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Abstract

Nitric oxide, which has been implicated in the development of hyperalgesia in the spinal system,
has not been systematically studied in the trigeminal system, especially in the context of
inflammatory muscle pain condition. In this study, we investigated the functional role of centrally
released nitric oxide in the pathogenesis of orofacial muscle pain. Specifically, we examined the
contribution of neuronal, inducible and endothelial nitric oxide synthases, nNOS, iNOS and
eNOS, respectively, in mediating masseter hypersensitivity under acute inflammatory condition.
Time-dependent changes in nNOS, iNOS and eNOS protein expression in the subnucleus caudalis
(\Vc) were assessed following capsaicin injection in the masseter muscle of male Sprague Dawley
rats. The expression of all three nitric oxide synthases was significantly up-regulated 30-60 min
following capsaicin stimulation, which paralleled the time course of the development of capsaicin-
induced masseter hypersensitivity. Pretreatment with each NOS inhibitor significantly attenuated
the masseter hypersensitivity. These data showed that all three NOS in the V¢ are functionally
important for the development of craniofacial muscle hyperalgesia and suggest that the three NOS
are closely orchestrated to regulate the level of nitric oxide under normal and pathologic
conditions.
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1. Introduction

Nitric oxide (NO) is synthesized by three known isoforms of flavoproteins termed nitric
oxide synthase (NOS), namely, neuronal, endothelial and inducible NOS, nNOS, eNOS, and
iNOS, respectively, based on the tissue type in which they were first described (Salerno et
al., 2002). Among the three isoforms, nNOS is most abundantly expressed in the CNS and
exclusively localized in neurons, eNOS in endothelial cells as well as in astrocytes, and
iNOS primarily in inflammatory cells, astrocytes and microglia (Dawson et al., 1994; Tao et
al., 2004).
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The evidence supporting the involvement of nNOS in the central mechanisms of
inflammatory hyperalgesia at the spinal cord (SC) level has accumulated over the past two
decades (Meller et al., 1992, 1994; Malmberg and Yaksh, 1993), and more recent studies
provide compelling evidence that iNOS and eNOS also contribute to various aspects of
inflammatory pain (Tao et al., 2003, 2004; Sung et al., 2004, 2005). Peripheral inflammation
has been shown to alter the expression of both nNOS and iNOS in the SC (Gihring et al.,
2001; Wu et al., 2001), suggesting that the NO level in the SC is closely regulated during the
course of inflammation. However, the exact role and relative contribution of NO released
from neuronal and non-neuronal sources in inflammatory hyperalgesia at the SC level still
remain elusive.

As far as we know, there is no information available on the transcriptional regulation of NO
synthases at the level of subnucleus caudalis (\/¢c), the cranial homolog of the SC dorsal
horn, under inflammatory pain conditions. Recently, we have shown that soluble guanylate
cyclase (sGC), a physiological receptor for NO, is expressed in V¢ neurons and that
pharmacological blockade of sGC effectively attenuates masseter hypersensitivity induced
by intramuscular injection of capsaicin (Ro et al., 2007), strongly suggesting that NO-sGC
pathway in the V¢ is involved in mediating orofacial muscle hypersensitivity under acute
inflammatory conditions. In the present study, we investigated how acute muscle
inflammation alters the pattern and extent of the expression of all three NOS enzymes in the
V¢, and studied the functional contribution of each NOS in the development of muscle
hypersensitivity under the same condition.

Materials

2.1. Animals

Experiments were carried out on male Sprague Dawley rats (250-350 g) housed in a
temperature-controlled room under a 12:12 light—dark cycle with access to food and water
ad libitum. All procedures were conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996).

2.2. Western blot analysis

A brainstem block in a region of the V¢ (3—-6 mm caudal from the obex) was harvested and a
dorsolateral portion of the block corresponding to the V¢ was excised bilaterally. Total
proteins from each tissue were dissolved in RIPA buffer. Protein samples (2040 pg) were
denatured in loading buffer at 90 °C for 5 min, fractionated on NUPAGE gel with running
buffer containing SDS (Invitrogen), and blotted onto a PVDF membrane in a semi-dry
system. The membranes were blocked with 5% milk once in Tween 20 PBS for 1 h at room
temperature. Following primary antibodies were added: nNOS and eNOS (1:1000; mouse
monoclonal; BD; San Diego, CA), and iNOS (1:1000; rabbit polyclonal; Stressgen; Victoria,
BC). The bound primary antibodies were detected with HRP-conjugated anti-mouse 19G
(1:5000, Cell Signaling) and visualized with ECL reagents. The membrane was re-probed
with anti-B-actin for normalization. To study time-dependent changes in NOS expression
under acute muscle pain condition protein expression of each NOS was assessed at three
different time points (30, 60, and 90 min; 7= 6 for each time point) following capsaicin
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injection in the masseter and compared to that of naive rats (n7 = 6) with Kruskal-Walis One
way ANOVA.

2.3. Behavioral testing of masseter sensitivity

The behavioral model for testing mechanical sensitivity of the masseter muscle has been
previously described (Ro et al., 2007). Briefly, rats were initially anesthetized with sodium
pentobarbital (40-50 mg/kg, i.p.). A tail vein was cannulated and for continuous infusion of
pentobarbital to maintain a relatively light level of anesthesia throughout the duration of
experiment (3-5 mg/h). A baseline mechanical threshold for evoking the hindpaw responses
was determined 15 min prior to intramuscular capsaicin injection using the electronic von
Frey (VF) anesthesiometer (1ITC Life Science, Inc, Woodland Hills, CA). A rigid tip
attached to the VF meter was applied to the masseter muscle until the animals responded
with hindpaw shaking with the threshold defined as the lowest force necessary to evoke the
hindpaw response. Changes in masseter sensitivity were assessed at 15, 30 45, 60, 90 min
following capsaicin treatments. An experimenter blinded to experimental conditions
performed all behavioral testing in order to maintain the consistency in the timing and
application of masseter stimulation.

2.4. Drugs and experimental groups

Capsaicin (0.1%, 100 pl dissolved in 7% Tween 80%, 20% ethanol, and 73% isotonic saline)
was injected directly into the masseter to induce mechanical hypersensitivity. 7-NI, L-NI1O
and L-NIL (Tocris Cookson) were used as inhibitors for nNOS, eNOS and iNOS,
respectively. 7-NI was dissolved in DMSO and L-NIO and L-NIL in PBS. The final
concentration of DMSO did not exceed 0.1%. All inhibitors, freshly prepared on the day of
experiment, were given in 10 pl volume. To determine the contribution of each NOS in
mediating capsaicin-induced masseter hypersensitivity 7-NI (20 nmol and 1 umol), L-NIO
(100 nmol and 1 pmol), L-NIL (10 nmol and 100 nmol) or the same volume of vehicle was
intrathecally administered over the region of V¢ 5-10 min prior to capsaicin injection. A
group of rats that received intrathecal PBS served as a control for both L-NIO and L-NIL
and another group with DMSO as a control for 7-NI. Each group consisted of 5 rats. As a
control for the effect of inhibitor alone, the higher dose of each inhibitor was administered
intrathecally and masseter sensitivity tested without capsaicin in separate groups of rats (7=
4 each group).

2.5. Behavioral data analysis

Post treatment mechanical thresholds were normalized to the baseline and mean percent
changes of mechanical thresholds were for the observed time points were plotted. In order to
assess the overall magnitude of drug-induced changes in masseter sensitivity over time, area
under the curve (AUC) was calculated for the normalized data for each rat using the
Trapezoidal rule. Mean AUC values for experimental and control groups were compared
with one-way ANOVA followed by Dunnett’s test. The significance of statistical analyses
was set at p < 0.05. All data are presented as mean + SEM.

Eur J Pain. Author manuscript; available in PMC 2021 February 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 4

3. Results

3.1. Western blot studies

All three NOS were reliably and readily detected in the V¢ though iINOS seemed to be
expressed only at a low level in naive rats. There was an immediate and significant increase
in all three NOS as early as 30 min that persisted for 60 min before returning to the baseline
level at 90 minute following the capsaicin treatment (Fig. 1). The pattern and extent of
protein up-regulation were similar for all three NOS (H = 13.1, p< 0.004 for nNOS; H=
11.6, p<0.009 for INOS and H=14.1, p< 0.003 for eNOS). None of the three NOS
showed significant changes in expression level in the V¢ contralateral to the injected side,
suggesting that anesthesia does not have any effect on changes in the NOS expression.

3.2. Behavioral studies

In subsequent behavioral experiments functional contribution of each NOS in capsaicin-
induced masseter hypersensitivity was examined. The time course and magnitude of the
capsaicin-induced masseter hypersensitivity following intrathecal delivery of vehicle
controls were similar to those of capsaicin treatment alone (Ro et al., 2007; Figs. 2-4).
Pretreatment with 7-NI in the V¢ significantly and dose-dependently attenuated capsaicin-
induced masseter hypersensitivity (Fig. 2: £=11.468, p< 0.001). 7-NI (1 umol) delivered to
the V¢ without capsaicin did not significantly altered the baseline masseter sensitivity.

Pretreatment with either L-NIO or N-NIL also reversed the capsaicin-induced masseter
hypersensitivity in a dose-dependent manner (Figs. 3 and 4: £=21.02, p<0.001; F=24.8,
p<0.001, respectively). However, in contrast to 7-NI, the higher dose of either L-NIO (1
pumol) or L-NIL (100 nmol) produced significant analgesic responses even in the absence of
capsaicin stimulation of the masseter muscle. Pretreatment with the higher dose of L-NIO
followed by capsaicin seemed to have produced greater analgesic responses compared to
that produced by the same dose of L-NIO alone (Fig. 3B), but the difference was not
statistically significant. The lower dose of L-NIO and L-NIL in the absence of capsaicin did
not alter the baseline mechanical threshold (data not shown). These behavioral data are
consistent with the Western blot data demonstrating that acute muscle inflammation causes
an immediate up-regulation of all three NOS enzymes and blockade of any one of the three
NOS effectively alleviated capsaicin-induced masseter hypersensitivity.

4. Discussion

Functional role of spinally released NO in inflammatory hyperalgesia has been demonstrated
by several lines of evidence (Malmberg et al., 1993; Meller et al., 1994; Inoue et al., 1997;
Guhring et al., 2001; Okuda et al., 2001; Ikeda et al., 2006). In early behavioral studies that
used a non-specific NOS inhibitor, L-NAME, relative activities of constitutive and inducible
forms of NOS in the SC in inflammatory pain and their contributions to hyperalgesia could
not be clearly delineated. With the renewed interest on the role of spinal glia in pain
processing and the development of drugs that target specific NOS enzymes, the data on the
role of NO synthesized and released from non-neuronal cells are now accumulating.
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Capsaicin-induced hyperalgesia as well as dorsal horn neuronal responses were partially
reversed by the spinal administration of either a selective nNOS or iNOS inhibitor (Wu et
al., 2001). Similarly, administration of iNOS inhibitor reduced the hyperalgesic response
induce by the spider venom (Zanchet et al., 2004). In this model, iNOS activity was detected
as early as 1 h after venom injection. The fast iNOS activity may be explained by a relatively
rapid increase in INOS mRNA expression in the SC that can be detected as early as 30 min
following peripheral inflammation (Guhring et al., 2001). Spinal administration of an
inflammatory cytokine, IL-1p produces thermal hyperalgesia and the IL-1f induced thermal
hyperalgesia can be prevented by pre-treatment with an iNOS inhibitor suggesting that
inflammatory cytokines contribute to thermal hyperalgesia by activation of the iINOS-NO
cascade (Sung et al., 2004, 2005).

Targeted gene knock out (KO) studies provided additional information on the relative
contribution of spinal NOS enzymes in the development and maintenance of inflammatory
pain. Guhring and colleagues showed that iNOS KO mice exhibit reduced thermal
hyperalgesia that lasts 1-8 h after zymosan injection (Guhring et al., 2000). In wild type
mice, the reduced hyperalgesia similar to that seen in iINOS KO was demonstrated following
intrathecal treatment with L-NIL, indicating that NO derived from spinal iNOS acts as a fast
inductor of thermal hyperalgesia. However, in a carageenan model, thermal hyperalgesia in
neither early nor late phase was affected in iINOS KO mice (Tao et al., 2003). In wild type
mice, intrathecal administration of L-NIL significantly inhibited carageenan-induced
thermal hyperalgesia in the late but not in the early phase suggesting iNOS is not necessary
for the early phase. When nNOS inhibitor, 7-NI, was administered in the SC of iNOS KO
mice, it significantly reduced carageenan induced thermal hyperalgesia in both the early and
late phases suggesting that nNOS might compensate for the function of iNOS in the late
phase of carageenan-induced thermal hyperalgesia in the absence of iNOS. In nNOS KO
mice, NNOS is also shown to play different roles in the two phases of carageenan-induced
inflammatory model and enhanced spinal eNOS appears to compensate for the role of NNOS
(Tao et al., 2004). Taken together, these data suggest that the three spinal NOS play different
roles during the course of progression of inflammatory pain, and that these enzymes may
undergo important compensatory changes dependent on the peripheral pathology.

KO studies also demonstrated that the absence of nNOS up-regulates the basal expression of
eNQOS, but not iINOS (Tao et al., 2004; Chu et al., 2005). In iNOS KO mice, the absence of
iNOS did not affect the baseline expression of either nNOS or eNOS, but inflammation
induced expression of nNOS was up-regulated (Tao et al., 2003). These data suggest that the
expression of the three NOS proteins is closely orchestrated to ensure the basal level of NO
in the SC under normal conditions, and that compensatory changes in the NOS expression
following peripheral pathology may provide a continuing source of NO at different phases of
inflammatory pain and hyperalgesia. Thus, the efficacy and/or sufficiency of
pharmacological blockade of specific NOS may be predicted by the expression pattern of the
three NOS enzymes.

In this study, we provided first evidence that the expression level for all three NOS is
immediately up-regulated at the level of \Vc under acute myositis condition. This observation
was paralleled by the behavioral data that showed blockade of any one of the NOS was
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effective in attenuating the capsaicin-induced muscle hypersensitivity. These data suggest
that excess release NO in the Vc, regardless of the source, produces hyperalgesic responses,
and that all three NOS enzymes similarly contribute to the final NO level under the acute
inflammatory pain model. Thus blockade of any one NOS enzyme would reduce the level of
NO and attenuate the masseter hypersensitivity. In our study, higher doses of iNOS and
eNOS inhibitors alone produced analgesic responses. Since iNOS is not constitutively
expressed under normal condition it is possible that L-NIL at high dose could alter the
physiology of brainstem neurons near the V¢ region in a non-specific manner. Likewise, the
basal level of NO maintained by constitutively expressed eNOS or nNOS may be necessary
for normal physiological function of the V¢ neurons in that reduction of NO below the basal
level may significantly depress V¢ neurons. Therefore, our data further suggest that NO level
under both normal and inflammatory conditions is regulated by all three NOS enzymes and
changes in NO level are associated with the manifestation of hyperalgesic and analgesic
responses.

Central mechanisms mediating craniofacial muscle pain is not well understood. In this study,
functional role of NO released from both neuronal and non-neuronal cells and non-neuronal
cells in acute inflammatory muscle pain condition is proposed. Although the NOS inhibitors
used in this study may not be highly selective at high doses behavioral responses at lower
doses combined with Western blot data strongly suggest the involvement of all three NOS
enzymes. Further studies on NO signaling mechanisms will significantly increase our
knowledge on pathophysiological mechanisms underlying chronic orofacial muscle pain
conditions, and offer important new insights for the development of treatment alternatives to
ameliorate persistent craniofacial muscle pain.
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Upper panels show examples of representative blots for each NOS along with actin in lower
panels. The group data are from densiometric analysis of the ratio between NOS and actin
from each animal. * denotes significant difference at p= 0.05 her and all subsequent figures.
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Fig. 2.
(A) Changes in masseter sensitivity following capsaicin injection with and without it

pretreatment of 7-NI (B). Bar graphs compare AUCs from control and 7-NI pretreated rats.
Down arrow indicates the time of drug treatment in the VVc and up arrow indicates the time
of capsaicin injection in the masseter in this and all subsequent figures.
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(A) Changes in masseter sensitivity following capsaicin injection with and without it
pretreatment of L-NIO (B). Bar graphs compare AUCs from control and L-NIO pretreated
rats.
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(A) Changes in masseter sensitivity following capsaicin injection with and without it
pretreatment of L-NIL (B). Bar graphs compare AUCs from control and L-NIL pretreated
rats.
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