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Nitric Oxide Synthase Modulates the Antihyperalgesic Effect of
the NMDA Receptor Antagonist MK-801 on Carrageenan-
Induced Inflammatory Pain in Rats
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The N-methyl-p-aspartate (NMDA) receptor, an ionotropic glutamate receptor, may play a significant role in
the development and maintenance of an inflammatory pain. Activation of NMDA receptors may cause nitric
oxide (NO) release through activation of NO synthase (NOS). MK-801, a noncompetitive NMDA receptor
antagonist is commonly used as a neuropharmacological tool. The interaction between MK-801 and NOS
in the inflammatory pain has not been evaluated before. We investigated whether MK-801 affects
inflammatory pain and whether NOS modulates the effect of MK-801. Carrageenan-induced hyperalgesia
was evaluated by measuring the withdrawal response to mechanical stimuli, using an electronic version of
the von Frey anesthesiometer in Wistar rats. MK-801 given subcutaneously (0.5-20 ug/kg) or intraplantarly
(0.1 and 0.15 ug/paw) significantly reduced mechanical hyperalgesia. Intraplantarly given MK-801 exerted
a local antihyperalgesic effect, because when applied to the contralateral side it did not reduce mechanical
sensitivity in the ipsilateral side. N-nitro-L-arginine methyl ester hydrochloride (5 and 10 mg/kg), a
non-selective NOS inhibitor, significantly reduced the effects of MK-801. N-w-Propyl-L-arginine
hydrochloride (0.5-2 mg/kg), a selective inhibitor of neuronal NOS, increased the antihyperalgesic effect of
MK-801, whereas S-methylisothiourea (5-15 ug/kg), a selective inhibitor of inducible NOS, lowered the
antihyperalgesic effect of MK-801. Importantly, each NOS inhibitor given alone did not affect carrageenan-
induced hyperalgesia. In conclusion, MK-801 is effective against inflammatory pain and its antihyperalgesic
effect is modulated in a different ways by NOS, being enhanced by a neuronal NOS inhibitor but reduced

by an inducible NOS inhibitor.
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Introduction

MK-801 (dizocilpine) acts as a non-competitive antag-
onist of N-Methyl-p-aspartate (NMDA) receptors and
blocks NMDA-induced currents in a voltage-dependent
manner, preventing the influx of calcium ions through the
channel (Kovacic and Somanathan 2010). MK-801 is high-
affinity compound and is useful as a pharmacological tool
to explore NMDA receptor function. As a research tool,
MK-801 has a significant impact on the elucidation of the
pathogenesis of many diseases, including psychiatric and
neurodegenerative disease, and consequently a significant
impact in the search for new therapeutic approaches (Boyce
et al. 1999; Suetake-Koga et al. 2006). Preclinical results
suggest that MK-801 has analgesic, antioxidant, neuropro-
tective action and has many effects in learning and memory.
MK-801 is a potent anticonvulsant and dissociative anes-

thetic; however, MK-801 is not used clinically because it
has been shown to promote the development of brain
lesions in rats (Olney et al. 1989). It is well known for its
neuroprotective effect in animal models of stroke, trauma,
Parkinsonism and Alzheimer’s disease (Jeong et al. 2010;
Im et al. 2012; Wang et al. 2014). In rats, MK-801 induces
a characteristic behavioral syndrome with ataxia, stereo-
typic behavior and hyperlocomotion (Suetake-Koga et al.
2006). Also, injection of rats with (+)-MK-801 has been
successfully employed in experimental models of both the
positive and negative symptoms of schizophrenia (Rung et
al. 2005). Its analgesic effect is recognized in neuropathic
(Begon et al. 2000) and inflammatory pain (Hama et al.
2003; Andreasen et al. 2013), after systemic (Ren et al.
1992a, b; Berrino et al. 2003; Chen et al. 2010) or local
applications (Jackson et al. 1995; Davidson et al. 1997; Du
et al. 2003). However, the mechanism of MK-801 action in
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inflammatory pain remains to be elucidated.

Activation of NMDA receptors is involved in the
induction and maintenance of sensitization processes that
characterize inflammatory pain states (Ren et al. 1992b;
Lawand et al. 2000; Petrenko et al. 2003; Du et al. 2003).
As a consequence of the activation of NMDA receptors by
excitatory amino acids, the resulting increase in intracellu-
lar calcium leads to nitric oxide (NO) production (Freire et
al. 2009). NO is involved in many processes in the central
and peripheral nervous systems where it acts as a neuro-
modulator, a neuroprotective and a neurotoxic agent
(Calabrese et al. 2007). Apart from its physiological func-
tions, such as the control of sleep, appetite, body tempera-
ture and neurosecretion, NO is noxious when produced in
excess as a result of inducible NO synthase (iNOS) induc-
tion, and it is involved in neuronal degeneration after trau-
matic brain injury (Freire et al. 2012), and also in the devel-
opment of neurodegenerative disorders such as Alzheimer’s
and Parkinson’s diseases (Calabrese et al. 2007). A number
of studies suggest that the activation of calcium-dependent
NO synthase (NOS) and the subsequent production of NO
triggered by glutamate through the activation of NMDA
receptors play an important role in central and peripheral
modulation of nociception (Kawamata and Omote 1999;
Tanabe et al. 2009). We have recently reported that in rats
with carrageenan-induced inflammation, magnesium sul-
fate, a non-competitive NMDA receptor antagonist, reduced
mechanical hyperalgesia, and that NO was involved in the
mechanism of action (Srebro et al. 2014). It is therefore
possible that MK-801, an antagonist of NMDA receptors,
influences NO production.

The present study had two objectives. The first was to
determine whether MK-801 affects the inflammatory pain
using the model of carrageenan-induced mechanical hyper-
algesia. The second was to determine whether NOS modu-
lates the effect of MK-801. We assessed the effects of
N-nitro-L-arginine methyl ester hydrochloride (L-NAME),
a non-selective NOS inhibitor, N-w-Propyl-L-arginine
hydrochloride (L-NPA), a selective inhibitor of neuronal
NOS (nNOS), and S-methylisothiourea (SMT), a selective
inhibitor of iNOS, on the effect of MK-801 on nociception.

Materials and Methods

Animals

Adult, male Wistar rats (n = 156), weighing 230-290 g, were
used. The use of laboratory animals was approved by the Ethics
Committee for Animal Research and Welfare of the Faculty of
Medicine, University of Belgrade (permit N° 4946/2). All experi-
ments were approved by the Ethical Council for the Protection of
Experimental Animals of the Ministry of Agriculture, Forestry and
Water Management of the Republic of Serbia, which operates in
accordance with the Animal Welfare Law of the Republic of Serbia,
and IASP (International Association for the Study of Pain) Guidelines
for the Use of Animals in Research. The animals were housed in
groups of three in cages (42.5 x 27 x 19 ¢cm) under standard condi-
tions of temperature (22 + 1°C), relative humidity (60%) and a 12/12

h light/dark cycle. Food and water were freely available, except dur-
ing the experimental procedures. The animals were fed a standard rat
pellet feed obtained from the Veterinary Institute, Subotica, Serbia.
Prior to each experiment, the animals were habituated to handling and
experimental procedures for at least three consecutive days. Rats
were randomized into experimental groups consisting of 6 animals
per group. The experiments were conducted by the same experi-
menter on consecutive days under constant laboratory conditions
(temperature, light, humidity, quiet) and always at the same time of
day (between 8:00 and 16:00 h) to avoid diurnal variation in the
behavioral tests. Each animal was used only once and was killed at
the end of the experiments with an intraperitoneal injection of sodium
thiopental (200 mg/kg).

Experimental protocol for carrageenan-induced peripheral inflamma-
tion and the electronic pressure-meter test

The animals were acclimatized 60 min before control measure-
ments of the paw withdrawal threshold (PWT) to mechanical stimuli.
At all times during the experiment, the rats were not restrained and
were kept in individual Plexiglas boxes, raised on a special steel rack
(Mesh Stand for mice and rats, IITC Life Science, Woodland Hills,
USA). After control measurements and a break of 30 min, peripheral
hyperalgesia was induced by intraplantar (i.pl.) injection of 0.1 ml of
carrageenan (0.5%) into the right hind paw. Hind paw mechanical
thresholds were assessed by measuring the withdrawal response to
von Frey filament stimulation, using an electronic version of the von
Frey test (electronic von Frey Anesthesiometer, Model 2390, IITC
Life Science, Woodland Hills, USA). The von Frey filament was
applied to the plantar surface of the tested paw until paw withdrawal
occurred, provoking a flexion reflex. The electronic pressure meter
automatically recorded the intensity of the stimulus when the paw
was withdrawn. Before paw stimulation, the animals should be quiet,
without exploratory or toilet movements, and not resting on the paws.
Measurements were performed three to five times in each rat, and the
average of the middle three values was calculated. The intensity of
hyperalgesia was quantified as the difference in pressures [d (g)]
applied before and after injection of carrageenan (control d) or before
and after injection of carrageenan plus drugs (test d). Analgesic activ-
ity (AA %) for each rat was calculated according to the formula
(Srebro et al. 2014): %AA = (control group average d — test d)/ (con-
trol group average d) x 100. If tested d values were greater than the
control group average d, a value of 0% AA was assigned. When per-
cent inhibition (%) of the antinociceptive effect with NOS inhibitors
was examined the pretreatment was expressed as follows: %I = 100 —
[%AA (in the presence of NOS inhibitor and MK-801)/%AA (in the
presence of MK-801)] x 100. The onset and cessation of the effect of
the treatment were defined as the first and last time points, respec-
tively, when a statistically significant difference between the treated
and control groups (carrageenan/saline) occurred for the PWT. To
examine whether the tested inhibitors have any effect on mechanical
PWT in carrageenan-treated rats, the same doses of each inhibitors
were administered to a separate group of rats. In this case, the rats
were received the corresponding volumes of saline, instead of
MK-801. The hind PWT to mechanical stimuli was measured at 0,
0.25, 0.5, 1, 2, 3, 4, 5 and 6 h after intraplantar injection of carra-
geenan.

Drugs and drug administration
MK-801 ((+)-MK-801 hydrogen maleate; Sigma-Aldrich, St.



MK-801 and Nitric Oxide in Inflammatory Pain 289

Louis, MO, USA), N-nitro-L-arginine methyl ester hydrochloride,
(L-NAME; Sigma-Aldrich, St. Louis, MO, USA), N-w-Propyl-L-
arginine hydrochloride (L-NPA, Tocris Bioscience, Bristol, UK)
S-methylisothiourea (SMT, Tocris Bioscience, Bristol, Great Britain),
and A-carrageenan (Sigma-Aldrich, St. Louis, MO, USA) were dis-
solved in saline and injected subcutaneously (MK-801) or intraperito-
neally (L-NAME, L-NPA, SMT) at a final volume of 2 ml/kg, and
intraplantarly (carrageenan and MK-801) at a final volume of 0.1 ml
per paw.

MK-801 (0.5-20 ng/kg) was administered subcutaneously (s.c.)
5 min before the injection of carrageenan. Local peripheral effects
were evaluated by intraplantar co-administration of carrageenan and
MK-801 (0.1 and 0.15 pg/paw). To exclude systemic effects, the
same doses of MK-801 were administered to the contralateral paw.
L-NAME (5 and 10 mg/kg), L-NPA (0.5, 1 and 2 mg/kg) or SMT (5,
10 and 15 pg/kg) was administered intraperitoneally (i.p.) 10 min
before MK-801.

Statistical analysis

The data are presented as mean differences in pressure d (g) +
standard errors of the mean (SEM) obtained in six rats. A difference
between the corresponding means in the PWT was verified by
Student’s #-test or analysis of variance (One-Way ANOVA), followed
by Tukey’s HSD post hoc test. A p value lower than 0.05 was consid-
ered statistically significant.

Results

Carrageenan-induced mechanical hyperalgesia

As expected, the carrageenan injection induced inflam-
mation of the injected hind paw, as evidenced by edema and
erythema. After carrageenan injection, the PWT to
mechanical stimuli was maximally reduced by 34.9 + 1
(Fig. 1), 35.1 = 1.9 (Fig. 2), 35.8 + 1.1 (Fig. 3), 31.1 £ 0.9

(Fig. 4) and 33.0 + 1.6 g (Fig. 5), at time points 2-4 h. The
PWT did not change for the contralateral paw, indicating
the absence of secondary hyperalgesia (not shown). There
were no significant differences in the baseline (before car-
rageenan administration) and mechanical thresholds
between the groups tested (ranged between 48.8 + 0.8 and
52 + 0.6 g, not shown).

Systemic effects of MK-801 on the mechanical PWT

Subcutaneously administered MK-801 (0.5-20 ug/kg)
reduced hyperalgesia in a dose-dependent manner. About
30 min after injections of 0.5, 5 and 20 xg/kg, the hyperal-
gesia was significantly (p < 0.05) reduced by 40.3 + 8.4,
48.5 = 11.4 and 79.1 £ 22%, respectively (Fig. 1). The
effects peaked at 0.5 h and persisted for the next 3 to 5 h.
Only the highest dose tested (20 ug/kg) caused a slight
increase of the PWT (the difference ranged from 2.7 + 2.8
to 9 £ 5.5 g; p > 0.05 as compared to the values obtained
after saline administration; Student’s #-test for independent
samples) on the contralateral (non-inflamed) paw in the first
two hours after injection. This result suggested disruption
in the behavioral assessment of the nociceptive sensitivity
in rats (not shown).

Local peripheral effects of MK-801 on the mechanical PWT

Fig. 2 shows that MK-801 at a dose of 0.1 ug/paw,
when co-injected with carrageenan into the right hind paw,
reduced the PWT by 20.7 + 3.6% at the 2 h time point.
MK-801 at a dose of 0.15 ug/paw significantly (p < 0.05)
reduced carrageenan hyperalgesia by 34.6 + 8.8 and 28.5 +
5.2% at 2 and 3 h, respectively. The same dose injected
into the contralateral (non-inflamed) paw had no influence
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Fig. 1. Systemic effect of MK-801 on mechanical hyperalgesia. The abscissa presents the time after the injection of carra-
geenan (designated as 0 minute): 0.25 means quarter of an hour, 0.5 means half an hour, and 1 to 6 denotes hour(s). The
ordinate presents the difference in pressures (g) applied to the plantar surface of the paw before and after injection of
drugs. Statistical significance (*p < 0.05, **p < 0.01) was determined by comparison with the curve for saline. Statisti-
cal significance was found between MK-801 0.5 and MK-801 20 (‘p < 0.05, “p < 0.01) and between MK-801 5 and
MK-801 20 (“p < 0.05, *p < 0.01). Carr, carrageenan; i.pl., intraplantar; % AA, percentage of the analgesic activity; g,
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Fig. 2. Local effect of MK-801 on mechanical hyperalgesia.
Statistical significance (*p < 0.05) was determined by
comparison with the curve for saline. Carr, carrageenan;
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Fig. 3. The influence of L-NAME on the antihyperalgesic
effect of MK-801. Statistical significance was found
between L-NAME 10 + MK-801 and MK-801 (*p <
0.05). Carr, carrageenan; i.pl., intraplantar; g, gram.

on carrageenan-induced hyperalgesia (not shown).

The influence of L-NAME on the antihyperalgesic effect of
MK-801 in carrageenan-treated rats

L-NAME at doses of 5 and 10 mg/kg abolished the
antihyperalgesic effect of MK-801 (5 ug/kg) at the 2 and 1
h (p < 0.05) time points, respectively (Fig. 3). When
applied alone, L-NAME (5 and 10 mg/kg) did not have any
influence on carrageenan hyperalgesia (not shown).
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Fig. 5. The influence of SMT on the antihyperalgesic effect of
MK-801. Statistical significance was found between
SMT 10 or 15 + MK-801 and MK-801 (*p < 0.05, **p <
0.01), SMT 5 or 10 + MK-801 and SMT 15 + MK-801
(‘p <0.05, “p < 0.01) and between SMT 5 + MK-801
and SMT 10 + MK-801 (“p < 0.05). Carr, carrageenan;
i.pl., intraplantar; g, gram.

The influence of L-NPA or SMT on the antihyperalgesic
effect of MK-801 in carrageenan-treated rats

L-NPA, a selective inhibitor of nNOS, at dose of 2 mg/
kg significantly (p < 0.05) increased the antihyperalgesic
effect of MK-801 (5 ug/kg) at time point 1 h, while lower
doses of 1 and 0.5 mg/kg had weak or no effect on the anti-
hyperalgesic effect of MK-801 (Fig. 4). SMT, a potent and



MK-801 and Nitric Oxide in Inflammatory Pain 291

selective inhibitor of iNOS, at doses of 5, 10 and 15 ug/kg
reduced (p < 0.05) the effect of MK-801 in a dose-depen-
dent manner (Fig. 5). When given alone, L-NPA (2 mg/kg)
or SMT (15 ug/kg) did not have any influence on carra-
geenan hyperalgesia (not shown).

Discussion

The present study showed that systemic pretreatment
with MK-801 (0.5-20 ug/kg, s.c.) or local intraplantar
administration of MK-801 (0.1 and 0.15 ug/paw) resulted
in a dose-dependent increase in the mechanical threshold in
carrageenan-induced inflammatory pain in rats. Using the
same model of pain several authors have demonstrated that
MK-801 in a dose-dependent manner blocks the develop-
ment of thermal hyperalgesia after systemic (Ren et al.
1992a; Chen et al. 2010) or local (Jackson et al. 1995)
administrations, as well as mechanical hyperalgesia in
arthritis pain (Cavalcante et al. 2013). In our study, we
achieved an analgesic effect with smaller doses of MK-801
(0.5-20 ug/kg, s.c.). This is in contrast to previous authors
who obtained the same effect with higher doses of MK-801
(with 0.1-2 mg/kg i.p., and with 10 nmol = 3 ug i.pl.). The
doses of MK-801 that produced the analgesic effect in the
present study, according to literature data (0.025, 0.05 and
0.1 mg/kg), did not affect locomotor activity (Carey et al.
1998; Yonehara et al. 2002). This is supported by our find-
ing that MK-801 did not modify the mechanical threshold
on the contralateral (non-inflamed) paw, except for a weak
effect that was observed with the highest dose tested. This
result suggests that MK-801 did not disturb the behavioral
assessment of the nociceptive sensitivity in rats. Similar
analgesic effects of MK-801 have been reported in the other
models of inflammatory pain. Systemic administration of
MK-801 has been reported to suppress formalin-induced
tonic pain (Yamamoto and Yaksh 1992; Vaccarino et al.
1993; Berrino et al. 2003; Gong et al. 2011). MK-801 pre-
vented the late phase of formalin pain, but was not effective
in reversing of the established pain state (Yamamoto and
Yaksh 1992; Vaccarino et al. 1993). The peak of the effect
of MK-801 observed in our study is in the accordance with
the literature data, in which MK-801 after i.p. administra-
tion to rats reached maximal concentrations in plasma and
brain within 10 to 30 min of injection (2 mg/kg) (Vezzani et
al. 1989). In addition, local intraplantar administration of
MK-801 attenuated the late phase of formalin-induced pain
(Davidson et al. 1997) and it could reverse complete
Freund’s adjuvant (CFA)-induced mechanical sensitivity
(Du et al. 2003). Under similar conditions of inflammatory
pain, the antinociceptive activity of ketamine, also a NMDA
antagonist, was demonstrated after systemic (Kawamata et
al. 2000; Holtman et al. 2008) or local application (Lawand
etal. 1997; Romero et al. 2011).

The present study suggests that NOS modulates the
antinociceptive effect of MK-801. As it is known that
MK-801 is a non-competitive NMDA receptor antagonist,
its antinociceptive effect observed in the present study

might be the result of NMDA receptor antagonism. If the
NMDA receptors that are blocked by MK-801 are also
linked to NO synthesis and release, then it is reasonable to
predict that NOS inhibition in the central nervous system
enhances the analgesia produced by MK-801 (Kawabata et
al. 1994). However, in the present study, systemic adminis-
tration of L-NAME reduced rather than enhanced the anti-
nociceptive effect of MK-801. Also, our findings revealed
that a selective nNOS inhibitor (L-NPA) or iNOS inhibitor
(SMT) increased or reduced the effect of MK-801, respec-
tively. These results are in partial agreement with our ear-
lier results obtained with magnesium sulfate, also a non-
competitive NMDA receptor antagonist, which was tested
under the same conditions (Srebro et al. 2014). The only
difference between MK-801 and magnesium sulfate was
that L-NPA reduced rather than increased the effect of mag-
nesium sulfate. This discrepancy may be explained by the
fact that, depending on NO concentration and the presence
of NOS isoforms, NO can exert dual effects on redox bal-
ance and functions of neuron subpopulations (Kawabata et
al. 1994; Zhang et al. 2006). The majority of data suggest a
pronociceptive role of NO at the spinal level (Boettger et al.
2007; Schmidtko et al. 2009), while some studies indicate
that NO is analgesic in the periphery in the early stage of
inflammatory pain (Hamza et al. 2010). In general, inap-
propriate or excessive NO produced by iNOS and/or nNOS
is associated with inflammatory and neuropathic pain
(Payne et al. 2010). In addition, NOS inhibitors can exert
both excitatory and inhibitory effects on NMDA-receptor-
associated events (Dawson et al. 1991). Our findings indi-
cate that L-NPA, an inhibitor of nNOS, increased MK-801-
induced analgesic effects in the carrageenan-induced
peripheral hyperalgesia, suggesting that this NOS inhibitor
increases the NMDA blockade produced by the action of
the NMDA antagonist. Also, it was previously shown that
the selective inhibitor of nNOS potentiated the antidepres-
sant-like effect of MK-801 (Dhir and Kulkarni 2008).
Increased expression of nNOS and/or iNOS has been shown
in the lumbar spinal cord of rats after carrageenan injection
into the hind paw (Chu et al. 2005). The levels of endothe-
lial NOS (eNOS) in the spinal cord have been shown to
remain unchanged in neurons after the injection of carra-
geenan (Tao et al. 2004). In CFA-monoarthritic rats, the
intrathecal administration of ketamine produced a decrease
in nNOS and increases in iNOS and eNOS expression in
the dorsal horns (Infante et al. 2007). The explanation pro-
vided by the authors was that compensatory interactions
influenced the expression of the different NOS isoforms. It
has been pointed out that nNOS inhibitors could activate
NF-«B (nuclear factor kappa-light-chain-enhancer of acti-
vated B cells) and iNOS (Togashi et al. 1997; O’Mahony
and Kendall 1999) through upregulation iNOS genes (Xie
et al. 1993). In this regard, we speculate that MK-801
decreased nNOS expression, and that this was related to the
increased effect of L-NPA, a selective nNOS inhibitor, and
SMT, a selective iNOS inhibitor, that reduced the antinoci-
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ceptive effect of MK-801. Taken together, the results of the
present study indicate that the different effects of the inhibi-
tors may be a consequence of a different impact of the NOS
isoforms on the hyperalgesia, as well as interaction between
MK-801 and NOS isoform(s).

Our results are in agreement with the previous report
that treatment with SMT attenuated mechanical and heat
hyperalgesia induced with monosodium iodoacetate (More
etal. 2013). In addition, it has been shown that other selec-
tive inhibitors of iNOS, such as N-(3-(aminomethyl)benzyl)
acetamidine (1400W), reduce pain in carrageenan- or for-
malin-treated rats, while the neural inhibitor had no effect
in either model (Tang et al. 2007). Also, (S)-2-amino-7-
acetamidino-5-thioheptanoic acid (GW274150), a selective
inhibitor of iNOS, reduced CFA-induced mechanical hyper-
algesia (De Alba et al. 2000).

In conclusion, the presented results suggest that sys-
temic and local administration of MK-801 produce an anti-
hyperalgesic effect in the carrageenan-induced inflamma-
tory pain model in rats, and that the NOS modulates the
effect of MK-801. Using MK-801 as a research tool, we
have demonstrated the involvement of the NMDA receptors
in the evolution of carrageenan-induced hyperalgesia and
their interaction with NOS system, which may have an
impact on the search for new approaches to pain manage-
ment.
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