply Co., Inc., Franconia, NH), was recorded as the average of six to

eight consecutive measurements before surgery (baseline IOP) and

followed by IOP measurement on a weekly basis after treatment, as

described earlier.25 IOP exposure for each animal was calculated by

performing separate integration of the IOP over days of exposure for

the treated and control eyes as described by McKinnon et al.23 The

control eye integral values were then subtracted from the treated eye

integral, yielding the ‘‘IOP-integral difference’’; values are expressed as

mm Hg-days. As inclusion criteria, only animals with elevated IOP that

was at least 25% over baseline IOP (18–20 mm Hg) were included in

the study.

Pattern-ERG Recordings

Rats were anesthetized with ketamine (75 mg/kg) and xylazine (8 mg/

kg) and body temperature was maintained at 378C with a heating pad.

One animal was excluded because IOP was not elevated significantly;

16 animals were used in this experiment. Pattern-ERG (PERG)

recordings (without dark adaptation) were conducted in both eyes

(sequentially) 3 days before IOP elevation by hypertonic saline

injection, and then every 2 weeks after surgery, as described by

Porciatti.26 The PERG electrode were placed on the corneal surface by

means of a micromanipulator and positioned in such a way as to

encircle the undilated pupil without limiting the field of view. A small

drop of saline was applied to keep the cornea and lens moist during

each recording. A visual stimulus generated by black and white

alternating contrast reversing bars (mean luminance, 50 cd/m2; spatial

frequency, 0.033 cycle/deg; contrast, 100%; and temporal frequency, 1

Hz) was aligned with the projection of the undilated pupil at an 11 cm

distance using UTAS-2000 (LKC Technologies, Gaithersburg, MD). Each

PERG was an average of 300 sweeps at an interval of 1 second. For the

PERG amplitudes, measurements were made between a peak and

adjacent trough of the waveform.

Retrograde Labeling of RGCs

Rats were deeply anesthetized with ketamine (75 mg/kg), xylazine (8

mg/kg), and body temperature was maintained at 378C with a heating

pad. Retrograde labeling of RGCs was performed as described by

Zhang et al.27 Briefly, 3 lL of a 5% solution of fluorogold in PBS was

injected into the superior colliculus of 11 anesthetized normal or

ocular-hypertensive animals immobilized in a stereotaxic apparatus.

Using a small drill, a 1/8-inch hole was made in the skull 6 mm from

bregma and 2 mm from lambda. After making this hole in the skull, a

Hamilton syringe was filled with fluorogold and the syringe needle

gently inserted at the hole and going down 4 mm, whereupon the

fluorogold was injected. The needle was left in the brain for 30 to 60

seconds, then slowly removed. The skull hole was filled with bone

wax 903 (Lukens Cat # 2007–05). Seven days after injection, animals

were euthanized and their eyes were enucleated and fixed in 4%

paraformaldehyde for 24 hours at 48C. After rinsing with PBS, each

retina was detached from the eyecup and prepared as a flat-mount by

mounting vitreous side up. RGCs were counted and averaged per six

to eight microscopic fields of identical size (150 lm2; 320

magnification) and located approximately the same distance from

the optic disc, by using Scion software (National Institutes of Health,

Bethesda, MD).

Measurement of MAP in Rats

Blood pressures were measured in 24 rats using a CODA-1 tail-cuff

blood pressure monitoring system (Kent Scientific, Torrington, CT)

using the procedure described by Feng et al.28 Rats were trained before

the studies by restraint with 25 cycles of cuff inflation/deflation on 5

consecutive days. On subsequent days, measurements were made after

5 minutes of restraint with no external manipulation or stimulation.

Measurement of Morphine Levels in Retinal
Extracts by ELISA

ELISA kits were used to measure the levels of morphine in retina

extracts, per manufacturer direction (Bio-Quant, San Diego, CA).

Sixteen rats were used in this experiment.

Western Blotting

Equivalent amounts of retina extracts (15 lg protein) were loaded onto

10% SDS-PAGE, proteins separated, and proteins transferred to

nitrocellulose membranes as described earlier.8 The membranes were

blocked with 5% nonfat dry milk followed by incubation for 12 hours at

48C with appropriate primary antibodies (1:1000 dilution) selective for

TNF-a, caspase-8, caspase-3, or b-actin. After washing, membranes

were incubated for 1 hour at 208C with appropriate secondary

antibodies (horseradish peroxidase [HRP]-conjugated; dilution 1:3000).

Prestained molecular weight markers were run in parallel to identify

the molecular weight of proteins of interest. For chemiluminescent

detection, the membranes were treated with enhanced chemilumines-

cent reagent, and the signal was monitored using a Biorad Versadoc

imaging system (Biorad, Hercules, CA). A total of 34 rats were used to

perform Western blot for TNF-a and caspase expression.

Statistical Analysis

Statistical comparisons were made using the Student’s t test for paired

data or ANOVA using the Dunnett posttest for multiple comparisons

(GraphPad Software, Inc., San Diego, CA). P less than or equal to 0.05

was considered significant.
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RESULTS

Effects of Morphine on IOP, PERG, and RGC
Survival in Chronic Ocular-Hypertensive Rats

The injection of hypertonic saline (50 lL, 2 M) produced a
significant elevation in IOP, which was seen as early as 7 days,
and was maintained for up to 8 weeks. A single dose of 1 mg/kg
morphine (IP) produced no significant effect on IOP in the
hypertensive or normal eye when measured at 0, 2, 4, 6, 8, and
24 hours after administration (data not shown). Following
chronic morphine administration (Fig. 1) neither the mean IOPs
nor IOP-integrals over the 8-week test period were altered by
morphine administration. The cumulative IOP-integral at 8
weeks for ocular hypertensive and morphine-treated ocular
hypertensive groups were 438 6 25 and 444 6 30 mm Hg,
respectively. In addition, we did not detect any significant
change in MAP or body weight following chronic morphine
administration (Table 1). Overall, these data support the idea
that ocular responses induced by morphine administration were
not mediated by changes in IOP or cardiovascular function.

To determine if morphine crosses the retinal blood barrier
in sufficient concentration to activate retinal opioid receptors,
retinas were collected at 1, 6, and 24 hours, after IP injection of
1 mg/kg morphine, and morphine levels were measured by
ELISA. As shown in Table 2, morphine levels could be
measured in retinal extracts as early as 1 hour, and up to 24
hours, after injection.

Figure 2A presents a typical signal array recorded from the
normal and ocular-hypertensive rat eye. Each PERG corre-
sponds to an average of 300 waveforms. Figure 2B presents the
mean (6SEM) amplitudes of PERG in normal eyes, ocular-
hypertensive eyes, from nontreated (control) and morphine-
treated rats following 8 weeks of ocular hypertension. PERG
amplitudes were significantly reduced in ocular-hypertensive
eyes when compared with normal eyes (normal eyes, 19 6

0.86 lvolts verses hypertensive eyes, 15.84 6 0.74 lvolts; P <
0.05). PERG amplitudes in 1 mg/kg morphine (IP) treated
hypertensive animals were significantly improved when
compared with hypertensive eyes from nontreated animals
(hypertensive eyes, 15.84 6 0.74 lvolts versus hypertensive
eyes þ morphine, 18.23 6 0.78 lvolts; P < 0.05). These data
show a 17% reduction in PERG amplitudes when compared
with normal control eyes. This loss in PERG was almost fully
recovered in morphine-treated hypertensive eyes. Comparable
losses in PERG were noted when animals were examined at 2
(17%), 4 (23%), and 6 (18%) weeks after injury. The losses in
PERG amplitudes measured at all time points were almost fully
recovered when animals were treated with morphine. In
contrast, there was no change in b-wave amplitudes (scotopic-
ERG) measured by conventional bright-flash ERG in dark-
adapted normal eyes and hypertensive eyes (data not shown).

To confirm that declines in PERG amplitudes are due to
RGC loss or dysfunction, RGCs were visualized by retrograde
labeling with bilateral injections of fluorogold into the superior

FIGURE 1. IOP measurements in a hypertonic-saline-injected glaucoma rat model. Rats were divided into two groups: ocular-hypertensive group (n
¼ 10); and morphine-treated ocular-hypertensive group (n¼ 12). IOP was elevated in one eye of Brown Norway rats by injecting approximately 50
lL of 2.0 M hypertonic saline; the remaining contralateral eye served as a control. Rats were maintained for up to 56 days after surgery. Data are
mean 6 SE; normal (*), ocular-hypertensive (�), morphine-treated normal (A), and morphine-treated ocular-hypertensive (&) eyes. *P < 0.05; n¼
10–12.

TABLE 1. IOP Was Raised Unilaterally by Injecting 50 lL of 2 M Hypertonic Saline into the Limbal Venous System Followed by 1 mg/kg Morphine
Treatment for 28 Days, Once a Day

Groups Weight (g) MAP (mm Hg) IOP (mm Hg) Cumulative IOP (mm Hg)

Control group (n ¼ 8) 187 6 4 92 6 0.28 19 6 0.5 —

Ocular-hypertensive group (n ¼ 8) 182 6 5 93 6 3 26 6 0.5 438 6 25

Ocular-hypertensive group þ 1 mg/kg morphine (n ¼ 8) 191 6 5 96 6 1 29 6 1 444 6 30

Data shown in this table were collected at 8 weeks after injury. A total of 24 rats were used in this experiment.
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colliculus after 8 weeks of elevated IOP. Representative
micrographs of fluorogold-labeled cells showed a clear loss of
ganglion cells in the hypertensive eye as compared with the
contralateral normal eye in untreated rats (Fig. 3A; a & b). In
rats receiving morphine, the loss of RGCs appeared reduced
when animals were treated with 1 mg/kg morphine (IP) each
day for 28 days (Fig. 3A; c & d). Quantification of RGCs in
normal eyes and ocular-hypertensive eyes, in untreated and

TABLE 2. Animals Were Treated with 1 mg/kg Morphine (IP) Followed by Retina Collection at Indicated Time Points

Untreated Eyes, Morphine (pg/mg protein) Morphine-Treated Eyes, Morphine (pg/mg protein)

1–24 hours (n ¼ 8) 1 hour (n ¼ 8) 6 hours (n ¼ 8) 24 hours (n ¼ 8)

Not detectable 818,616 6 62,387 454,504 6 47,247 281,266 6 28,249

Levels of morphine in retina samples were measured using an ELISA kit. Data are expressed as mean 6 SE; n¼8. In each group, 4 rats (total 16
rats) were used in this experiment and each eye is represented as an individual observation (n ¼ 8).

FIGURE 2. (A) Example of PERG recorded in normal and ocular-
hypertensive rat eyes. The amplitude was measured from a positive peak
to the following negative trough at week 8, post injury. Each waveform is
a mean of 300 individual waveforms taken at an interval of 1 second. (B)
Effects of morphine treatment on the PERG of normal and ocular-
hypertensive rat eyes. Rats were divided into two groups: ocular-
hypertensive group (n ¼ 7); and morphine-treated ocular-hypertensive
group (n¼ 8). Brown Norway rats were treated with 1 mg/kg morphine
(IP) after hypertonic saline injection, and subsequently once each day for
28 days. PERG data shown in this figure were collected at week 8, post
injury. Data are mean 6SE; *P < 0.05; n¼ 7–8.

FIGURE 3. (A) Fluorescence micrographs of flat-mounted retinas
depicting fluorogold-labeled RGCs in normal (a), ocular-hypertensive,
(b), morphine-treated normal (c), and morphine-treated ocular-
hypertensive (d) eyes. After 7 weeks of ocular hypertension, 3 lL of
a 5% solution of fluorogold was injected into the superior colliculus of
anesthetized animals. Seven days post injection, animals were
euthanized, eyes were enucleated and fixed in 4% paraformaldehyde
for 24 hours at 48C. Retinas were prepared as flat-mounts, with the
vitreous side up. Fluorogold RGCs were visualized under Zeiss
microscopy (Thornwood, NY). Bar ¼ 20 lm. (B) Rats were divided
into two groups: ocular-hypertensive group (n ¼ 5); and morphine-
treated ocular-hypertensive group (n ¼ 6). RGCs were counted in 8
microscopic fields of identical size (150 lm2 area) for each eye using
Scion image analysis software. *P < 0.05; n¼ 5–6.
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morphine-treated rats revealed that morphine treatment
significantly reduced the rate of cell loss in ocular hypertensive
eyes. No changes in labeled RGCs were measured between the
normotensive eyes of these animals.

Effects of Morphine Treatment on Cellular

Proteins during Glaucomatous Injury

Studies have provided evidence that the cytokine TNF-a
expression and caspase activation play a role in early glaucoma
development. To determine if the structural and functional
protection afforded by opioid-receptor-agonist, morphine,
modulates TNF-a production and caspase activity, retinas from
normal and ocular-hypertensive rats were analyzed for TNF-a
expression. Retina extracts were analyzed for TNF-a produc-
tion at 3 days post hypertonic saline injections when IOP was
moderately elevated. As shown in Figure 4, there was a clear
increase in the expression of TNF-a when measured 3 days
after injury. To determine if TNF-a production is opposed by
opioid-receptor activation, rats were treated with morphine (1
mg/kg; IP) once daily for 3 days. In these rats, TNF-a
production was significantly inhibited in the presence of
morphine (Fig. 4). Morphine by itself had no significant effects
on TNF-a expression in normotensive eyes. Furthermore, we
determined TNF-a production at 7 days after saline injection, a
time point where an appreciable rise in IOP has been seen (Fig.
1). As shown in Figure 5, the level of TNF-a was significantly

upregulated in ocular-hypertensive eyes, whereas this increase
was also almost completely inhibited in morphine-treated
animals. These data provide initial clues that TNF-a production
under glaucomatous injury was indeed an early event, and
remained significantly elevated during the initial phase of
glaucomatous injury.

To determine the downstream signaling events, we analyzed
retinal samples for caspases (e.g., caspase-8 and -3) expression
in a hypertonic saline-injected rat glaucoma model on day 7
after injury. As shown in Figure 6, expression of caspase-8 (42
KDa) was upregulated in ocular hypertensive eyes, while it was
inhibited in the presence of morphine. Subsequently, we also
determined the expression of caspase-3, which is a down-
stream target of caspase-8. As shown in Figure 7, activated
caspase-3 (17 kDa) was significantly upregulated in ocular-
hypertensive eyes whereas it was completely inhibited in the
presence of morphine, suggesting that caspase-8 and -3 are
downstream targets whose expression may be regulated in a
TNF-a-dependent manner.

DISCUSSION

Glaucoma is a long-term optic neuropathy characterized by
optic disc cupping, RGC death, and vision loss. Primary open-
angle glaucoma is the most common type of glaucoma.
Glaucoma pathogenesis is multifactorial; however, a major risk
factor for the development of glaucoma is elevated IOP. The

FIGURE 4. Inhibition of TNF-a expression in the presence of morphine (1 mg/kg; IP) 3 days post injury. Rats were divided into two groups: ocular-
hypertensive group (n ¼ 4); and morphine-treated ocular-hypertensive group (n ¼ 4). Three days post hypertonic-saline injection into the limbal
veins, animals were euthanized and retina extracts (15 lg retina protein) were analyzed by Western blotting using selective anti-TNF-a primary
antibodies. The signal was captured using appropriate secondary antibodies (HRP-conjugated; dilution 1:3000), enhanced chemiluminescent
reagent, and the Biorad Versadoc imaging system. Data shown are representative of four, independent experiments. Data are expressed as mean 6

SE. *P < 0.05; n¼ 4.
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pathophysiological mechanisms by which elevated IOP leads
to optic nerve atrophy and retinal degeneration are unknown.
Current therapeutic management of glaucoma aims to halt or
slow disease progression by reducing elevated IOP. Although
IOP-lowering treatment can retard the disease progression in
many glaucoma patients, it is not always sufficient to prevent
disease progression. As a result, there is a need for therapeutic
agents with neuroprotective activity, which can target the
disease process manifested by the death of retinal ganglion
cells and axonal loss, with irreversible loss of vision. Neuro-
protectants may be used alone or in combination with IOP-
reducing therapy (a treatment strategy called complete
therapy). This article provides novel findings that opioid-
receptor agonists, such as morphine treatment, provide
significant retina neuroprotection against glaucomatous injury,
suggesting that opioid-receptor agonists have a potential to be
used as a therapeutic agent against glaucomatous injury.

Opioids have been used clinically for centuries as analge-
sics. Other biological effects induced by opioids include
cytoprotection, immunomodulation, neuroendocrine regula-
tion, and behavioral modification. Most of these biological
responses are presumed to be manifested through the
activation of G-protein-coupled (d-, j-, and l-opioid) receptors.
In the eye, activation of opioid-receptors has been implicated
in the regulation of iris function, accommodative power,
regulation of aqueous humor dynamics (e.g., IOP), corneal
wound healing, retinal development,4 and retina neuroprotec-
tion.8 Functional evidence of opioid-receptor subtypes has
been demonstrated in the anterior segment tissues as well as in

the retina.8,29,30 Recently, we have demonstrated that opioid-
receptor-activation is required for the development of ischemic
preconditioning within the retina, and that the administration
of morphine can reduce ischemic retina injury.8 Although the
cellular mechanisms that are involved in opioid-mediated retina
neuroprotection are poorly understood, we have shown that
morphine-induced retina neuroprotection against ischemia-
induced retina injury was mediated via, in part, inhibition of
TNF-a production by glial cells.13 Riazi-Esfahani and col-
leagues30 have also shown that morphine protects the retina
against ischemic injury. Additional studies have shown that the
d-opioid-receptor-antagonist, naltrindole, attenuated hypoxic-
preconditioning–mediated upregulation of antioxidant pro-
teins in the retina.29 In nonocular systems, activation of opioid
receptors reduced infarct size in stroke and myocardial
ischemia models.31,32 Moreover, chronic morphine treatment
protected cultured human neurons against serum deprivation
and staurosporin-induced cytotoxicity via downregulation of
pro-apoptotic proteins.33 Based on the published research in
ocular and nonocular systems, the opioid system has been
shown to be neuroprotective against various injuries; however,
the neuroprotective role(s) of opioids against glaucomatous
injury remains fully unexplored.

The data presented in this article (Fig. 2) indicate that
morphine administration acts to mitigate injurious events that
lead to RGC death as determined by PERG. PERG was used to
assess the functional deficits of RGCs in response to injury,
which was obtained in response to contrast-reversal of
patterned visual stimuli (gratings, checkerboards), rather than

FIGURE 5. Inhibition of TNF-a expression in the presence of morphine (1 mg/kg; IP) 7 days post injury. Rats were divided into two groups: ocular-
hypertensive group (n ¼ 4); and morphine-treated ocular-hypertensive group (n ¼ 6). Seven days post hypertonic-saline injection into the limbal
veins, animals were euthanized and retina extracts (15 lg retina protein) were analyzed by Western blotting using selective anti-TNF-a primary
antibodies. The signal was captured using appropriate secondary antibodies (HRP-conjugated; dilution 1:3000), enhanced chemiluminescent
reagent, and the Biorad Versadoc imaging system. Data shown are representative of 4 to 6 independent experiments. Data are expressed as mean 6

SE. *P < 0.05; n¼ 4–6.
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uniform flashes of light. PERG can reflect direct damage to the
RGCs. Studies in humans, primates, and rodents have shown
that PERG is an indicator of RGC function.26,34 In glaucoma-
tous conditions, PERG overall response is reduced.35 In
experimental primate models of optic nerve transection,36

and in glaucoma,37 the amount of PERG amplitude reduction is
consistent with the degree of damage apparent by counting
either RGCs or optic nerve fibers. In the same experimental
animals, the a- and b-wave amplitudes of the conventional
bright-flash ERG (scotopic ERG) were not affected. PERG,
therefore, is a promising technique to measure early damage of
RGCs in glaucoma. A significant reduction (17%) in PERG was
seen in ocular-hypertensive eyes 8 weeks after injury, which
was improved fully in the presence of morphine (Fig. 2).
Interestingly, there were no reductions in the scotopic ERG (a-
and b-wave amplitudes) when measured at 8 weeks after
injury. Furthermore, the number of RGCs was reduced 24% in
hypertensive eyes, and survival of RGCs (due to reduced rate of
cell loss) was enhanced by 20% in morphine-treated ocular-
hypertensive animals, as determined by fluorogold retrograde
labeling (Fig. 3). However, morphine-induced improvements in
PERG amplitudes, and reduction in retinal ganglion labeling,
could be due to improved axonal transport that has been
impaired in the ocular-hypertensive condition. In addition, the
data shown in Figures 1–3 indicate that morphine-induced
retina neuroprotection is IOP-independent, because the IOP

was not reduced in morphine-treated ocular-hypertensive
animals, whereas both PERG and RGC counts were significant-
ly improved.

Although studies have shown that opioid-receptor agonists
(e.g., morphine and bremazocine; 100 lg/2–4 kg body weight)
lower IOP in rabbits when applied topically,38-41 it has
remained unknown if opioid-agonists lower IOP in rodents.
In rabbits, IOP-lowering effects of opioid-receptor agonists
have been shown to be mediated via an increase in outflow
facility, inhibition of cAMP production from the iris ciliary
body, and activation of the endogenous NO/CO system and l-
opioid receptors. In contrast, we have not seen any decline in
IOP when rats were treated with morphine daily intraperito-
neally for 28 days. This difference could be due to the dosage
of morphine, route of drug administration (e.g., topically
verses intraperitoneally) or species differences.

In an acute ischemia model, we have shown that morphine-
induced retina neuroprotection is reversed by the broad-range
opioid-receptor antagonist, naloxone.8 Although naloxone is a
widely used, nonselective, opioid-receptor antagonist, it also
possesses nonreceptor, free-radical, scavenger properties. Con-
sidering the nonreceptor-related properties and long-term (28
days) treatment effects of naloxone, we decided not to use
naloxone to reverse the morphine-induced retina neuroprotec-
tion in the current study. Alternatively, to reverse the morphine-
induced retina neuroprotection, we stopped treating animals

FIGURE 6. Inhibition of caspase-8 in the presence of morphine (1 mg/kg; IP). Rats were divided into two groups: ocular-hypertensive group (n¼4);
and morphine-treated ocular-hypertensive group (n¼ 4). Seven days post hypertonic-saline injection in limbal veins, animals were euthanized and
retina extracts (15 lg retina protein) were analyzed by Western blotting using selective anti–caspase-8 primary antibodies. The signal was captured
using appropriate secondary antibodies (HRP-conjugated; dilution 1:3000), enhanced chemiluminescent reagent, and the Biorad Versadoc imaging
system. Data shown are representative of four independent experiments. Data are expressed as mean 6SE. *P < 0.05; n¼ 4.
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with morphine after 28 days, while the animals were still being
measured for PERG at 6 and 8 weeks after injury. Interestingly,
we have not seen any reversal in retina function (PERG
amplitudes) at 6 and 8 weeks, suggesting that sustained
morphine treatment is not required for the neuroprotection to
continue. These data also suggest that morphine treatment
influences signaling events/molecules (e.g., TNF-a) at an early
phase of injury and blockage of such signaling events/molecules
is sufficient to protect the retina for a prolonged period. It is
important to emphasize that improvements in PERG amplitudes
and RGC counts were seen after 8 weeks, whereas morphine
treatment was stopped at 4 weeks and elevated IOP (Fig. 1) was
maintained during the 8-week period. Further studies are under
way to determine if periods shorter than 28 days of morphine
treatment can provide comparable amounts of retina neuropro-
tection against glaucomatous injury.

Glaucoma is a complex disease and numerous retina
proteins have been demonstrated to be upregulated during
the pathogeneses of glaucoma, including TNF-a, TNF-R1,
various protein kinases, and proteolytic caspases.15 It is widely
accepted that chronic activation of glial cells and the
accompanying increase in the production of proinflammatory
cytokines, mainly including TNF-a, are hallmarks of inflamma-

tion/parainflammation in glaucomatous tissues, although a
cause-effect relationship remains to be validated. Studies also
have shown that RGCs die by apoptosis in rat, rabbit, and
monkey glaucoma models,42,43 and in human glaucoma.44 A
group of aspartate-specific proteases known as caspases play a
central role in this apoptosis. Activated caspases kill cells by
degrading structural elements, DNA, and by indirect activation
of chromosomal endonucleases.45 To begin to dissect out early
signaling targets in opioid-receptor–mediated retina neuropro-
tection, we have investigated the effects of morphine
treatment on TNF-a, caspase-8, and caspase-3 production/
activation in the rat retina after the induction of experimental
glaucoma. As shown in Figures 4 and 5, TNF-a production was
significantly upregulated after injury in the hypertonic saline-
injected glaucoma model. The changes in TNF-a production
were seen as early as 3 days (Fig. 4) after treatment, and
remained significantly upregulated up to 7 days (Fig. 5).
Interestingly, TNF-a production was completely inhibited in
the presence of morphine. These data support the hypothesis
that opioid-receptor activation opposes the production of TNF-
a during the glaucomatous injury. Morphine treatment
inhibited TNF-a production in the ocular-hypertensive eyes,
but morphine may also have additional broader effects that

FIGURE 7. Inhibition of activated, cleaved caspase-3 (17 kDa) in the presence of morphine (1 mg/kg; IP). Rats were divided into two groups: ocular-
hypertensive group (n¼ 4); and morphine-treated ocular-hypertensive group (n¼ 4). Seven days post hypertonic-saline injection in limbal veins,
animals were euthanized and retina extracts (15 lg retina protein) were analyzed by Western blotting using selective anti-caspase-3 primary
antibodies. The signal was captured using appropriate secondary antibodies (HRP-conjugated; dilution 1:3000), enhanced chemiluminescent
reagent, and the Biorad Versadoc imaging system. Data shown are representative of four independent experiments. Data are expressed as mean
6SE. *P < 0.05; n ¼ 4.
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have contributed to its neuroprotective activity. These data
also demonstrate that production of TNF-a is an early event,
which most likely initiates a downstream signaling cascade
(e.g., activation of caspases) leading to RGC death under
glaucomatous conditions. Furthermore, caspase-8 (Fig. 6), pro-
caspase-3 (data not shown), and activated-caspase-3 (Fig. 7),
expressions were significantly inhibited by morphine treat-
ment. Although a causal relationship between TNF-a and
caspases during glaucoma pathogenesis remains to be estab-
lished, inhibition of TNF-a and caspase simultaneously appears
to be an attractive approach for the neuroprotection of RGCs.
Numerous caspases such as caspase-1, -3, -8, -9, -10, and -12
have been shown to be upregulated in human glaucoma.15

Further studies are warranted to determine the effects of
morphine on other caspases. Studies are also under way in our
laboratory to identify the opioid-receptor subtype(s) involved
in the retina neuroprotection against glaucomatous injury.

In summary, our study provides evidence that opioids play
key roles in retina neuroprotection against glaucomatous injury
because (1) RGC function was preserved by exogenous
morphine treatment in chronic ocular-hypertensive rat eyes, as
determined by PERG; (2) loss of RGCs was reduced in
morphine-treated ocular-hypertensive eyes, as determined by
retrograde-labeling of RGCs; (3) TNF-a production in chronic
ocular-hypertensive eyes was significantly inhibited in the
presence of morphine; and (4) caspase-8 and caspase-3
activation in chronic ocular-hypertensive eyes was significantly
inhibited in the presence of morphine. These studies also
provide clues that production of TNF-a during glaucomatous
injury is an early event, which may subsequently initiate
downstream signaling events. Opioid-receptor-activation plays
a central role in the suppression of TNF-a production and
subsequently its downstream cascade of mechanisms such as
caspase-8 and caspase-3 inactivation, which likely protects retina
function. The findings presented herein support the concept
that enhancement of opioidergic activity in the eye may present
a viable neuroprotective strategy for the treatment of glaucoma.
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