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Abstract
The present study was designed to determine the effects of melatonin and its receptor agonists on
SNP-released nitric oxide (NO) and cGMP production in aqueous humor producing cells of the
ciliary body because these effects may play a role in melatonin receptor-mediated regulation of
intraocular pressure (IOP). NO release protocols were carried out using human non-pigmented
ciliary epithelial (hNPCE) cells treated in dye free DMEM containing L-arginine (10−3 M). The
cGMP experimental protocols were performed using dye free DMEM containing 3-isobutyl-1-
methylxanthine (IBMX, 10−4 M). The effects of varying concentrations (10−13, 10−11, 10−9, 10−7,
and 10−5 M) of melatonin, 5-MCA-NAT (putative MT3 agonist), N-butanoyl-2-(2-methoxy-6H-
isoindolo[2, 1-a]indol-11-yl)ethanamine (IIK7; selective MT2 agonist) or S-27633-1 (selective
MT1 agonist) on sodium nitroprusside (SNP)-released NO or cGMP production were determined
in separate experiments. NO and cGMP levels were measured using a colorimetric assay or
enzyme immunoassay (EIA), respectively. Melatonin receptor selectivity was evaluated using
luzindole (LUZ; nonselective MT1/MT2 antagonist) or 4-phenyl-2-propionamidotetralin (4P-
PDOT; selective MT2 antagonist). Melatonin, 5-MCA-NAT, and IIK7 all caused concentration-
dependent reduction of SNP-released NO and cGMP production. The inhibitory actions of
melatonin, 5-MCA-NAT and IIK7 were either completely blocked at 10−13, 10−11, and 10−9 M
concentrations of the agonists or partially at 10−7 and 10−5 M in the presence of luzindole or 4P-
PDOT. Results from this study suggest that melatonin and its analogues, 5-MCA-NAT and IIK7
inhibit SNP-released NO and cGMP production via activation of MT2 receptors in human NPCE
cells. These actions may play a role in melatonin agonist-induced regulation of aqueous humor
secretion and IOP.
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1. Introduction
In the eye, melatonin is synthesized by the photoreceptors with high levels of melatonin at
night and lower levels during the day (Tosini et al., 2007). Several lines of evidence support
the possibility that melatonin may act as a protective agent in ocular conditions such as
photokeratitis, cataract, retinopathy of prematurity, ischemia/reperfusion injury, and
glaucoma (Rosenstein et al., 2010; Siu et al., 2006). Melatonin has also been shown to have
protective effects on photoreceptors (Baba et al., 2009). Recent studies have implicated
melatonin in the pathogenesis of age-related macular degeneration and have shown that it
delays photoreceptor degeneration in the rds/rds mouse maintained on a cyclic photoperiod
(12:12h light:dark, lights on 06.00 h (Liang et al., 2001). Some studies have also reported
that melatonin receptors are present in the ciliary body (Osborne and Chidlow, 1994; Pintor
et al., 2001; Pintor et al., 2003; Wiechmann and Wirsig-Wiechmann, 2001). The expression
of melatonin receptors in the ciliary body processes has led to the hypothesis that melatonin
may be involved in the regulation of IOP and indeed, several studies have shown that
melatonin can modulate the IOP in various species (Pintor et al., 2001; Samples et al., 1988;
Serle et al., 2004; Wiechmann and Wirsig-Wiechmann, 2001). These studies have
demonstrated the IOP reducing effect of melatonin and its analogues both in nonhuman
primates (Serle et al., 2004) and humans (Samples et al., 1988).

The specific functions of melatonin are mediated through cell membrane associated MT1,
and MT2 receptors (Dubocovich, 1995) and a third MT3 receptor that has been identified as
the enzyme quinone reductase 2 (QR2) in some mammalian species (Nosjean et al., 2000).
Initially, the melatonin analogue 5-MCA-NAT was thought to produce its ocular
hypotensive effect via MT3 (QR2 enzyme) receptors (Pintor et al., 2001). However, data
now support the idea that the in vivo effect of 5-MCA-NAT on IOP is not mediated by the
enzyme QR2, but is more likely to be mediated by some other melatonin receptor, possibly
MT1 or MT2 (Alarma-Estrany et al., 2009). These conflicting data reveal the necessity for
studies which could generate important information regarding melatonergic signaling in the
anterior segment of the eye.

Compelling new evidence that melatonin is involved in the regulation of IOP (Alcantara-
Contreras et al., 2011) since removal of the MT1 receptor increases IOP during the night.
Because the increase in IOP occurred during the dark phase, it suggests that melatonin
would be more useful in humans at night. Other studies also suggest that an increase in IOP
at night may represent a significant but unappreciated risk factor in the development of
glaucoma in humans (Liu et al., 2003). These data highlight the importance of melatonin
receptors in glaucoma development and progression.

We conducted the present study using the well-established hNPCE cell line (Coca-Prados
and Wax, 1986). Since the ciliary epithelium is the site of aqueous humor production,
hNPCE cells are often used to determine mechanisms of action of drugs that affect aqueous
humor formation. These transformed hNPCE cells were also shown to contain NO-activated
heterodimeric soluble guanylyl cyclase (Danziger et al., 1993) and the human ciliary
epithelium was demonstrated to express nitric oxide synthase (NOS) isozymes (Wu et al.,
2007; Wu and Ma, 2012). Data presented in this paper provide evidence that melatonin
acting via MT2 receptors, suppresses NO/cGMP signaling in aqueous humor producing
hNPCE cells. These data suggest that MT2 receptors may play a role in regulating aqueous
humor production in the human ciliary epithelium.
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2. Materials and Methods
2.1 Drugs

4P-PDOT, 5-MCA-NAT, luzindole – Tocris Bioscience, Ellisville, MO

SNP, L-arginine, IIK7, melatonin – Sigma-Aldrich, St. Louis, MO

S-27633-1 – ADIR, Courbevoie Cedex, France

2.2 Cell culture
NPCE cells seeded in 12 (NO) or 6-well (cGMP) plates were grown to approximately 90%
confluence before drug treatment. Experimental protocols were carried out on cells
incubated at 37 °C in dye-free DMEM growth media containing the amino acid L-arginine.
L-arginine was included in the media of control and treated cells to stimulate NO production
in vitro. NOS catalyze the oxidation of the terminal guanidino nitrogen of L-arginine to
produce NO and L-citrulline (Palmer et al., 1988).

2.3 Drug Treatments for NO and cGMP Determination
For these studies we decided to examine the effect of the melatonin receptor agonists on
SNP released NO and cGMP production because the basal levels of NO were very low and
we often would generate negative values that had no consistent pattern of inhibition. At
times the levels would in fact be out of the range of the standard curve. Therefore, we used
the NO donor SNP which consistently elevated NO and cGMP levels in the NPCE cells.

The effect of MEL, 5-MCA-NAT or IIK7 (10−13, 10−11, 10−9, 10−7 or 10−5 M) on SNP-
released NO and cGMP production was determined in the absence or presence of luzindole
(nonselective MT1/MT2 receptor antagonist) or 4P-PDOT (selective MT2 receptor
antagonist). Cells were pretreated with antagonists for 20 minutes followed by treatment
with agonist for 15 min before addition of SNP. Once all drugs were added, cells were
incubated for 4 hr for the NO experiments or 15 min for cGMP. Following drug treatments,
media samples and cell lysates were assayed for NO or cGMP, respectively. Cell lysates
were analyzed for protein using the BioRad protein assay.

2.4 Nitrite measurements
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
−). The incubation medium

surrounding the cells was 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. Each experiment was
performed in triplicate and repeated at least four times.

2.5 cGMP measurements
cGMP levels were measured using a competitive EIA from Cayman Chemical Company,
Ann Arbor, Michigan. This assay is based on the competition between free cGMP and a
cGMP acetylcholinesterase conjugate for a limited amount of sites. Plates are precoated with
mouse monoclonal anti-rabbit IgG and blocked with a proprietary formulation of proteins. In
the first step, plates are incubated with tracer, antiserum, and either standard or sample.
Next, the plate is washed to remove all unbound reagents. Finally, the plate is developed
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with Ellman’s Reagent. Each experiment was performed in triplicate and repeated at least
four times.

2.6 Statistical Analyses
Data were analyzed for differences using one-way analysis of variance followed by the
Bonferroni method for multiple comparisons. Results are expressed as mean values ± SEM
and were considered significant when P < 0.05.

3. Results
3.1 Effect of Melatonin on SNP-released NO and cGMP Production

Melatonin caused a concentration-dependent reduction of SNP-released NO in hNPCE cells
(figure 1A). The effects of the lower concentrations of melatonin (10−13, 10−11,10−9, and
10−7 M) were completely inhibited by the nonselective MT1/MT2 receptor antagonist,
luzindole (10−5 M; figure 1B), whereas that of the highest concentration (10−5 M) was
partially but not significantly inhibited. Because MT2 receptor mRNA has been shown to be
present in the iris-ciliary body of several species (Saenz et al., 2002; Siu et al., 2004; Stumpf
et al., 2009 Tunstall et al., 2011) where the NPCE cells are located, we hypothesized that the
effect of melatonin on NO activity may be mediated by activation of the MT2 receptor
subtype in the hNPCE cell type used in these studies. Therefore, we used the highly
selective MT2 receptor antagonist, 4P-PDOT to confirm this hypothesis. Pretreatment with
4P-PDOT (10−7 M), resulted in the same pattern of inhibition of melatonin-induced
reduction of SNP-released NO (figure 1C) as demonstrated with luzindole. When used
alone, neither luzindole nor 4P-PDOT produced significant changes in SNP elevated NO.

Because NO is known to be linked to the cGMP signaling cascade, we decided to also
determine the effect of melatonin on stimulated levels of cGMP. As expected, melatonin
also produced concentration-dependent inhibition of SNP stimulated cGMP production
(figure 2A). Because the antagonists, at the concentrations utilized in the NO experiments,
produced inhibitory effects on SNP-elevated cGMP levels (data not shown), we used lower
concentrations of luzindole (10−7 M) and 4P-PDOT (10−8 M) for the cGMP experiments.
Neither agent produced significant changes in SNP-elevated cGMP at these concentrations
but did, however, produce complete inhibition of all but the two highest concentrations of
melatonin (figures 2B and C). We postulate that the inhibitory actions of the antagonists at
concentrations higher than 10−7 (luzindole) or 10−8 M (4P-PDOT) are due to their producing
an agonist effect on cGMP production in the hNPCE cells. For example, 4P-PDOT was
shown to have partial antagonist/agonist efficacy on leukocyte rolling (Lotufo et al., 2001).

3.2 5-MCA-NAT Inhibits SNP-released NO and cGMP Production via Activation of MT2
Receptors

5-MCA-NAT caused concentration-dependent inhibition of SNP-released NO in isolated
hNPCE cells (figure 3A) that was significantly inhibited in the presence of luzindole (10−5

M; figure 3B) at all but 10−5 M 5-MCA-NAT. As with melatonin, we thought that the
inhibitory actions of 5-MCA-NAT on NO release would be due to activation of the MT2
melatonin receptor subtype. Pretreatment with 4P-PDOT (10−7 M) completely inhibited 5-
MCA-NAT induced reduction of SNP elevated NO produced by the low concentrations but
not the highest concentration of the melatonin receptor agonist (figure 3C). Cyclic GMP
formation was similarly affected by 5-MCA-NAT which produced concentration-dependent
inhibition of SNP-elevated cGMP (Figure 4A) that was inhibited in the presence of
luzindole (10−7 M, 4B) and 4P-PDOT (10−8 M, 4C). Inhibition was significant at all but the
10−7 and 10−5 M concentrations of the agonist.
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3.3 Effects of Selective MT1 and MT2 Receptor Agonists on SNP-released NO and cGMP
Production

To further confirm that the inhibitory action of melatonin agonists on NO release and cGMP
production that we have demonstrated is mediated by activation of MT2 receptors, we
determined the effects of the selective MT2 receptor agonist IIK7 and the MT1 selective
agonist S-27633-1 on the levels of the second messengers in our hNPCE cell type. Similar to
melatonin and 5-MCA-NAT, IIK7 produced concentration-dependent decreases in SNP-
released NO (figure 5A) and cGMP formation (figure 6A). However, the reported MT1
receptor agonist, S-27633-1, had no significant effect on SNP-released NO or cGMP
production at concentrations below 10−5 M (figures 7A and B). Luzindole (10−5 M)
significantly inhibited IIK7’s effect on NO levels produced by all but the 10−5 M
concentration of the agonist (figure 5B). Because the effects of IIK7 on NO levels were not
significantly inhibited in the presence of 10−7 M 4P-PDOT (data not shown), we increased
the concentration to 10−5 M, which completely blocked the inhibitory effects of all but the
10−5 M concentration of IIK7 on NO release (figure 5C). 4P-PDOT (10−5 M) alone did not
produce a significant change in SNP elevated NO levels. IIK7’s (10−13, 10−11, 10−9 M)
inhibitory effects on cGMP production were significantly blocked in the presence of
luzindole (10−7 M; figure 6B) and 4P-PDOT (10−8 M; figure 6C). The two highest
concentrations of IIK7, however, were not significantly inhibited by either antagonist at the
concentrations utilized.

4. Discussion
Besides its well-known regulatory role on circadian rhythm, the pineal gland hormone
melatonin has other biological functions and a distinct metabolism in various cell types and
peripheral tissues. For example melatonin modulates many important functions within the
eye by interacting with a family of G-protein-coupled receptors MT1 and MT2 (JOCKERS
et al., 2008; Reppert, 1997) as well as the enzyme quinone reductase 2, putative MT3
receptor (Calamini et al., 2008). In addition to its well known effects on retinal function
(Baba et al., 2009; Rufiange et al., 2002; Tosini et al., 2012), melatonin is also known for its
intraocular pressure (IOP) lowering effects in animals (Alarma-Estrany, 2009; Pintor et al.,
2001; Serle et al., 2004) and humans (Samples et al., 1988). In rabbits, MT2 receptors have
been shown to be present and the ocular hypotensive action of this receptor subtype has been
demonstrated to be modulated by the sympathetic nervous system (Alarma-Estrany et al.,
2008) Also, orally administered melatonin has been shown to lower IOP in humans
(Samples et al., 1988). Contradictory to its effect on IOP in humans, it has been reported that
endogenous concentrations of melatonin in plasma and during the day do not suppress
aqueous humor flow in humans (Viggiano et al., 1994). The primary difference between the
two studies is that one (Samples et al., 1988) showed significant decreases in IOP at night
after oral administration, while the other (Viggiano et al, 1994) was conducted during the
day. These findings reveal the fact that melatonin’s effect on IOP is dependent, at least in
part, on the time of day that the measurements are taken (Alcantara-Contreras et al., 2011).
In cat eyes, intracameral infusion of melatonin caused aqueous humor synthesis to decrease
but caused a greater decrease in aqueous humor outflow facility, leading to a significant
increase in IOP (Rohde et al., 1985). These contradictory effects may very well be species
dependent.

Intraocular pressure is in a constant state of flux, varying with the cardiac and respiratory
cycles and being influenced by factors such as posture and diet. That there is also a diurnal
variation in human IOP was recognized a century ago. Subsequently, a number of studies
have addressed this issue in “normal” and in glaucomatous eyes (Sihota et al., 2005;
Wilensky; 1991 Worthen, 1978) using a variety of methodologies and with differing
interpretations of “diurnal”. The majority of investigators found a rhythmic pressure
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variation during the day: a close approximation of diurnal pattern to a cosine curve has been
claimed (Kitazawa and Horie, 1975). In many studies, the morning has often been the time
when relatively higher values have been recorded, with the range of diurnal variation being
of the order 3–5 mmHg.

Diurnal rhythms in IOP have been documented in many species, including humans (Drance,
1960; Henkind et al., 1973; Frampton et al., 1987) rabbits (Rowland et al., 1981; Liu and
Shieh, 1995; Schnell et al., 1996), cats (DelSole et al., 2007) rats (Krishna et al., 1995),
chicks (Papastergiou et al., 1998) and mice (Savinova et al., 2001; Alcantara-Contreras et
al., 2011), although the phase and amplitude of the rhythm in IOP differs among species.
Some of the discrepancies in the pattern of IOP may be due to species differences, or to
differences in sleep/wakefulness and/or body position (Frampton et al., 1987). However,
when IOP is measured in the normal physiologic positions of sitting while awake (day) and
supine when asleep (night), investigators have shown that IOP was significantly higher
during the nocturnal/sleep period than the diurnal/wake period (Liu et al., 1998; Liu et al.,
1999; Liu et al., 2003; Hara et al., 2006; Sit et al., 2006).

Since melatonin levels are highest during the dark period, just prior to the early morning
when IOP begins to decline, it has been hypothesized that melatonin may influence IOP
(Rhode et al., 1985; Samples et al., 1988; Pintor et al., 2001). In humans, melatonin levels
rise at night but IOP is higher at night than during the day (Krag et al., 1999). Also, the rate
of aqueous humor secretion in humans falls 50–60% during sleep (Brubaker, 1991). These
data are in contrast to endogenous melatonin lowering IOP. This may suggest, however, that
endogenous melatonin contributes to elevation of IOP at night. Furthermore, this may mean
that there is a difference between physiologic and pharmacologic concentrations of
melatonin and the resulting IOP reading.

Levels of melatonin in the aqueous humor demonstrate a circadian rhythmicity, with peak
levels occurring during the dark period (Yu et al., 1990; Liu and Dacus, 1991), which is in
parallel with plasma melatonin levels. Melatonin has been demonstrated to be synthesized
by the ciliary epithelium (Martin et al, 1992). AANAT, the rate-limiting enzyme in the
synthesis of melatonin, has been shown to have higher activity at night than in the morning
in the iris root-ciliary body complex (Chiou et al., 1985). This local synthesis of melatonin
may account for the lack of effect of pinealectomy on melatonin levels in the aqueous humor
or on IOP (Rohde et al., 1985).

Studies investigating the effect of melatonin administration on IOP have had conflicting
results; topical administration of melatonin or its agonist, 5-MCA-NAT, causes dose-
dependent lowering of IOP in rabbits (Pintor et al., 2001) and in humans (Samples et al.,
1988). Moreover, administration of the competitive melatonin receptor antagonist luzindole
blocks the reduction of IOP mediated by melatonin agonists (Pintor et al., 2001). In contrast,
increased IOP has been reported following injection of melatonin into a superior vortex vein
of rabbits (Rohde et al., 1993), and intracameral infusion of melatonin in cats (Rohde et al.,
1985) and rats (Chiou et al., 1985). The conflicting results of the effects of melatonin on IOP
may be due to differences in species and strains, as well as methods of administration and
measurement (Osborne, 1994; Pintor et al., 2001).

The above results demonstrate that fluctuation of IOP in humans is well established, and the
relationship between melatonin and IOP has been explored in view of the involvement of
pineal melatonin in the regulation of many circadian rhythms (Lewy et al., 1999; Moore,
1997). Despite contradictory findings, the most widely held conclusion is that decreased IOP
correlates positively with increased intraocular melatonin levels (Komaromy et al., 1998;
Pointer, 1997; Rohde et al., 1985). However, pharmacological characterization of melatonin
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receptors and the relationship between individual receptor subtypes and IOP has not been
evaluated comprehensively. The putative selective MT3 receptor agonist 5-MCA-NAT has
been shown to be a potent ocular hypotensive agent (Pintor et al., 2001; Serle et al., 2004;
Wiechmann and Wirsig-Wiechmann, 2001) and the selective MT2 receptor agonist IIK7
also markedly decreases the IOP and was inhibited by selective MT2 receptor antagonists
(Alarma-Estrany et al., 2008). Both 5-MCA-NAT and IIK7 offer themselves as starting
points for new classes of drugs to lower IOP and for treating ocular hypertension and
glaucoma.

Knowing that the ciliary body is the site of aqueous humor formation (To et al., 2002) and
even appears to be capable of melatonin synthesis (Martin et al., 1992), it results as a good
candidate to be the tissue that binds melatonin and analogues to the melatonin receptors. The
melatonin of origin within the ciliary body would likely be produced for a local function and
would not contribute to the circulating levels similar to what occurs in the retina (Vaughan
and Reiter, 1986). On the other hand, by their location on the basolateral surface of the non-
pigmented ciliary epithelium, the melatonin receptors are positioned to be in the path of
melatonin that is released either from the circulation or the ciliary body (Wiechmann and
Wirsig-Wiechmann, 2001). With this information in mind and because all current
therapeutic measures for glaucoma work by lowering IOP, either by increasing aqueous
humor outflow or reducing its secretion (Shahidullah, 2006), we examined the effects of
melatonin, 5-MCA-NAT and IIK7 on NO/cGMP release/production in isolated hNPCE
cells. These studies were conducted in order to determine the possible role of NO/cGMP
signaling in the ocular hypotensive effects of melatonin agonists. In addition, we determined
the melatonin receptor selectivity of the compounds by utilizing available nonselective and
selective antagonists.

For the present study, we performed a comparative analysis of the effects of melatonin, IIK7
(selective MT2 receptor agonist), 5-MCA-NAT (putative MT3 receptor agonist) and
S-27633-1 (MT1 receptor agonist) on SNP-released NO and cGMP production to determine
the receptor subtype that could be involved in melatonin agonist-induced regulation of
aqueous secretion and IOP. S-27633 is reported to be a pure MT1 receptor agonist with a Kb
of 46 nM in functional tests with GTP gamma S and affinity for MT1 being 2.4 nM (Ki). No
functional activity of S-27633 has been detected at MT2 receptors and is why this compound
was used to determine activity at MT1 receptors. Because the MT2 receptor subtype has
been detected in the ciliary body and has also been shown to inhibit NO/cGMP signaling in
other tissues and cells within and outside the eye (Saenz et al., 2002; Siu et al., 2004; Stumpf
et al., 2009; Tunstall et al., 2011), we hypothesized that in our hNPCE cell line the MT2
melatonin receptor subtype is likely to be the one that modulates NO release and cGMP
production in the NPCE cell type. Furthermore, it has been demonstrated that in New
Zealand albino rabbits the melatonin agonist IIK7 decreased IOP by acting on MT2
receptors (Alarma-Estrany et al., 2008). This action was presumed to be by decreasing
aqueous humor formation.

The literature is inconsistent regarding the role on the NO/cGMP pathway in aqueous humor
dynamics. Some authors report that topical and intraocular NO donors decrease IOP (Behar-
Cohen et al., 1996; Nathanson and McKee, 1995 ;), possibly by increasing conventional
outflow facility (Schuman, et al., 1994). By contrast, other studies find that topical NO
donors increase IOP without affecting aqueous production (Larson et al., 1995) or
tonographic outflow facility (Krupin et al., 1977). Activation of the NO/cGMP pathway was
first reported (Krupin et al., 1977) to elevate IOP as a result of an increase in the rate of
aqueous flow. This was determined after topical application of sodium azide or SNP to the
eyes of anaesthetized male albino rabbits. These results suggest that inhibition of the
pathway would decrease aqueous production and consequently reduce IOP. Interestingly,
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there are also reports that systemic NOS inhibition has no effect on IOP in conscious
humans (Kiss et al., 1999) and rabbits (Taniguchi et al., 1998).

In vitro studies also indicate a complex role of NO in aqueous humor dynamics. In the
isolated porcine ciliary process, NO is produced in response to stimulators or analogs of
cAMP (Liu et al., 1999), and stimulation of the NO-cGMP pathway causes epithelial
depolarization (Fleischhauer et al., 2000). These results suggest that NO plays a facilitative
or direct role in aqueous production. In isolated ciliary muscle and trabecular meshwork, NO
causes relaxation (Wiederholt et al., 1994; Goh et al., 1995). In vivo relaxation of ciliary
muscle would tend to decrease aqueous trabecular outflow facility and increase uveoscleral
outflow, while relaxation of the trabecular meshwork would increase trabecular outflow
facility. Thus, the in vitro evidence indicates that the IOP effects of NO donors and NOS
inhibitors should vary depending upon the site of action.

In addition to direct effects on aqueous dynamics, NO may play an indirect role in IOP
homeostasis. In a study (Kiel 1999) systemic NOS inhibition caused significant choroidal
vasoconstriction and ocular hypotension in anesthetized rabbits. Given L-NAME’s
constricting effect on the choroid, the immediate decrease in IOP is most likely due to the
loss of choroidal blood volume. However, the expulsion of choroidal blood volume does not
explain the sustained decrease in IOP since aqueous dynamics would compensate for the lost
blood volume under normal circumstances. This implies that NOS inhibition decreases
aqueous production or increases aqueous outflow, consistent with the previously mentioned
in vitro studies. However, because L-NAME is such a potent choroidal constrictor, we
hypothesize that it has a similar effect on the ciliary circulation, perhaps sufficient to cause a
blood flow-dependent decrease in aqueous production.

Results from the present experimental work have demonstrated that melatonin, 5-MCA-
NAT and IIK7 all reduce SNP-released NO and cGMP production in a concentration-
dependent manner in our hNPCE cell type. Each agonist used demonstrated similar
efficacies based on their maximum % inhibition of NO (46.47, 36.93 or 36.94; MEL, IIK7
and 5-MCA-NAT, respectively) and cGMP (68.52, 53.83, and 48.77; 5-MCA-NAT, IIK7 or
MEL, respectively). The agonists were also of somewhat equal potencies with melatonin
being slightly less potent than 5-MCA-NAT and IIK7 in its effect on NO but slightly more
potent than the two analogues in its effect on cGMP production based on the EC50 values
calculated for the agonists effects on NO (MEL 0.94 pM; 5-MCA-NAT 1.00 pM; IIK7 0.98
pM) and cGMP (MEL 1.02 pM; 5-MCA-NAT 0.88 pM; IIK7 0.92 pM). Although these
results are not entirely consistent with more recent literature, in which it has been shown that
IIK7 is more potent and efficacious than melatonin and 5-MCA-NAT in reducing IOP in
rabbits, the discrepancy could be due to species differences or differences between in vitro
versus in vivo techniques. Because this is the first in vitro study performed using an hNPCE
cell line, no further comparisons can be made at this time.

The inhibitory effects of the lower concentrations (10−13, 10−11, 10−9) of all three agonists
were completely inhibited in the presence of luzindole or 4P-PDOT, thereby, suggesting that
these effects occur via activation of a G-protein linked melatonin receptor that is likely the
MT2 subtype. At times, the inhibitory effects of 10−7 and 10−5 M concentrations of the
agonists were not significantly inhibited by luzindole or 4P-PDOT, thus suggesting that
those effects are nonspecific or that the interaction between agonist and antagonist is
competitive and requires larger or even equimolar concentrations of the agonist to overcome
the antagonist effect. Evidence of receptors in the iris-ciliary body of animals (Alarma-
Estrany et al., 2008) and in anterior the presence of MT2 chamber uveal melanocytes of
humans Roberts et al., 2000) has been generated. The presence of MT2 receptors in hNPCE
cells of the ciliary body has, however, not been determined making this study the first to
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show their functional presence in the NPCE cell type of a mammalian species. Previous
studies with the reported MT3 receptor agonist 5-MCA-NAT demonstrated that it produced
its ocular hypotensive effect by activation of MT3 receptors (Pintor et al., 2001; Pintor et al.,
2003). More recent evidence including that produced in the present study, suggests that it
does not act through MT3 but rather MT1 or MT2 (Alarma-Estrany et al., 2009) with the
present study pointing to MT2.

As we have previously mentioned, a recent study has reported that genetic ablation of the
MT1 receptors in mice induced a significant increase in the mean values of nocturnal IOP,
whereas, the removal of MT2 did not produce any changes on the regulation of the daily
rhythm in the IOP (Alcantara-Contreras et al., 2011). Nevertheless administration of
exogenous melatonin (1mg/kg) suppressed IOPs in wild-type, but not in MT1 and MT2
receptors knock-out mice. Such a result indicates that also in the mouse activation of MT2
receptors may lead to IOP reduction and suggest that MT1 and MT2 receptors signaling may
act on different structures and or cells in the anterior part of the eye to regulate IOP. MT1
receptors may actually be located in the pigmented ciliary epithelium and therefore may
affect aqueous humor secretion and IOP via activation of this receptor subtype in the
pigmented ciliary epithelial cells.

In conclusion, results from this study suggest that melatonin, 5-MCA-NAT and IIK7 all
produce their effects on NO release and cGMP production via activation of MT2 receptors in
hNPCE cells. Also, results with the putative MT1 selective agonist suggest that the MT1
receptor subtype does not play a role in melatonin agonist-induced effects on NO or cGMP
levels in the hNPCE cell type used in this study. MT1 receptors may be present in this cell
type but linked to another signaling mechanism such as the AC/cAMP or PLC/IP3.
Preliminary experiments, however, did not show an effect of melatonin on forskolin
elevated cAMP. Other experiments are being performed to determine if melatonin affects
basal cAMP production in the hNPCE cells.

MT1 receptors could also be found in some other cell type involved in IOP regulation such
as the ciliary muscle cells or trabecular meshwork. We are presently conducting studies
examining the effects of melatonin on cAMP production in human trabecular meshwork
(hTM) cells. If we find that melatonin reduces cAMP formation in this particular cell type, it
could explain why at times melatonin causes elevation of IOP rather than reduction.
Lowering cAMP levels in hTM cells causes them to contract, an action that decreases
outflow facility thereby increasing IOP. If this action occurs in vivo and IOP is lowered, it
could suggest that the net effect of melatonin on IOP in this case is reduction.

Our hypothesis regarding the sequence of events that lead to melatonin agonist-induced
reduction of IOP begins with the activation of MT2 receptors in the NPCE cells. This effect
is followed by a reduction in NO released from the non-pigmented ciliary epithelium or, in
our case, released from SNP. Next, in either an autocrine or a paracrine manner, reduced
levels of NO leads to a reduction in the levels of cGMP in the ciliary epithelium or the
ciliary muscle, respectively. We propose that either of these events may reduce IOP by
decreasing aqueous humor secretion (autocrine) or, inadvertently contracting the ciliary
muscle (paracrine) thereby increasing the outflow of aqueous humor. Reduction of IOP
could also be the result of a combination of the two disparate mechanisms. Future studies
are being designed to address the issue of whether the effects demonstrated in the present
study are indeed associated with activation of MT2 receptors. In those studies, with the use
of SiRNA, we plan to knockdown the MT1, MT2 and the putative MT3 receptors in hNPCE
cells to provide convincing evidence that the effects of melatonin and its agonists used in
this study are actually mediated by activation of MT2 receptors.
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Highlights

• We demonstrate the functional presence of MT2 melatonin receptors in hNPCE
cells

• Melatonin and its congeners inhibit NO release and cGMP production in
hNPCE cells

• Possible role of melatonin receptors in the regulation of aqueous humor
secretion
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Fig. 1.
Inhibition of melatonin-induced reduction of SNP-released NO by luzindole and 4P-PDOT
in hNPCE cells. CONT (1% DMSO); SNP (10−4 M); LUZ (10−5 M); 4P-PDOT (10−7 M).
Data are mean ± SEM of 5 – 8 experiments in triplicate. *P < 0.05 compared to control; #P <
0.05 compared to SNP.
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Fig. 2.
Inhibition of melatonin-induced reduction of SNP-stimulated cGMP production by luzindole
and 4P-PDOT in hNPCE cells. CONT (1% DMSO); SNP (10−3 M); LUZ (10−7 M); 4P-
PDOT (10−8 M). Data are mean ± SEM of 4 – 5 experiments in triplicate. *P < 0.05
compared to control; #P < 0.05 compared to SNP.
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Fig. 3.
Inhibition of 5-MCA-NAT-induced reduction of SNP-released NO by luzindole and 4P-
PDOT in NPCE cells. CONT (1% DMSO); SNP (10−4 M); LUZ (10−5 M); 4P-PDOT (10−7

M). Data are mean ± SEM of 4 – 5 experiments in triplicate. *P < 0.05 compared to
control; #P < 0.05 compared to SNP.
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Fig. 4.
Inhibition of 5-MCA-NAT-induced reduction of SNP-stimulated cGMP production by
luzindole and 4P-PDOT in hNPCE cells. CONT (1% DMSO); SNP (10−3 M); LUZ (10−7

M); 4P-PDOT (10−8 M). Data are mean ± SEM of 6 – 9 experiments in triplicate. *P < 0.05
compared to control; #P < 0.05 compared to SNP.
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Fig. 5.
Inhibition of IIK7-induced reduction of SNP-elevated NO by luzindole and 4P-PDOT in
hNPCE cells. CONT (1% DMSO); SNP (10−4 M); LUZ (10−5 M); 4P-PDOT (10−5 M).
Data are mean ± SEM of 4 – 5 experiments in triplicate. *P < 0.05 compared to control; #P <
0.05 compared to SNP.
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Fig. 6.
Inhibition of IIK7-induced reduction of SNP-stimulated cGMP production by luzindole and
4P-PDOT in hNPCE cells. CONT (1% DMSO); SNP (10−3 M); LUZ (10−7 M); 4P-PDOT
(10−8 M). Data are mean ± SEM of 4 experiments in triplicate. *P < 0.05 compared to
control; #P < 0.05 compared to SNP.
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Fig. 7.
Effect of S-27633-1 on SNP-released NO and cGMP in hNPCE cells. CONT (1% DMSO);
SNP (10−3 M). Data are mean ± SEM of 4 experiments in triplicate. #P < 0.05 compared to
SNP.
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