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Background: The neocortex, including the medial prefrontal cortex (mPFC), con-
tains many neurons expressing nitric oxide synthase (NOS). In addition, increas-
ing evidence shows that the nitric oxide (NO) and opioid systems interact in the
brain. However, there have been no studies on the interaction of the opioid and NO
systems in the mPFC. The objective of this study was to investigate the effects of
administrating L-arginine (L-Arg, a precursor of NO) and N(gamma)-nitro-L-arginine
methyl ester (L-NAME, an inhibitor of NOS) into the mPFC for neuropathic pain in
rats. Also, we used selective opioid receptor antagonists to clarify the possible par-
ticipation of the opioid mechanism.

Methods: Complete transection of the peroneal and tibial branches of the sciatic
nerve was applied to induce neuropathic pain, and seven days later, the mPFC was
cannulated bilaterally. The paw withdrawal threshold fifty percent (50% PWT) was
recorded on the 14th day.

Results: Microinjection of L-Arg (2.87, 11.5 and 45.92 nmol per 0.25 L) increased
50% PWT. L-NAME (17.15 nmol per 0.25 plL) and naloxonazine (an antagonist of
mu opioid receptors, 1.54 nmol per 0.25 L) inhibited anti-allodynia induced by L-
Arg (45.92 nmol per 0.25 pL). Naltrindole (a delta opioid receptor antagonist, 2.45
nmol per 0.25 pl) and nor-binaltorphimine (a kappa opioid receptor antagonist, 1.36
nmol per 0.25 ul) were unable to prevent L-Arg (45.92 nmol per 0.25 pl)-induced
antiallodynia.

Conclusions: Our results indicate that the NO system in the mPFC regulates neuro-
pathic pain. Mu opioid receptors of this area might participate in pain relief caused
by L-Arg.

Key Words: Arginine; Hyperalgesia; Pain; Prefrontal Cortex; Narcotic Antagonists;
Nitric Oxide; Sciatic Nerve; Rats.

INTRODUCTION

Many complex functions of the brain are regulated by
nitric oxide (NO), a gaseous neurotransmitter. L-arginine
(L-Arg) is a natural precursor for the synthesis of NO.

In mammalian cells, the NO synthase (NOS) family of
enzymes catalyzes conversion of L-Arg to NO [1]. Inter-
estingly, several studies have shown that the NO system
participates in the acute and chronic states of pain either
in the peripheral or the central nervous systems [1,2]. On
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the other hand, functionally, interaction of NO and opioid
systems, and NO modulation of opioid antinociceptive tol-
erance were documented in several studies. For example,
when administered along with morphine, N(gamma)-ni-
tro-L-arginine methyl ester (L-NAME) prevents tolerance
to morphine and also counteracts some signs of morphine
dependence in mice [3]. Furthermore, a chronic nutrition-
al supplement with the NO precursor, L-Arg, restored the
potency and efficacy of morphine in rats with advanced
diabetes [4].

The medial, lateral, and ventral (orbitofrontal) parts are
the main sub-regions of the prefrontal cortex (PFC) [5].
The medial part of the PFC (mPFC) participates in many
brain-related tasks such as memory and learning, plan-
ning and decision-making, emotional processing, and
anxiety [5,6]. In addition, the role of PFC and notably the
mPFC in modulation of acute and chronic pain was re-
ported [7,8]. The mPFC receives ascending, nociceptive
inputs and also sends projections to control the descend-
ing inhibitory pain pathways [9]. In this regard, it has
been found that cannabinoid and mu-opioid receptors in
the mPFC and periaqueductal gray (PAG) cooperated in
diclofenac-induced antinociception in the mPFC [10]. In
addition, in persistent back pain patients, functional con-
nectivity of the mPFC was changed, and these alterations
were linked to duration and severity of pain, indicating
that the mPFC may be a target in pain processing [11].

The International Association for the Study of Pain de-
scribes neuropathic pain as pain caused by damage or
disease of the somatosensory nervous system [12]. Dia-
betic neuropathy, radiculopathies, trigeminal neuralgia,
postherpetic neuralgia, and post-amputation pain are
included in neuropathic pain. Allodynia and hyperalge-
sia are two particularly prominent symptoms in different
types of neuropathic pain [13]. Several animal models
such as chronic constriction injury and spared nerve in-
jury (SNI) have been developed for the study of this type of
pain [14].

NO signaling in the mPFC is investigated in control of
several elaborated central functions such as anxiety, de-
pression, fear formation, and some cognitive dysfunctions
[15,16]. Furthermore, there is little evidence suggesting a
role for the NO system of this area in pain regulation. For
example, the nNOS-expressing neurons of the ventrome-
dial PFC receive chronic inflammatory pain signals from
the paraventricular thalamic nucleus and transform them
into anxiety behaviors [17]. However, the involvement of
the NO system of the mPFC in pain modulation has not
been clearly understood.

Many neurons in the neocortex, including those in the
mPFC, express the NOS [17]. In addition, the NO is a key
neurotransmitter in the pain process that has the ability to
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reduce inflammatory pain as well as neuropathic pain [2].
Therefore, this study was carried out to evaluate the effects
of separate and combined infusion of L-NAME (an NOS
inhibitor) and L-Arg (a precursor of NO) into the mPFC on
neuropathic pain induced by SNI in rats. In addition, the
contribution of opioid receptors was assessed using nalox-
onazine, naltrindole, and nor-binaltorphimine (selective
mu, delta, and kappa opioid receptor antagonists, respec-
tively). The effects of these agents on locomotor activity
were also assessed using an animal electronic motor ap-
paratus.

MATERIALS AND METHODS
1. Animals of study

Adult albino rats of the Wistar strain (12 to 14 months-
old male rats, weighing 265 + 10 g) were supplied by the
animal house of the Laboratory of Physiology. The animals
were placed in cages made from polyethylene, without any
restriction to water and food, and under a light-dark cycle
(12/12 hours). The room temperature was maintained
between 21 and 23 degrees centigrade. We conducted our
experiments between 12:30 p.m. and 4:30 p.m. All animal
care procedures were carried out according to standard
animal experimentation protocol (IR-UU-AEC-149/PD/3).

2. Drugs

L-Arg (PubChem CID: 6322), L-NAME hydrochloride (Pub-
Chem CID: 135193), nor-binaltorphimine hydrochloride
(PubChem CID: 5480230), naltrindole hydrochloride (Pub-
Chem CID: 24840086), and naloxonazine dihydrochloride
(PubChem CID: 11957656) (Sigma-Aldrich, St. Louis, MO)
were used in this study. Sterile normal saline (sodium
chloride 0.9% solution, PubChem CID: 5234) was used for
dilution of drugs.

3. Study protocol

Based on previous published studies [18,19], the experi-
mental schedule of our study is shown in Fig. 1. According
to study protocol, sham and SNI surgeries were conducted
on the first day. Seven days later, the rats received bilat-
eral cannulation of the mPFC for normal saline and drugs
infusion. On the 14th day following SNI surgery, mechani-
cal allodynia was assessed before and after normal saline
and drug solutions delivery. Six days later, the locomotor
activity of the rats was evaluated. To verify microinjection
locations, the rats were euthanized, and then their brains
were taken out when the experiments were over.
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Fig. 1. The microinjection schedule and study timeline used in this study. On day 1, rats underwent spared nerve injury (SNI) surgery. On day 7, medial
prefrontal cortex (mPFC) on both sides of the brain was cannulated. Paw withdrawal threshold fifty percentage and locomotor behavior were recorded
on the 14th and 20th day, respectively. Intra-mPFC microinjections of L-arginine and antagonists were performed at 6 and 3 minutes before allodynia
recording, respectively. Fifteen minutes before, and on 5, 25, 45 and 65 minutes after infusion of drugs mechanical allodynia was evaluated. On day 20,

the brains were separated for tip of cannulas verification.

4. SNI surgery

Animals were anesthetized with a ketamine and xylazine
cocktail (intraperitoneal [i.p.], 80 mg kg and 8 mg kg,
respectively [Alphasan, Woerden, Netherlands]), and the
thigh was incised along the back. By passing through the
biceps femoris muscle, three distal sciatic nerve branches
were visible. The SNI was performed by the ligating and
axotomy of the tibial and common peroneal nerves, leav-
ing the sural nerve intact, as previously described [18,19].
In sham surgery rats, the sciatic nerve branches were ex-
posed but not injured. The rats underwent recovery before
intra-mPFC cannula implantation surgery.

5. mPFC guide cannulas implantation

On the seventh day, rats were anesthetized with a ket-
amine and xylazine cocktail (i.p., 80 mg kg" and 8 mg kg,
respectively) and the rats were then placed in a stereotaxic
apparatus (Stoelting, Wood Dale, IL). The mPFC were
implanted bilaterally (right and left sides) with 24-gauge,
12-mm-length guide cannulas in accordance with infor-
mation derived from the atlas of the rat brain [20] mea-
sured relative to the bregma: 3.2 mm anterior, + 1.6 mm
lateral, and 3.3 mm ventral, with a 15 degree angle in the
lateral plan. Bone screws and dental acrylic cement were
used to attach the cannula to the skull. The rats were given
seven days to recover before behavioral testing.

6. Microinjections of the drug into the mPFC

All drug solutions were infused into the mPFC at a slow
speed of 45 seconds at a total volume of 0.25 yL via a 30
gauge needle, which was 1 mm longer than guide cannu-
las and attached to a 1 yL Hamilton syringe. In addition,
backflow of the drug was prevented by holding the needle
in place for an additional 45 seconds.

Intra-mPFC microinjection of L-Arg was performed 3
minutes before allodynia recording, whereas L-NAME and
opioid antagonists were microinjected 3 minutes prior to
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the L-Arg. Doses of the drugs used were obtained from
previous studies [10,21,22] and our preliminary observa-
tions.

7. Nociceptive testing

On day 14 after SNI induction, mechanical allodynia was
applied to measure the sensory component of neuropathic
pain. The up-down Von Frey method was performed to de-
termine a 50% paw withdrawal response as described pre-
viously [19,23,24]. Rats were placed in a plexiglass chamber
fixed above a wire mesh floor and allowed to adapt to the
apparatus for 30 minutes prior to observation. Nociceptive
testing performance was based on a previous experiment
[19]. In brief, we chose eleven von Frey filaments (von Frey
numbers: 3-13; IITC-Life Science, Woodland Hills, CA). In
the beginning, number 8 (an intermediate filament, equiv-
alent to 2.5 g) was applied and the number of the filament
was increased or decreased depending on the response of
the animal. In a five-second time interval, filaments were
pressed repeatedly from below and against the lateral area
(the sural nerve innervation region) of the hind paw. If no
response occurred, the next stiffer fiber was used, and if a
response occurred, a less stiff fiber was applied. After ap-
plication of a stiffer fiber, when there was no response, a
less stiff fiber was used and vice versa. Chaplan’s formula
[24] allowed negative and positive responses to be con-
verted to a threshold of 50%.

8. Animals’ locomotor

On the 20th day, we used an electronic system (Borj Sanat,
Tehran, Iran), including a Plexiglas box (40 x 40 x 40 cm),
to evaluate the locomotor behavior of the animals. A mov-
ing animal caused photo beam breaks in the box, and the
number of broken beams in a 5-minute session was shown
on the monitor of the apparatus.

Korean J Pain 2022;35(4):413-422
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"I 2’| Fig. 2. Entry point of microinjection can-
nulas on the brain surface (white arrows,
A) and the cannulas tip (white arrows,
i B, left) in the medial prefrontal cortex
;6 (mPFC). (B, right) shows the rat mPFC.
;| Main sub-regions of the mPFC, the in-
] fralimbic (IL) and prelimbic (PrL) cortices
have also been shown. Revised from Paxi-
‘9| nos and Watson (The rat brain in stereo-
] taxic coordinates; 2007) [20] with original

Bregma 3.24 mm;

3 4 5 6

copyright holder’s permission.

9. Cannula verification

At the end of the experiments, the implantation of the can-
nula in the mPFC was verified. Rats were deeply anesthe-
tized with a mixture of xylazine and ketamine and then
were euthanized. Brains were removed, their dorsal sur-
faces photographed and then stored in formalin solution.
Seven days later, thin transverse sections (50-100 um) were
provided. Sections were viewed under a loupe to deter-
mine the location of the cannulas aimed for the site of mi-
croinjection (mPFC) according to the atlas of rat brain [20].
Our analysis did not include the data from the rats whose
cannulas were not positioned correctly.

Fig. 2 shows the locations of the guide cannula entranc-
es at the surface of the brain (Fig. 2A), the tip of the can-
nulas (Fig. 2B, left), and the schematic drawing taken from
rat brain atlas (Fig. 2B, right) [20].

10. Statistical analysis

Software GraphPad Prism, version 5 used for statistical
analysis (GraphPad Prism Software, San Diego, CA) and
a P value less than 0.05 was considered significant. For
data obtained from 20-min time points (paw withdrawal
threshold fifty percent [50% PWT]), we used a repeated
measures two-way analysis of variance (ANOVA) followed
by the Bonferroni post hoc test. In addition, the area un-
der the curve (AUC) was calculated by the trapezoid area
method and one-way ANOVA and Tukey post hoc tests
were used to assess data obtained from the AUC. A dose-
response curve was also prepared by GraphPad Prism
software. Values represent the mean with SEM.

Korean J Pain 2022;35(4):413-422

RESULTS
1. Nociceptive behavior

The 50% PWT declined to 3.013 £ 0.33 g (n = 6) two weeks
after rat SNI surgery in comparison with 12.05+0.32 g (n =
6) in rats with no SNI (sham surgery animals). In addition,
normal saline infusion into the mPFC had no significant
effect on SNI-induced allodynia and the 50% PWT was
preserved at the pre-microinjection control range (2.84 +
0.09) at all times after intra-mPFC infusion of normal sa-
line.

2. The effects of microinjection of L-Arg into the
mPFC on mechanical allodynia induced by SNI

Fig. 3A showed significant differences between time (F, ;5
=70.51, P < 0.001), treatments (F; 5, = 579.2, P < 0.001) and
interactions (F, 5, = 19.74, P < 0.001). Further analysis re-
vealed that L-Arg (0.72 nmol) did not alter pain response,
whereas at a dose of 2.87 nmol increased mean 50% PWT
at 25, 45, and 65 minutes time points, and at doses of 11.5
and 45.92 nmol at all-time points it increased 50% PWT
after microinjection (Fig. 3A). In addition, the related AUC
confirmed the above-mentioned drug treatment effects
(F;35 = 507.8, P < 0.001, Fig. 3B). As shown in Fig. 3C, the
percentage of the response in which L-Arg caused anti-
allodynia increased dose dependently.

3. The effects of microinjection of L-NAME alone
and prior to L-Arg into the mPFC on mechanical
allodynia induced by SNI

Fig. 4A showed significant differences between time (F, ;5
=47.81, P < 0.001), treatments (F; ,5, = 632.26, P < 0.001), and
interactions (F,,5 = 23.32, P < 0.001) at all-time points.
Further statistical analysis showed that microinjection of

https://doi.org/10.3344/kjp.2022.35.4.413
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L-NAME at doses of 4.25 and 17.15 nmol into the mPFC did
not affect mean 50% PWT compared to the normal saline-
treated group (Fig. 4A). However, prior L-NAME (17.15
nmol) microinjection prevented the anti-allodynic effect
of L-Arg (45.92 nmol) at all-time points (Fig. 4A). Moreover,
the above-mentioned drug treatment effects were con-
firmed by the related AUC (F; ;; = 1,428, P < 0.001, Fig. 4B).

4. The effects of microinjection of naloxonazine,
nor-binaltorphimine, and naltrindole alone and
prior to L-Arg into the mPFC on mechanical
allodynia induced by SNI

Fig. 5A showed significant differences between time (F, ,;
=29.14, P < 0.001), treatments (F, ,,; = 639.38, P < 0.001) and
interactions (Fy4 55 = 22.00, P < 0.001) at all-time points. Ad-
ditional data analysis revealed that mechanical allodynia
induced by SNI was not changed by the mPFC infusion
of 1.54 nmol of naloxonazine with respect to the normal
saline-treated group. On the other hand, pre-treatment
with naloxonazine (1.54 nmol) significantly (P < 0.001)
prevented the anti-allodynic effect of L-Arg (45.92 nmol)
at all-time points. As shown in Fig. 5B and 5C, microinjec-
tions of nor-binaltorphimine (1.36 nmol) and naltrindole
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Fig. 3. The effects of normal saline (NS) and L-arginine (L-Arg) infusion
into medial prefrontal cortex (mPFC) on spared nerve injury (SNI) induced
mechanical allodynia. Values represent the mean + SEM (n = 6 animals
per group). A three-minute time interval before recordings of mechanical
allodynia was used to microinject saline and L-Arg. (A) The paw withdrawal
threshold fifty percent (50% PWT) change before and after drugs infusion.
Different letters represent significant differences (P < 0.001, two way
ANOVA and Bonferroni post hoc tests) for all time-points after microinjec-
tions of L-Arg at doses of 2.87, 11.5, and 45.92 nmol compared with NS
group in SNI rats. (B) Related area under the curve (AUC) of mechanical
allodynia after microinjection of NS and L-Arg. Different letters represent
significant differences (P < 0.001) using one way ANOVA and Tukey’s post
hoc tests. (C) Dose-response curve of L-Arg on SNI-induced allodynia. LA:
L-Arg, SEM: standard error of the mean, ANOVA: analysis of variance.

(2.41 nmol) into the mPFC did not change the mechanical
allodynia induced by SNI in comparison with the normal
saline-treated group. In addition, pre-treatment of nor-
binaltorphimine (1.36 nmol) and naltrindole (2.41 nmol)
into mPFC did not alter the anti-allodynic effect of L-Arg
(45.92 nmol). The above-mentioned drug treatment effects
were confirmed by the related AUC (F, ;5 = 684.1, P < 0.001,
Fig. 5D).

5. The effects of microinjection of drugs into the
mPFC on animals’ locomotor

The number of infrared beam breaks in the intra-mPFC
normal saline-treated group was 83.33 £ 3.68. Neither the
separate nor combined treatments affected locomotor ac-
tivity (Fig. 6).

DISCUSSION

Based on our results, microinjection of L-Arg into the
mPFC suppressed mechanical allodynia. Microinjection
of L-NAME itself did not affect mechanical allodynia;
however, L-NAME pre-treatment inhibited L-Arg-induced

Korean J Pain 2022;35(4):413-422
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Fig. 4. The effects of N(gamma)-nitro-L-arginine methyl ester (LNAME) alone, and prior to L-arginine (L-Arg, 45.92 nmol) microinjections into medial pre-
frontal cortex (mMPFC) on spared nerve injury (SNI) induced mechanical allodynia. Values represent the mean + SEM (n = 6 animals per group). Microin-
jection of L-Arg and LNAME was performed 3 and 6 minutes before mechanical allodynia recordings, sequentially. (A) The paw withdrawal threshold fifty
percent (50% PWT) change before and after drugs infusion. Different letters represent significant differences (P < 0.001, two way ANOVA and Bonferroni
post hoc tests) for all time-points after microinjections of LNAME (17.15 nmol) prior to L-Arg (45.92 nmol) compared with only L-Arg (45.92 nmol) treated
group in SNl rats. (B) Related area under the curve (AUC) of mechanical allodynia after microinjection of normal saline (NS) and drugs. Different letters
represent significant differences (P < 0.001) using one way ANOVA and Tukey’s post hoc tests. LA: L-Arg, SEM: standard error of the mean, ANOVA: analy-

sis of variance.

anti-allodynic effect. These findings suggest that at the
mPFC level, L-Arg-induced antinociception is probably
related to activation of the NO system.

In pain processing, the PFC plays an essential role due
to its extensive connections with different brain areas
such as the thalamus, hippocampal formation, PAG and
cerebral neocortex [8,25]. In addition, the antinocicep-
tive properties of several neurotransmitters in this area
have been well documented. In this regard, SNI-induced
neuropathy leads to increased expression of inflammatory
markers, including inducible NOS in M1 microglia in the
PFC [26].

NO exerts its effect by activating a series of intracellular
pathways. A critical pathway is the soluble guanylyl cy-
clase/cyclic guanosine mono-phosphate/protein kinase
G system [27]. The enzyme NOS catalyzes NO production
from L-Arg. The NO signaling pathway has been shown to
play an essential role in pain processing and participates
in the drug-induced antinociception [1,27-29]. In this re-
gard, central and systemic inhibition of synthesis by L-
NAME reverses the antinociceptive effects of different
drugs. Centrally administered L-NAME 15 minutes before
an intracerebroventricular (i.c.v.) microinjection of thy-
moquinone inhibited the antinociceptive effects of thy-

Korean J Pain 2022;35(4):413-422

moquinone in both phases of the formalin test [27]. Similar
results also have been obtained for systemic administra-
tion of L-NAME prior to dexketoprofen in both the murine
tail-flick and writing tests [29]. On the other hand, Fakhri
et al. [30] reported that systemic administrations of L-Arg,
S-nitroso-N-acetylpenicillamine (SNAP, an NO donor),
and sildenafil (a phosphodiesterase inhibitor) increased
and L-NAME inhibited the antinociceptive effect of mela-
tonin, suggesting that melatonin’s antinociceptive effects
in formalin pain probably originate from the NO signaling
pathway. Similarly, the antinociceptive effect of astaxan-
thin was reversed by L-NAME and glibenclamide and this
suggests that the NO signaling pathway participates in the
antinociceptive effects of astaxnathin [31].

In the central and peripheral nervous systems, studies
have documented that neuronal and non-neuronal origin
NO play complex roles in the modulation of pain percep-
tion [1]. The mechanisms involved in this effect of NO have
not been fully elucidated. Evidence for the central anti-
nociceptive effects of NO suggests a possible role for NO
in the descending system of pain and its interaction with
noradrenergic and cholinergic modulation in this pathway
[32-34]. Researchers reported that an i.c.v. injection of L-
Arghad an antinociceptive effect on carrageenan-induced

https://doi.org/10.3344/kjp.2022.35.4.413
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Fig. 5. The effects of naloxonazine (NIz), naltrindole (Ntd), and nor-binaltorphimine (Nbt) microinjections alone, and prior to L-arginine (L-Arg, 45.92 nmol)
into medial prefrontal cortex (mPFC) on spared nerve injury (SNI) induced mechanical allodynia. Values represent the mean with their mean + SEM (n =
6 animals per group). Opioid antagonists and L-Arg were microinjected 6 and 3 minutes before mechanical allodynia recordings, respectively. (A-C) The
paw withdrawal threshold fifty percent (50% PWT) change before and after drugs infusion. Different letters represent significant differences (P < 0.001,
two way ANOVA and Bonferroni post hoc tests) for all time-points after microinjections of Niz (1.54 nmol) prior to L-Arg (45.92 nmol) compared with only L-
Arg (45.92 nmol) treated group in SNl rats. (D) Related area under the curve (AUC) of mechanical allodynia after microinjection of normal saline (NS) and
drugs. Different letters represent significant differences (P < 0.001) using one way ANOVA and Tukey’s post hoc tests. LA: L-Arg, SEM: standard error of

the mean, ANOVA: analysis of variance.

hyperalgesia [35]. However, the importance of the NO
system of the PFC in neuropathic pain has not been inves-
tigated yet. In our study, inhibition of the anti-allodynic
effect of L-Arg by L-NAME suggests that L-Arg exerts its
anti-allodynic effect by activating the NO system. How-
ever, there are some reports that L-NAME, in systemic and
spinal administrations, produced antinociception in ani-
mal models of pain [36,37]. This inconsistency may relate
to doses used in their study and non-brain mechanisms of
antinociception.

In this study, microinjection of naloxonazine, naltrindol,
and nor-binaltorphimine alone into the mPFC did not alter

www.epain.org

SNI-induced allodynia; however, prior microinjection of
naloxonazine into the mPFC prevented the L-Arg-induced
anti-allodynic effect. It has been shown that opioids in all
animal species are derived from the three major propep-
tides, proenkephalin A and B, and proopiomelanocortin,
and bind to the three main types of opioid receptors [38].
Central mu, kappa, and delta receptors are responsible
for the antinociceptive effects induced by opioids [39]. To
identify which type of opioid receptor might be involved
in L-Arg-induced antinociception, we used selective opi-
oid receptor antagonists (naloxonazine, naltrindol, and
nor-binaltorphimene). Multiple data sources suggested
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Fig. 6. Effects of intra-medial prefrontal cortex microinjection of normal
saline (NS), L-arginine (L-Arg), N(gamma)-nitro-L-arginine methyl ester (L-
NAME) and opioid antagonists on photo beam breaks number in spared
nerve injury (SNI) rats. Values represent the mean £ SEM (n = 6 animals
per group). Similar letters indicate no significant differences among
groups (one way ANOVA and Tukey’s post hoc tests). LA: L-Arg, Niz: nalox-
onazine, Ntd: naltrindole, Nbt: nor-binaltorphimine, SEM: standard error
of the mean, ANOVA: analysis of variance.

interaction among NO and opioids. NO has been reported
to mediate the antinociceptive effect of compounds, such
as opioids and anti-inflammatory agents. For example,
it was reported that naloxone could inhibit the antino-
ciceptive effect of subcutaneously administrated L-Arg
on carrageenan-induced hyperalgesia [35]. Also, an i.c.v.
injection of L-Arg and the NO donor 3-morpholinosyd-
noimine had antinociceptive effects in laboratory mice
that were blocked by naloxone and nor-binaltorphimine
[40]. Moreover, it was found that the antinociceptive effect
of morphine administered into the ventrolateral periaq-
ueductal grey was reduced by prior L-NAME and MK801
microinjections into the rostral ventromedial medulla,
indicating that supra-spinal NO production regulates the
transmission of opioid pain inhibitory signals from the
PAG [41]. At the hippocampal level, it was reported that the
nociception caused by naloxone injection was inhibited by
prior microinjection of L-Arg, and that L-NAME prevented
this inhibition, indicating possible interaction between
the effects of NO and the opioid systems at the brain re-
gions [42].

In peripheral inflammation and neuropathic pain, the
NO system has been reported to be involved in the anti-
nociceptive effects and expression of opioid mu receptors
[43,44]. For example, while sciatic nerve injury did not
change mu opioid receptor mRNA and protein expression
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in the dorsal root ganglia in NOS knockout mice when
comparing sciatic nerve-injured with sham-operated
animals, it significantly decreases their levels in wild type
mice [44]. In addition, mu opioid receptor gene expression
was significantly down-regulated in human mononuclear
cells (isolated from whole blood) treated with SNAP (a NO
donor) [45]. Furthermore, an analgesic neuropeptide in
the brain, kyotorphin, can be formed from L-Arg, which
increases the release of MET-enkephalin in the brain [35].
The combined treatment of L-Arg and morphine may ac-
celerate morphine tolerance, and chronic administration
of L-Arg induces tolerance in naive mice [46]. Moreover,
studies showed that NO appears to be a key modulator
of morphine tolerance and elevations of NO levels in the
brain in response to administration of L-Arg up-regulated
the mu opioid receptors [47]. The study of Huang et al. [48]
revealed that NO also modulates mu opioid receptor func-
tion in vitro. However, no study has been reported in the
mPFC on the interaction of opioids and the NO systems.

The PFC, along with the anterior cingulate, the somato-
sensory I and II areas, and the insular cortices are among
the most important areas of the brain activated during
pain processing [8,10]. In addition, studies showed an as-
sociation between the mPFC and neuropathic pain [7,49].
Based on the results of this study, the NO system in the
mPFC can play a role in reducing neuropathic pain. One
of the possible mechanisms involved in modulating neu-
ropathic pain by this system is probably the activation of
mu opioid receptors. Further studies are needed to under-
stand other possible mechanisms. If we know more about
NO and opioid interaction, we can formulate strategies for
maximizing the analgesic effects of opioids while mini-
mizing their related side effects.
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