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EXPERIMENTAL STUDY

Soluble guanylyl cyclase activators increase the expression

of tolerance to morphine analgesic effect

Durmus N!, Bagcivan I?, Ozdemir E?, Altun A2, Gursoy S*
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Abstract: Objectives: It is aimed to investigate the effects of guanylyl cyclase activation and inhibition on acute
morphine antinociception and the development of tolerance to its effect.

Background: Nitric oxide-soluble guanylyl cyclase signal transduction cascade suggested to play an important
role in the development of tolerance to antinociceptive effects of morphine.

Methods: Nociception was evaluated by tail flick and hot plate tests in male Wistar rats. The analgesic effects
of intraperitoneal protoporphyrin IX (PPIX; an activator of soluble guanylyl cyclase), 3-morpholinosydnonimine
hydrochloride (SIN-1; NO donor and activator of guanylyl cyclase), S-Nitroso-N-acetylpenicillamine (SNAP; an
activator of guanylyl cyclase), 3,3-Bis (amino ethyl)-1-hydroxy-2-oxo-1-triazene (NOC-18; NO donor activating
guanylyl cyclase) and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; an inhibitor of guanylyl cyclase) alone
or in combination with subcutaneous morphine injection were evaluated. Their effects on morphine tolerance
development were evaluated by giving these agents 20 minutes prior to twice daily morphine injection during
tolerance development for 5 days. On day 6, the expression of morphine tolerance was determined.

Results: PPIX, SIN-1, SNAP and NOC-18 significantly increased expression of morphine tolerance while ODQ
decreased.

Conclusion: These data suggested that sGC activators have a significant role in tolerance to the analgesic ef-
fect of morphine (Tab. 1, Fig. 4, Ref. 29). Text in PDF www.elis.sk.

Key words: analgesia, morphine tolerance, soluble guanylyl cyclase.

Morphine and other opioid drugs are widely used for the treat-
ment of moderate to severe intensity pain. However, tolerance
development to the antinociceptive effects of opioids continue to
be a significant clinical problem. Although a variety of agents in-
cluding N-methyl-d-aspartate (NMDA) antagonists, nitric oxide
synthase (NOS) inhibitors, calcium channel blockers, kinase in-
hibitors, and cyclooxygenase inhibitors (1, 2) suggested to block
the development of tolerance to the antinociceptive tolerance to
opioids, the physiological and biochemical mechanisms underly-
ing the development of tolerance are still unclear (3-5).

Nitric oxide (NO) is synthesized from L-arginine and oxygen
by the NOS enzyme. After production, NO rapidly diffuses across
cell membranes and binds to the heme cofactor of guanylyl cyclase
(sGC). sGC forms a stable complex with NO leading to significant
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increases in cyclic guanosine monophosphate (¢cGMP) levels
that directly modulate phosphodiesterases, ion gated channels, or
c¢GMP-dependent protein kinases which in turn regulate the physi-
ological functions (6, 7). Most of the in vivo studies evaluating
the relation between morphine and nitric oxide (NO) have focused
on the effects of NOS inhibitors, NMDA receptor antagonists or
exogenous administration of L-arginine. However the effects of
sGC activators or sGC inhibitors on the pharmacodynamics of
morphine are unclear. In this study, we aimed to examine the an-
tinociceptive effects of sGC activators and inhibitors and their role
on the development of morphine tolerance in rats.

Methods

Drug preparation

Protoporphyrin IX (PPIX; an activator of sGC), 3-morpho-
linosydnonimine hydrochloride (SIN-1; NO donor and activator
of sGC) and 3,3-Bis (amino ethyl)-1-hydroxy-2-oxo-1-triazene
(NOC-18; NO donor, activator of sGC) (purchased from Sigma-
Aldrich, USA) and morphine sulphate (obtained from Cumhuriyet
University Hospital, Turkey) were dissolved in 0.9 % saline. ODQ
(1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one) (an inhibitor of
sGC) was purchased from Sigma-Aldrich, USA and dissolved in
100 % dimethyl sulfoxide. Solutions were freshly prepared on the
day of experiment. All of the drugs were given intraperitoneally
(i.p.) in a volume of 1 ml/kg.
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Animals

The adult male Wistar albino rats weighing 185-215 g were
used. Animals were housed in a temperature-controlled facility of
23 +2 °C, under 12-h light/dark cycle (7 a.m. to 7 p.m.) and with
free access to water and food. The procedures were approved by
the Cumhuriyet University Animal Ethics Committee, and con-
ducted in accordance with the recommendations of the Guide for
the Care and Use of Laboratory Animals.

Analgesia tests

In tail flick test, we used a standardized tail flick apparatus
(May TF 0703 Tail-flick Unit). The radiant heat source was fo-
cused on the distal portion of the tail at 3 cm after administration
of drugs or vehicle. The cut-off latency was set at 15 s to avoid
tissue damage. Following vehicle or compound administration,
tail-flick latencies (TFL) were obtained. In hot plate test, animals
were individually placed on a hot-plate (May AHP 0603 Anal-
gesic Hot-plate) with the temperature adjusted to 54 +£2 °C. The
latency to the first sign of paw licking or jump response to avoid
the heat was taken as an index of the pain threshold. The cut-off
time was 60 s in order to avoid damage to the paw. TFL and hot
plate latencies were measured 10 minutes prior and at 30, 60, 90
and 120 min after injections.

Experimental protocols

The effects of single administration of PPIX (20 mg/kg) (8),
SIN-1 (2 pg/kg) (9), SNAP (30 pmol/kg) (10), NOC-18 (0,4 mg/
kg; determined by preliminary experiments (data not shown)),
ODQ (20 mg/kg) (11) on morphine (2.5, 5 or 7.5 mg/kg)-induced
analgesic effect were evaluated. For tolerance induction, groups
of rats were randomly chosen and morphine was given chronically
twice daily at a dose of 20 mg/kg i.p. from day 1 to 5. In tolerance
treatment group, PPIX (20 mg/kg), SIN-1 (2 pg/kg), SNAP (30
umol/kg), NOC-18 (0,4 mg/kg) or ODQ (20 mg/kg) were injected
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i.p. 20 min prior to the every morphine administration. To evaluate
the treatment effects of study agents on day 6, after morphine toler-
ance had developed, the analgesic effects of the challenge dose of
morphine (5 mg/kg; s.c.) were measured 3 hours after the last mor-
phine injection. In the saline-treated group, animals received only
saline (1 ml/kg) instead of morphine during the induction session.

The analgesic effects of PPIX, SIN-1, SNAP, NOC-18 and
morphine were considered at 30-min intervals (0, 30, 60, 90 and
120 min) by tail-flick and hot-plate test in rats (n = 6 in each
group) on day 1. In the saline-treated group, animals received
saline (10 ml/kg) instead of morphine during the induction ses-
sion. In addition, all agents were given in that volume intraperi-
toneally (i.p.).

Data analysis

In order to calculate the rate of maximal antinociceptive ef-
fects (% MPE), tail-flick and hot-plate latencies were converted to
percentage of antinociceptive effect using the following equation:

% MPE = [(test latency-baseline) / (cut off-baseline)]*100.

The % MPE was calculated separately for each rat based on
single baseline score. The baseline latency was measured for each
rat. The baseline latencies were approximately 2.7-3.2 s in all rats.
Animals with a baseline latency below 2.7 or above 3.2 s were
excluded from further testing.

Statistical analysis

The effect of antinociception was measured and the mean of %
MPE:s in all groups was calculated. All experimental results were
expressed as mean+SEM (standard error of mean). In all cases, the
criterion for statistical significance was p < 0.05. The data were
analysed by analysis of variance followed by Tukey test using the
computer program SPSS (version 15.0 for Windows).

Hot-plate Dy
100 - —8— PPIX+Marphing
30 4 - —— PPIX+Marphine Tolerant
I —O— 0DQ+Morphine Tolerant
80 - i —— Morphine
—#%— Morphine Tolerant
70 -
w60+
o
= 504
=40
30
20
10
0 ¥ T 7 '
0 30 60 20 120
Time (min)

Fig. 1. Effects of protoporphyrin IX (PPIX, activator of sGC) on the expression of morphine tolerance. (A) shows effect of PPIX (20 mg/kg)
in the tail-flick test, and (B) shows effect of PPIX in the hot-plate test. Pretreatment of morphine tolerant animals with PPIX significantly de-
creased % MPE (increase tolerance to morphine) in both tail-flick (p < 0.05; Figure A) and hot-plate tests (p < 0.05; Figure B) compared with
morphine-tolerant animals. However, ODQ (inhibitor of sGC) significantly decreased the expression of tolerance to morphine antinociceptive
effect in tail-flick (p < 0.05; Figure A) and hot-plate tests (p < 0.05; Figure B). Each point represents the mean + SEM of percent of maximal
possible effect (% MPE) for 6 rats. * p <0.01 and ** p < 0.05 compared to saline-treated group.
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Fig. 2. Effects of 3-morpholinosydnonimine hydrochloride (SIN-1) on the expression of morphine tolerance. (A) shows effect of SIN-1 (2 pg/kg
ip) in the tail-flick test, and (B) shows effect of SIN-1 in the hot-plate test. Pretreatment of morphine-tolerant animals with SIN-1 significantly
decreased the % MPE in both tail-flick (p < 0.05; Figure A) and hot-plate tests (p < 0.05; Figure B). Each point represents the mean + SEM of
percent of maximal possible effect (% MPE) for 6 rats. * p <0.01 and ** p < 0.05 compared to saline-treated group.
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Fig. 3. Effects of S-Nitroso-N-acetyl-DL-penicillamine (SNAP) on the expression of morphine tolerance. (A) shows effect of SNAP (30 pmol/kg;
i.p.) in the tail-flick test, and (B) shows effect of SNAP in the hot-plate test. Pretreatment of morphine tolerant animals with SNAP significantly
decreased the % MPE in both tail-flick (p < 0.05; Figure A) and hot-plate test (p < 0.05; Figure B). Each point represents the mean + SEM of
percent of maximal possible effect (% MPE) for 6 rats. * p < 0.01 and ** p < 0.05 compared to saline-treated group.

Results

Effects of PPIX on morphine antinociception and tolerance

PPIX (activator of sGC) significantly increased the expres-
sion of tolerance to morphine antinociceptive effect, as indicated
by the decrease in % MPE in the PPIX treatment morphine tol-
erant groups in both tail-flick (p < 0.05) (Fig. 1A) and hot-plate
tests (p < 0.05) (Fig. 1B) compared to morphine tolerant groups.
However, pretreatment of animals with ODQ (inhibitor of sGC)
significantly decreased the expression of tolerance to morphine
antinociceptive effect in analgesia tests (p < 0.01) (Figs 1A and
1B) compared to morphine tolerant group. PPIX also decreased
analgesic effect of morphine in the analgesia tests, but this differ-
ence was not statistically significant between two groups. The peak
values of this group were observed at 30 min after administration
of morphine in both tail-flick and hot-plate tests (67.5 + 5.1 and
84.4 £ 4.6 respectively).

Effects of SIN-1 on morphine antinociception and tolerance

Pretreatment of animals with SIN-1 significantly increased
the expression of tolerance to morphine antinociceptive effect in
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both tail-flick (p < 0.05) (Fig. 2A) and hot-plate tests (p < 0.05)
(Fig. 2B) compared to morphine tolerant groups. These figures
also suggested that ODQ significantly decreased the expression
of tolerance to morphine antinociceptive effect in analgesia tests
(p<0.01) (Figs 2A and 2B) compared to morphine tolerant group.
Similar to PPIX, the peak value of these group were observed at
30 min after administration of morphine in both tail-flick and hot-
plate test (63.7 + 4.8 and 76.8 £ 5.6 respectively).

Effects of SNAP on morphine antinociception and tolerance

Administration of SNAP significantly decreased the % MPE
in the morphine tolerant groups in both tail-flick (p < 0.05) (Fig.
3A) and hot-plate tests (p < 0.05) (Fig. 3B) compared to mor-
phine tolerant groups. Namely, SNAP significantly increased the
expression of tolerance to morphine analgesic effect. The peak
values of this group were observed at 30 min after administration
of morphine in both tail-flick and hot-plate tests (74.3 + 4.7 and
68.5 + 4.3 respectively).

Effects of NOC-18 on morphine antinociception and tolerance
NOC-18 (a nitric oxide donor, activator of sGC) significantly
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Fig. 4. Effects of 3,3-Bis (amino ethyl)-1-hydroxy-2-oxo-1-triazene (NOC-18; NO donor, activator of sGC) on the expression of morphine tol-
erance. (A) shows effect of NOC-18 ((0.4 mg/kg; i.p.) in the tail-flick test, and (B) shows effect of NOC-18 in the hot-plate test. Pretreatment
of morphine-tolerant animals with NOC-18 significantly decreased the % MPE in both tail-flick (p < 0.05; Figure A) and hot-plate tests (p <
0.05; Figure B). Each point represents the mean = SEM of percent of maximal possible effect (% MPE) for 6 rats. * p <0.01 and ** p <0.05

compared to saline-treated group.

increased the expression of tolerance to morphine antinocicep-
tive effect, as indicated by the decrease in % MPE in the NOC-
18 treatment morphine tolerant groups in both tail-flick (p < 0.05)
(Fig. 4A) and hot-plate tests (p < 0.05) (Fig. 1B) compared to
morphine tolerant groups. However, inhibition of sGC by ODQ
significantly decreased the expression of tolerance to morphine
antinociceptive effect in both analgesia tests (p < 0.01) (Fig. 3A
and 3B) compared to morphine tolerant group. NOC-18 also de-
creased the analgesic effect of morphine in the analgesia tests,
but this difference was not statistically significant between two
groups. Like all other activator agents the peak values of these
groups were observed at 30 min after administration of morphine
in both tail-flick and hot-plate tests (63.1 + 6.2 and 68.2 + 6.7
respectively).

The analgesic effects of different doses of morphine

For the determination of effective morphine dose, the antino-
ciceptive response was measured for three different doses of mor-
phine (2.5, 5 and 7.5 mg/kg; s.c.) at 30-min intervals (0, 30, 60,
90, 120) by tail-flick and hot-plate tests. The maximum % MPE
was observed at 30 min after the administration of a 5 mg/kg dose
of morphine (74.3+9.0 for tail-flick test and 64.1+8.9 for hot-plate
test) (Tab. 1). The % MPE produced by morphine (5 mg/kg) was

Tab. 1. The analgesic effects of different doses of morphine.

significantly higher than in the other groups (2.5 mg/kg morphine
and saline group) in both tail-flick test (p < 0.05) and hot-plate
test (p < 0.05) in rats.

Discussion

The link between opioid analgesia and NO has been suggested
for many years and it has been reported that NO-cGMP signal
pathways play an important role in the opioid analgesia. How-
ever, the role of sGC activators on the development of tolerance
to morphine analgesic effect is not clear. In the present study, it
is observed that PPIX, SIN-1, SNAP and NOC-18 (activators of
sGC) significantly increased the expression of tolerance to mor-
phine antinociceptive effect. In addition to this, administration of
ODQ (inhibitor of sGC) decreased the development of tolerance
to morphine in morphine-tolerant rats.

Despite a great deal of research, the neurobiological mecha-
nisms of the development of opioid tolerance and dependence
are only partially understood. Several researchers suggested that
different mechanisms participate in the development of morphine
tolerance (12—14). Opioid receptor downregulation, alterations
in binding of the peptide to the receptor, upregulation of cAMP
pathway, alterations in signal transduction cascades, and possible

Time (minutes) 0 30 60 90 120
Tail-flick
Saline 3.1+0.8 4.1£0.9 3.7+0.6 3.9+1.1 3.6+0.9
Morphine (2.5 mg/kg) 5.1+0.8 39.1+£7.8 32.3+5.2 15.4+3.5 9.4+1.8
Morphine (5 mg/kg) 6.3+£0.9 74.3£9.0%* 66.8+6.3 46.1+£5.8 24.446.2
Morphine (7.5 mg/kg) 4.6+1.2 64.3+6.1 59.5+7.3 38.5+3.8 21.5+5.3
Hot-plate
Saline 4.6+0.5 6.2+0.9 5.1+0.8 5.6+0.8 4.8+0.9
Morphine (2.5 mg/kg) 7.9+1.4 35.4+6.1 24.9+6.2 22.8+5.6 18.4+5.2
Morphine (5 mg/kg) 9.6%1.5 64.1+£8.9* 56.5+6.3 51.2+7.5 32.4+4.0
Morphine (7.5 mg/kg) 7.4+1.1 51.245.4 7.3+8.2 41.5+4.3 27.8+8.0

Data are means = S.E.M. * p <0.05 as compared with its saline (n = 6 in each group).
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changes in drug disposition to the receptor site are the suggested
prominent mechanisms (15-18). In addition to these molecular
changes, a wide range of neurotransmitters or neuromodulators,
including serotonin, noradrenaline, dopamine, cholecystokinin,
GABA, agmatine, adenosine, and NO have been shown to play
different roles in the mechanisms of tolerance and dependence
development to opioid analgesics (19, 20). It has been suggested
that morphine reduces presynaptic neurotransmitter release such
as glutamate, and thus lowers the amount of glutamate available
for the NMDA receptors. Injection of L-NAME also reduces NO
concentrations and thus decreases secondarily the extracellular
concentrations of primary afferent neurotransmitter glutamate.
Both of them would lead to attenuation of pain (21). It has been
also demostrated that inhibition of NO synthase attenuates the
NMDA receptor-mediated synaptic transmission of nociception
inputs (22) and consequently, it may enhance the opioid antino-
ciception (23).

Modulation of the functions of endogenous substances ap-
pears to be very important in the induction and expression of
morphine tolerance and dependence. Among these non-opioid
systems, NO seems to play a key role in opioid tolerance and
dependence (15, 24, 25). NO is widely recognized as an inter-
cellular messenger that plays important roles in the regulation
of physiological functions. NO is formed intracellularly through
the action of nitric acid synthase (NOS). NOS has three classified
isoforms including neuronal (nNOS), inducible (iNOS), and en-
dothelial (eNOS). The activity of constitutive isoforms, including
nNOS and eNOS, is controlled by intracellular calcium, which in
turn is regulated by excitatory amino acids interacting with the
NMDA receptor. The inducible isoform, on the other hand, is not
regulated by calcium. L-Arginine, the only known substrate of all
isoforms of NOS, is oxidized to form NO and L-citrulline (26).
The activation of NOS and release of NO stimulates the sGC,
which result in an increase in cyclic GMP levels within the target
cell (6, 27). Xu et al (28) suggested that methylene blue and LY-
83,583 (sGC inhibitors) decreased the development of morphine
tolerance. In the present study, we found that ODQ (inhibitor of
sGC) decreased the development of tolerance to morphine. These
obtained data demonstrate that the NO-sGC system may partici-
pate in the mediation of morphine tolerance. The mechanisms in-
volved in the effect of NO on the development of tolerance may
be both dependent on and independed of cyclic GMP. Indeed,
NO has been demonstrated to modulate certain neuronal proteins
through a cyclic GMP-independent process. For example, Hess et
al (29) reported that exogenous and endogenously generated NO
resulted in modification of cysteine residues on neuronal proteins.
In particular, the exposure of synaptosomes to NO inhibited the
subsequent thiol-linked ADP-ribosylation of the heterotrimeric
G-protein by pertussis toxin.

In conclusion, opioid tolerance is a complex phenomenon
that involves one or more of several purported mechanisms in-
cluding opioid receptor downregulation, alterations in binding
of the peptide to the receptor, modulation of G-protein-coupled
receptor activation, alterations of downstream receptor process-
es, and possible changes in drug disposition to the receptor site.
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While the intricacies of this process have yet to be elucidated,
the data presented herein suggest a major role of NO-sGC in
modulating the loss of antinociceptive effect during prolonged
morphine administration, and provide an insight into the man-
ner by which sGC activators alters the tolerance to morphine
antinociceptive effect.
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