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Abstract
Recent studies in our laboratory have demonstrated a role of nitric oxide (NO) in morphine-induced
reduction of intraocular pressure (IOP) and pupil diameter (PD) in the New Zealand white (NZW)
rabbit. The present study was designed to determine the effect of morphine on NO release in the
aqueous humor of NZW rabbits, as this effect could be associated with morphine-mediated changes
in aqueous humor dynamics and iris function. Dark adapted NZW rabbits were treated as follows:
1) treatment with morphine (10, 33 or 100 μg, 5 min); 2) treatment with morphine or endomorphin-1
for 5, 15 or 30 min; 3) pretreatment with naloxone (100 μg), L-NAME (125 μg) or reduced glutathione
(GSH, 100 μg) for 30 minutes, followed by treatment with morphine (100 μg, 5 min). After the
various treatment regimens, aqueous humor samples were obtained by paracenthesis and
immediately assayed for nitrates and nitrites (an index of NO production), using a microplate assay
kit. Morphine caused a dose-dependent increase in the levels of NO in aqueous humor after 5 min
of treatment with each dose. Rabbits treated with endomorphin-1 (100 μg) had no significant change
in NO levels in aqueous at any point in the time course. Aqueous samples from rabbits treated with
morphine (100 μg) for 5 minutes increased from 29.84 ± 2.39 μM (control) to 183.94 ± 23.48 μM
(treated). The increase in NO levels by morphine (100 μg, 5 min) was completely inhibited in the
presence of naloxone (100 μg), L-NAME (125 μg) or GSH (100 μg). These results indicate that
morphine-induced increase in NO production in aqueous humor is a transient response that is linked
to activation of mu opioid receptors. Data obtained suggest that morphine-stimulated changes in
ocular hydrodynamics and iris function are due, in part, to increased release of NO in aqueous humor.
In addition, the sensitivity of the response to L-NAME and GSH suggests that morphine-induced
release of nitric oxide into aqueous humor is mediated by activation of mu-3 opioid receptors found
in the anterior segment of the eye.

Keywords
morphine; nitric oxide; aqueous humor; mu-3 receptors; opioids

1. Introduction
Morphine is a prototypical mu opioid receptor agonist that is used clinically as an analgesic
agent. At present, the mu opioid receptor has three recognized subtypes, mu-1, mu-2, and the
most recently ascribed mu-3 receptor. The mu-3 subtype is an opiate alkaloid selective receptor
that is insensitive to opiate peptides like endomorphin-1 and -2. Correlated with its insensitivity
to opiate peptides, the mu-3 receptor is also coupled to constitutive NO synthase (cNOS)
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derived NO release (Stefano et al., 1993). Morphine-induced NO release is naloxone sensitive
and is antagonized by the NOS inhibitors N-nitro-L-arginine and Nω-nitro-L-arginine methyl
ester (L-NAME). Furthermore, the mu-3 receptor appears to be more sensitive to inactivation
by reduced glutathione (GSH) than are classical mu, delta and kappa opioid receptors.

Although morphine-induced reduction of intraocular pressure (IOP) and pupil diameter (PD)
has been previously reported, the exact mechanism(s) involved in these actions has not been
completely elucidated. Initial studies by Myashita (1913) demonstrated that morphine raised
the IOP, but subsequent reports revealed morphine’s ability to lower IOP (Leopold and
Comroe, 1948; Faniciullacci et al., 1980; Drago et al., 1985; Dortch-Carnes and Russell,
2006; Bonfiglio et al., 2006). The ocular effects of morphine (particularly the miosis), are
generally thought to occur primarily through centrally-mediated signaling mechanisms (Lee
and Wang, 1975; Murray, et al., 1983). To date, however, a direct intraocular component has
not been ruled out.

Aqueous humor is produced by the ciliary epithelial cells located in the ciliary body (Krupin
et al., 1986). IOP is determined primarily by the dynamic equilibrium between the production
of aqueous humor in the ciliary body and its efflux mainly through the trabecular meshwork
and Schlemm’s canal (Wiederholt et al., 1991). Because recent studies in our laboratory
(Dortch-Carnes and Russell, 2006) and others (Bonfiglio et al., 2006) have generated evidence
of a role of NO in morphine-mediated reduction of IOP and PD, the present study is designed
to determine the effect of morphine on NO formation in aqueous humor, because this effect
could play a role in morphine-mediated reduction of IOP and PD. With the use of an inhibitor
of NO synthesis and the sulfhydryl agent, GSH, additional evidence that morphine-mediated
changes in NO levels in aqueous humor are linked to activation of mu-3 opioid receptors has
also been established.

2. Materials and Methods
2.1. Animals

Male, dark-adapted (reverse light cycle, 12 h dark/12 h light) New Zealand white (NZW)
rabbits, weighing approximately 2 - 3 kg, were used in this study. Drug applications and
collection of aqueous humor samples were done in the dark under a constant red light, as was
done when measuring IOP in previous studies (Dortch-Carnes and Russell, 2006) because dark
adapted rabbits have higher IOP values (Rowland et al 1981; Bar-Ilan, 1984; Rowland et al.,
1986; Smith and Gregory, 1989). All animals were housed in a controlled environment
individually at room temperature and were maintained on Purina rabbit chow and tap water
ad libitum. Animal care and treatment were in accordance with the ARVO (Association for
Research in Vision and Ophthalmology) Resolution on the Use of Animals in Research, and
the Institutional Care and Use Committee of the Morehouse School of Medicine, Atlanta, GA.,
USA, reviewed and approved protocols. Endomorphin-1 was obtained from Tocris (Ellisville,
MO., USA) and all other drugs were from Sigma-Aldrich (St. Louis, MO., USA). All drugs
were dissolved in distilled H2O.

2.2. Drug Administration
Morphine (10, 33, 50 and 100 μg/25 μl vehicle) and endomorphin-1 (100 μg/25 μl vehicle)
were applied topically and bilaterally into the eyes of individual rabbits. Aqueous humor was
removed at 5, 15 or 30 minute time points after administration of the respective drug. In other
experiments, the nonselective opioid receptor antagonist naloxone (100 μg), the nonselective
NOS inhibitor L-NAME (125 μg), or the sulfhydryl reagent, GSH (100 μg) were instilled
topically into each eye 0.5 h before morphine (100 μg) administration. The doses of antagonists
used were chosen based on other studies (Drago et al., 1980; Giuffrida et al., 2003) and previous
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studies in our laboratory (Dortch-Carnes and Russell, 2006) that demonstrated effective
inhibition of morphine and NO-mediated signaling at the selected doses. At the end of drug
treatments, rabbits were euthanized by i.v. administration of 0.5 ml beuthanasia-D containing
pentobarbital sodium (390 mg/ml) and phenytoin sodium (50 mg/ml).

2.3. Measurement of NO levels
NO is a very unstable molecule in solution with a half-life of only a few seconds. Therefore,
in these studies NO was measured as its stable metabolites, nitrate and nitrite. In the cell, NO
undergoes a series of reactions with several molecules present in biological fluids and is
eventually metabolized to nitrite (NO2

−) and nitrate (NO3
−). Immediately following sacrifice,

aqueous humor samples were obtained by paracenthesis and transferred to microfuge tubes
containing a protease inhibitor mix. All aqueous samples were kept on ice and immediately
assayed for NO (nitrates + nitrites) levels using a microplate assay from Active Motif, Carlsbad,
California. The principle of the NO quantitation kit is that nitrate in the sample is converted to
nitrite in the presence of nitrate reductase and cofactors. Then, nitrate and nitrite levels are
assayed using Griess Reagent.

2.4. Statistics
Data were analyzed for differences using one-way analysis of variance followed by the Holm-
Sidak method for multiple comparisons. Results are expressed as mean values ± SEM obtained
from 8 control or 4 – 7 drug-treated rabbits and were considered significant when P < 0.05.

3. Results
Morphine (100 μg) applied topically and bilaterally caused a dose-dependent (Fig. 1) and time-
sensitive (Fig. 2A) increase in aqueous humor NO levels. Aqueous humor samples taken after
5 min of morphine treatment showed a significant increase in the levels of NO compared to
control animals (Fig. 2A). After 15 or 30 min of treatment, however, levels of NO were
diminished back to basal levels (Fig. 2A). In contrast to morphine (an opiate alkaloid),
endomorphin-1 (an opiate peptide), did not cause an increase in NO levels in aqueous samples
at any of the time points tested (Fig. 2B).

In order to confirm that morphine-stimulated NO release in aqueous was mediated by activation
of opioid receptors, the opioid receptor antagonist, naloxone was utilized. Naloxone alone did
not significantly alter NO levels in aqueous as compared to control. However, pretreatment of
animals with naloxone (100 μg, 30 min), resulted in complete inhibition of morphine-induced
increases in NO levels in aqueous (Fig. 3).

To provide evidence that the morphine-induced increase in the levels of NO in aqueous humor
is associated with activation of receptors linked to NO release, experiments using the
nonselective NOS inhibitor, L-NAME, and the sulfhydryl compound, GSH, were performed.
Although both GSH and L-NAME were administered topically to the rabbit eyes in absence
of a stabilizer, no irritation to the animals was seen. When administered alone, neither agent
caused a significant change in NO levels present in aqueous. Pretreatment with either
compound, however, resulted in complete inhibition of morphine-stimulated NO release into
aqueous humor (Fig. 4, L-NAME; Fig. 5, GSH).

4. Discussion
Morphine is known to mediate its effects through activation of mu opioid receptors (Matthes
et al., 1996). Of the three currently recognized mu opioid receptor subtypes (mu-1, mu-2 and
mu-3), the mu-3 subtype is the only one which is known to be opiate alkaloid selective and
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coupled to NO synthase derived NO release (Stefano, 1999). In addition, the mu-3 receptor
appears to be much more sensitive to inactivation by reduced glutathione (GSH) than other
mu, delta or kappa opioid receptors (Makman et al., 1996).

Because morphine’s effects on other biological systems have been consistently linked to NO
release and signaling (Stefano et al., 1996; Prevot et al., 1998; Stefano, 1999), and since our
previous studies demonstrate a role of NO in morphine-induced reduction of intraocular
pressure (IOP) and pupil diameter (PD), this study was designed to determine the effect of
morphine on the levels of NO in aqueous humor, as this effect could be associated with
morphine-mediated changes in aqueous humor dynamics and iris function.

In the present study, morphine caused a dose-dependent but transient increase in the level of
NO in aqueous humor. Tseng et al. (2000) found that both dopamine and morphine stimulated
NO production in glandular epithelial cells transiently, with peak effect occurring within 30
seconds. In addition, NO levels returned to basal by approximately 40 seconds.

The opiate peptide, endomorphin-1, was used in this study to demonstrate inactivity of opiate
peptides at mu-3 receptors because it is commonly used by other investigators (Stefano,
1999; Rialas et al., 2000; Stefano et al., 2004) for that purpose. As expected, the peptide did
not stimulate release of NO into aqueous humor at any of the time points used, thereby
indicating inactivity at mu-3 receptors. This finding is also in agreement with other studies that
have demonstrated the inability of opiate peptides to stimulate NO release in various biological
systems (Stefano et al., 1995; Cadet et al., 2003; Stefano et al., 2004).

Morphine (100 μg) increased the levels of NO from 29.84 ± 2.39 μM (control) to 183.94 ±
23.48 μM (treated). Some investigators have found similar basal levels of NO in human
aqueous humor samples (Kotikoski et al., 2002). In a separate study, Kotikiski and collegues
(2002) demonstrated close to three-fold higher basal levels of NO (assayed as nitrates and
nitrites) in rabbit aqueous humor as compared to the basal levels obtained in the present study.
Furthermore, Kotikoski and collegues showed that the levels of NO increased from 80.9 ± 38.8
μM (untreated) to 179.4 μM (drug treated) 2 hr after topical administration of sodium
nitroprusside. The observed variations in basal levels of NO found in the aqueous humor of
the NZW rabbit may be due to differences in sensitivity of the NO detection methods used.

Preliminary studies in our laboratory have provided evidence of a role of NO in the ocular
hypotensive and miotic effects of morphine (Dortch-Carnes and Russell, 2006). In addition,
our previous studies have demonstrated that morphine caused bilateral reductions in IOP and
PD that were similar in magnitude, suggesting that the action may involve activity on mu
receptors located centrally and peripherally. Indeed, morphine exerts a reduction in pupil
diameter that is principally dependent on central mechanisms (e.g. action on the
mesencephalon, Edinger-Westphal nucleus), but at least in part mediated by opioid receptors
located in the iris muscle that have been recognized as being of the mu type (Drago et al.,
1980; Fanciullacci et al., 1980a; Murray et al., 1983). The same holds true for the IOP lowering
effect of morphine (Fanciullacci et al., 1980b; Drago et al., 1985). Besides, various opioid
peptides have been reported in the iris-ciliary body of different species (Fanciullacci et al.,
1980b; Drago et al., 1984a, b; 1985). Thus opioid receptors of the mu type possibly located in
the coroidal tissue (iris-ciliary body) are involved in the ocular effects of morphine. Because
both eyes were drug treated in the present study, no conclusions can be drawn regarding
whether or not the morphine-induced NO release in aqueous humor seen in this study is a
central or peripheral mediated response. The present study, however, has provided additional
evidence of morphine’s ability to release NO, possibly from the ciliary epithelial cells, and
other sites, into the aqueous humor.
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Morphine produced maximal reductions in IOP and PD after 30 minutes of treatment. Since
no measurements of either of those parameters in the presence of morphine were taken prior
to the 30 min time-point in those experiments, no direct correlation of these events to morphine-
stimulated NO release in aqueous humor can be made. However, it can be said that morphine-
induced NO release does occur prior to the maximal reduction in the IOP and PD.

Although the effects seen with morphine and endomorphin-1 were consistent with other studies
involving real-time measurements of NO release (Cadet et al., 2003; Stefano et al., 1995; Tseng
et al., 2000), it is also possible that the effect of morphine on NO levels demonstrated in this
study could be due to the dark adaptation of the animals. The rabbits used in the present study
were dark adapted because it has been consistently demonstrated that rabbits have higher IOP
values in the dark than in the light (Rowland et al 1981; Bar-Ilan, 1984; Rowland et al.,
1986; Smith and Gregory, 1989). Because this method of artificially raising the baseline IOP
values in the previous study was used, it was also done in the present study for consistency.

Although the IOP values were artificially raised, the dark adapted animals are not representative
models of ocular hypertension (experimental glaucoma). Studies that have reported on the role
of NO in the regulation of aqueous humor outflow and IOP have generated conflicting data.
Researchers who have conducted studies using rabbits with experimental glaucoma have
shown that topical application of a nitric oxide synthase inhibitor produced a reduction in IOP
(Giuffrida et al., 2003). Others have reported that topical NO donors increased the IOP without
affecting aqueous humor formation (Larsson et al., 1995) or outflow facility (Krupin et al.,
1977). Still, other studies have shown that NO donors have no effect on the IOP in rabbits
(Taniguchi et al., 1998) or humans (Kiss et al., 1999).

After establishing the optimal incubation time (5 min), required to get maximal stimulation of
NO production in aqueous humor in the presence of morphine (100 μg), experiments examining
the effect of naloxone (nonselective opioid receptor antagonist), L-NAME (nonselective NO-
synthase inhibitor), or GSH (sulfhydryl agent) on morphine-induced production of NO were
performed. Morphine-stimulated NO release was completely inhibited in the presence of
naloxone (100 μg), L-NAME (125 μg) and GSH (100 μg). When administered alone, none of
the agents produced any significant change in the levels of NO in aqueous.

In summary, morphine caused an increase in the levels of NO found in aqueous humor that
was opiate alkaloid specific as well as naloxone and GSH sensitive. This morphine-induced
release of NO into the aqueous humor is, therefore, likely to be mediated by activation of mu-3
opiate receptors. The proposed signaling events thought to be involved in morphine-induced
reduction of IOP and PD start with morphine binding to mu-3 opioid receptors in the anterior
segment of the eye. Activation of mu-3 receptors results in release of NO, subsequent increase
in cGMP formation, followed by reduction of IOP and PD. The inability of the opiate peptide,
endomorphin-1 to stimulate NO release into aqueous as well as the sensitivity of the response
to GSH further solidifies the role of mu-3 receptors in morphine-induced reduction of IOP and
PD. Future studies are aimed at determining the site(s) of NO production as well as the location
of the mu-3 opioid receptors involved in morphine-induced ocular hypotension and miosis.
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Fig. 1.
Dose response of morphine on NO production in rabbit aqueous humor. Data are mean ± SEM
of 8 (control) or 4 (drug treated) animals. * P < 0.05 compared to control.
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Fig. 2.
Time course of the effect of morphine (A) and endomorphin-1 (B) on NO levels in rabbit
aqueous humor. Data are mean ± SEM of 8 (control) or 4 –7 (drug treated) animals. *P < 0.05
compared to control.
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Fig. 3.
Effect of naloxone on morphine-induced increase in NO levels in rabbit aqueous humor.
Animals were pretreated with naloxone for 30 min, followed by treatment with morphine for
5 min. Data are mean ± SEM of 8 (control) or 4 – 6 (drug treated) animals. *P < 0.05, compared
to control; +P < 0.05, compared to naloxone + morphine.
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Fig. 4.
Effect of L-NAME on morphine-induced increase in NO level in rabbit aqueous humor.
Animals were pretreated with L-NAME for 30 min, followed by treatment with morphine for
5 min. Data are mean ± SEM of 8 (control) or 4 – 5 (drug treated) animals. * P < 0.05, compared
to control; + P < 0.05, compared to L-NAME + morphine.
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Fig. 5.
Effect of GSH on morphine-induced increase in NO levels in rabbit aqueous humor. Animals
were pretreated with GSH for 30 min, followed by treatment with morphine for 5 min. Data
are mean ± SEM of 8 (control) or 4 – 5 (drug treated) animals. * P< 0.05, compared to
control; + P < 0.05, compared to GSH + morphine.
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