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Abstract The purpose of the present study was to
determine whether glutamate-induced mechanical sen-
sitization of the masseter muscle in human volunteers
involves activation of peripheral N-methyl-p-aspartate
(NMDA) receptors. Healthy male volunteers (n=18)
participated in this randomized, two-session study.
During each session, the volunteers received two injec-
tions into the right masseter muscle. An initial injection
of glutamate (1 M, 0.2 ml) alone was followed 30 min
later by a second injection of glutamate alone or gluta-
mate combined with ketamine (10 mM). Pressure pain
threshold (PPT) was assessed over the right masseter
muscle at and 2 cm above the injection site, as well as
over the right temporalis muscle and left masseter
muscle prior to the first injection. The PPT was reas-
sessed at all four sites every 5 min from 10 to 30 min
after the second injection and once again 60 min after
the second injection. Glutamate-evoked muscle pain,
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pain area and the sensory pain response index of the
McGill pain questionnaire were all significantly reduced
by co-injection of ketamine. The mean PPT values were
significantly decreased by ~10%, 10, 15 and 25 min
after injection of glutamate, but only over the site of
injection. Co-injection of ketamine with glutamate also
completely blocked the glutamate-induced mechanical
sensitization 15 min post-injection as compared with
glutamate alone. The lack of spread of mechanical sen-
sitization outside the area of glutamate injection is
consistent with the view that glutamate-induced
mechanical sensitization results from a peripheral
mechanism. The attenuation of glutamate-induced
mechanical sensitization by ketamine suggests that this
effect is mediated, in part, through activation of
peripheral NMDA receptors.

Keywords Glutamate - Pressure pain threshold -
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Introduction

Evidence suggests that elevation of glutamate concen-
tration in deep tissues such as muscles and joints is
associated with painful disorders. An association be-
tween pain and elevated glutamate concentrations in the
synovial fluid of arthritis sufferers and in the tendon
tissues of volunteers suffering from ““Jumpers knee’” and
tennis elbow has been made (Alfredson et al. 2000, 2001;
Alfredson and Lorentzon 2002; Carlton et al. 2003).
Injection of glutamate into the human masseter muscle
evokes pain, decreases pressure pain threshold (PPT)
and enhances the amplitude of the jaw-stretch reflex
(Cairns et al. 2001, 2003b, c; Svensson et al. 2003; Wang
et al. 2004). Since muscle pain, localized mechanical
sensitivity and alterations in jaw-stretch reflexes are also
found in patients suffering from temporomandibular
disorders (TMD), it has been speculated that elevated
tissue levels of glutamate may be a contributing factor to
the development and maintenance of pain in these
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disorders (Cairns et al. 2001; Svensson et al. 2003). The
source of glutamate in these various tissues remains to
be defined; however, it has been suggested that gluta-
mate levels may be elevated secondary to plasma
extravasation into damaged tissues or as a result of
vesicular release of glutamate from the terminal endings
of nerve fibers that innervate the affected tissue (Lawand
et al. 1997; Cairns et al. 1998; Carlton et al. 1998;
deGroot et al. 2000; Lam et al. 2005).

Animal models have shown that injection of glutamate
into the masseter muscle can both activate and sensitize
putative masseter nociceptors (Cairns et al. 2001, 2002,
2003b). These studies have revealed that glutamate exerts
its effects on masseter muscle afferent fibers in part
through activation of peripheral N-methyl-p-aspartate
(NMDA) receptors. We have recently demonstrated that
glutamate-evoked muscle pain in human volunteers can
be attenuated by co-injection of the NMDA receptor
antagonist ketamine, which indicates that this experi-
mentally induced muscle pain is also mediated through
activation of peripheral NMDA receptors (Cairns et al.
2003b) The purpose of the present study was to determine
whether glutamate-induced mechanical sensitization of
the masseter muscle in human volunteers involves acti-
vation of peripheral NMDA receptors.

Materials and methods
Volunteers

Eighteen healthy men (mean age 27 +1 year) without
signs or symptoms of TMD (Dworkin and LeResche
1992) volunteered to participate in this study, which was
undertaken at the Orofacial Pain Laboratory, Center for
Sensory—Motor Interaction, Aalborg University, Den-
mark. The study was approved by the local Ethics
Committee (Counties of Nordjylland and Viborg, Den-
mark) and conducted in accordance with the Helsinki
Declaration. Informed consent was obtained from all
the volunteers.

Pressure pain thresholds

In agreement with previously detailed methodology
(Svensson et al. 2003), a pressure algometer (Somedic,
Sweden) was used to measure PPTs in response to deep
stimuli applied to the masseter muscles and temporalis
muscle. The volunteers were asked to keep their jaw at
rest and not to clench their teeth. Pressure was applied
to the muscle at a rate of 30 kPa/s with a 1 cm diameter
probe and volunteers pushed a button when their PPT
was reached. PPT (kPa) was determined from a single
measurement at each time point.

Experimental protocol

The experimental protocol is illustrated in Fig. 1. PPTs
were collected from the injection site and 2 cm above the

injection site in the right masseter muscle, the right
temporalis muscle and the left masseter muscle. Our
previous work has found that repeated injection of
1.0 M glutamate at 25 min intervals into the masseter
muscle significantly decreases PPTs in human volunteers
(Svensson et al. 2003). In the present study, an initial
injection of a sterile solution of glutamate (0.2 ml;
1.0 M; ~pH 7.2) was made after collecting baseline
PPTs from these sites. This was followed 30 min later by
a second injection of glutamate alone or glutamate and
ketamine (10 mM; ~pH 7.0; Ketalar, Park Dauvis).
Volunteers attended two sessions at a minimum interval
of 1 week between sessions. The order of injection of
glutamate alone or with ketamine was randomized be-
tween the two sessions and neither the examiners nor the
volunteers were aware of the contents of the second
injection.

The volunteers continuously scored pain intensity on
a 10 cm electronic visual analog scale (VAS) with the
lower extreme marked “no pain” and the upper extreme
marked “most pain imaginable”. Peak pain (the highest
VAS score), duration of pain (time required for the VAS
to return to “‘no pain’ after injection) and overall pain
(area under the VAS-time curve) were calculated from
the recorded VAS data in accordance with previously
detailed methods (Cairns et al. 2001, 2003b, c; Svensson
et al. 2003; Wang et al. 2004). We have previously re-
ported, based on the VAS data from 14 of these vol-
unteers, that 10 mM ketamine reduces glutamate-
evoked but not hypertonic saline-evoked masseter
muscle pain but has no effect when injected by itself on
masseter muscle PPTs (Cairns et al. 2003b). Volunteers
also filled in the McGill pain questionnaire and were
asked to draw their perceived distribution of pain on a
map that had a picture of the profile of the face,
approximately 10 min after the second injection of glu-
tamate and just prior to the first post-injection assess-
ment of PPTs. Pain drawings were subsequently
digitized with the aid of a computer program and spe-
cialized hardware (ACECAD, model D9000 1 digitizer,
Taiwan) to calculate the area of perceived pain in arbi-
trary units (a.u.).PPTs from the various sites were as-
sessed every 5 min for the period from 10 to 30 min as
well as at 60 min after the second injection.

Statistics

A one-way repeated measures ANOVA was employed to
determine whether the injection of glutamate signifi-
cantly decreased PPT values at the various time points
post-injection. A paired ¢ test was used to compare PPT
values at selected times post-injection between the glu-
tamate alone and the glutamate plus ketamine sessions.
Pearson correlation was employed to assess whether
there were significant interactions between any of the
pain parameters (peak, duration, overall pain, McGill
pain score or area of pain drawing) and the relative
change in mechanical threshold after the second



Fig. 1 A schematic diagram
which illustrates the
experimental protocol is
presented
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injection of glutamate. Mean (£ SEM) values are re-
ported in the text and figures.

Results
Pain

The peak pain (P=0.005), duration of pain (P <0.001)
and overall pain (P=0.001) were all significantly re-
duced after injection of glutamate and ketamine when
compared with glutamate alone (Fig. 2). The pain area
drawings (in a.u.) were significantly (P=0.011) smaller
after injection of glutamate with ketamine than after
injection of glutamate alone (Fig. 2). The most com-
monly used McGill pain questionnaire adjectives and
the mean pain response index scores are shown in Ta-
ble 1. There was a significant difference in the sensory
PRI when the result of glutamate alone was compared
with the result of glutamate with ketamine. This was
also reflected in a decreased usage of the most common
adjectives and a significant decrease in the number of
words chosen.

Pressure pain threshold

The mean baseline PPT values prior to injection of
glutamate were as follows: right masseter muscle
injection site 276+ 17 kPa (range 193-469 kPa); right
masseter muscle 2 cm above injection site 298 + 18 kPa

(range 167-494 kPa); right temporalis 327 +23 kPa
(range 188-499 kPa); left masseter muscle 274+ 15 kPa
(range 189-388 kPa). As a result of the large inter-
individual variability in baseline PPTs, post-injection
PPTs have been normalized to the pre-injection baseline
in Fig. 3 to better illustrate the effect of injection of
substances into the masseter muscle. The mean PPT
values obtained over the site of injection in the right
masseter muscle were significantly decreased at 10, 15
and 25 min after the second injection of glutamate
(Fig. 3). There was no significant effect of glutamate
injection on the PPT measured over the right masseter

Table 1 Summary of McGill pain questionnaire data

Glutamate Glutamate P value
alone and ketamine
PRI sensory 8.0 £ 1.4 49 £ 1.5 0.002
Pressing (%) 39 33
Pulling (%) 33 11
Boring (%) 28 28
Hurting (%) 22 11
PRI affective 0.8 £ 0.5 0.9 + 0.6 0.651
PRI evaluative 0.7 £ 0.3 0.6 £ 0.3 0.749
PRI miscellaneous 22 4+ 0.7 1.6 £ 0.7 0.119
Total words 5.1 +£ 0.9 38 £ 1.1 0.018

The mean values of the pain response index (PRI) and total word
count from the McGill pain questionnaire are shown. Co-admin-
istration of ketamine with glutamate significantly decreased the
PRI for the sensory component of the questionnaire as well as the
total word count
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Fig. 2 The bar graphs illustrate
the mean (£ SE) duration,
peak and overall pain as well as
the pain drawing area for
glutamate alone compared to
glutamate and ketamine.
Co-injection of ketamine
significantly reduced the
magnitude of all four pain
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muscle 2 cm above the injection site, over the right
temporalis muscle or in the left masseter muscle.

There was a significant inverse correlation
(r=-0.48, P=0.043) between the overall pain area
and the relative decrease in PPT at the injection site,
15 min post-injection. No other significant correlations
were identified.

The mean baseline PPT values prior to injection of
ketamine with glutamate were as follows: right masseter
muscle injection site 267 £ 12 kPa (range 182-413 kPa);
right masseter muscle 2 cm above injection site
296 £12 kPa (range 169-364 kPa); right temporalis
306+ 15 kPa (range 211-431 kPa); left masseter muscle
247+10 kPa (range 188-328 kPa). Co-injection of ke-
tamine with glutamate appeared to completely attenuate
glutamate-induced mechanical sensitization at the
injection site at all three time points; however, the

Fig. 3 The line and scatter plots
illustrate the PPT relative to
pre-injection baseline after the
second injection at the various
sites. Significant decreases in
the PPT after injection of
glutamate alone were limited to
the site of masseter injection
(+ P<0.05, repeated measures
ANOVA and Holm-Sidak post
hoc tests). At the site of
masseter injection, co-
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difference between the two treatments reached signifi-
cance (P=0.039) only at the 15 min time point.

Discussion

The present study showed that repeated injection of
glutamate into the masseter muscle evoked muscle pain
and significantly decreased masseter muscle PPTs at the
site of injection for up to 20 min post-injection. These
data are consistent with our previously reported findings
(Svensson et al. 2003). Data obtained from the McGill
pain questionnaire suggest that the quality of this pain
does not appear markedly different from that described
previously for injection of hypertonic saline into the
masseter muscle (Svensson et al. 1995). Despite the fact
that volunteers have reliably included large areas of the
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right masseter muscle as well as the temporalis muscle in
their pain drawings after glutamate injection (Cairns
et al. 2001), there was no significant effect of glutamate
on the PPTs 2 cm rostral to the site of injection or in the
temporalis muscle. This result implies that glutamate-
induced mechanical sensitization is principally a local
phenomenon and is limited to a small area near the site
of the injection.

Co-injection of ketamine with glutamate into the
human masseter muscle also prevented the develop-
ment of glutamate-induced mechanical sensitization at
the site of injection. A single injection of 1.0 M (10 pl)
glutamate into the masseter muscle decreases the
mechanical threshold of rat masseter muscle afferent
fibers for prolonged periods (Cairns et al. 2002, 2003a).
Co-injection of the mixed NMDA and non-NMDA
receptor antagonist kynurenic acid prevents the devel-
opment of glutamate-induced masseter muscle afferent
fiber sensitization (Cairns et al. 2002, 2003a). Recently,
it has been determined by magnetic resonance spec-
troscopy that glutamate is rapidly cleared from the site
of injection in the masseter muscle with a half-life of
approximately 2 min (Gambarota et al. 2005). Such
rapid clearance of the injected glutamate suggests that
only a brief elevation of intramuscular glutamate con-
centration is sufficient to trigger a cascade of events
within the muscle tissue that alters the response prop-
erties of muscle afferent fibers. One possibility is that
the influx of calcium, which would be predicted to
occur upon peripheral NMDA receptor activation,
produces long-term alterations in the sensitivity of
mechano-nociceptors, for example, via a mechanism of
calcium-mediated receptor phosphorylation (Salter and
Kalia 2004). Glutamate can also activate G-protein-
coupled peripheral metabotropic glutamate (mGlu)
receptors, which are present on some primary afferent
fibers (Zhou et al. 2001). Activation of the mGlul and
mGlu5 receptor subtypes, which increase intracellular
calcium levels through the phospholipase C cascade
pathway, has been demonstrated to cause a prolonged
period of mechanical sensitization of the skin (Zhou
et al. 2001). Activation of peripheral glutamate recep-
tors also results in the release of neuropeptides such as
calcitonin gene-related peptide (CGRP) and substance
P from other deep tissues (Jackson and Hargreaves
1999; McRoberts et al. 2001). Glutamate-induced
mechanical sensitization of cutaneous tissue is en-
hanced by substance P and reduced by neurokinin
receptor antagonists (Carlton et al. 1998; Beirith et al.
2003). Although the present results suggest that acti-
vation of peripheral NMDA receptors alone may be
sufficient to induce mechanical sensitization upon
injection of glutamate into the masseter muscle, they
do not exclude the possibility of a contribution by
some or all of these other mechanisms.

Co-injection of the NMDA receptor antagonist ke-
tamine with glutamate significantly attenuated gluta-
mate-evoked pain responses, decreased pain areas and
reduced the sensory PRI of the McGill pain question-

471

naire. The effect of ketamine on glutamate-evoked pain
intensity and duration is consistent with our earlier re-
ported findings (Cairns et al. 2003a). Pain area has been
found to be positively correlated with pain intensity
when hypertonic saline infusion is employed to evoke
tibialis muscle pain and can be significantly reduced by
systemic administration of ketamine (0.3-0.5 mg/kg)
(Graven-Nielsen et al. 1997, 2000; Schulte et al. 2003).
Taken together with the results of the present study, it is
proposed that the measurement of pain area can provide
an additional sensitive means of assessing the efficacy of
analgesic agents.

Several recent studies have examined the relationship
between the concentration of extracellular glutamate in
deep tissues and pain in conditions such as tennis elbow,
chronic shoulder pain and even headache (Alfredson
et al. 2000, 2001; Ashina et al. 2003; Rosendal et al.
2004). Glutamate levels are higher in the trapezius
muscles of patients suffering from ongoing pain and
tenderness in these muscles than they are in healthy
controls (Rosendal et al. 2004). In these patients, it has
been found that the glutamate level was positively cor-
related with ongoing pain intensity and inversely corre-
lated with PPT. Similar findings of a correlation between
pain and glutamate concentrations in the extensor carpi
radialis brevis tendon have been reported in patients
with tennis elbow (Alfredson et al. 2000). In contrast,
other work has not identified an increase in glutamate in
painful regions of skeletal muscles (Ashina et al. 2003).
This difference may reflect the various mechanisms
whereby tissue glutamate could become elevated under
natural and experimental conditions. After tissue dam-
age, glutamate levels may become elevated as a result of
cytosolic release from injured or dying cells, secondary
to plasma extravasation due to local changes in vascular
permeability or as a result of neurogenic mechanisms
wherein glutamate is released from the terminal endings
of nerve fibers that innervate the affected tissue (Lawand
et al. 1997; Cairns et al. 1998; Carlton et al. 1998;
deGroot et al. 2000; Lam et al. 2005). In the absence of
obvious tissue damage, neurogenic release of glutamate
may be the principal means of increasing tissue gluta-
mate levels (deGroot et al. 2000) and it remains to be
determined under what conditions this may occur. Our
findings that peripheral administration of an NMDA
receptor antagonist can attenuate both glutamate-
evoked pain and glutamate-induced mechanical sensiti-
zation suggest that ketamine and other NMDA receptor
antagonists may prove useful as a pharmacological
probe to help assess the extent to which elevated tissue
glutamate levels contribute to the development and
maintenance of chronic deep tissue pain in a number of
clinical conditions.
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