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Abstract

There is evidence that elevated tissue concentrations of glutamate may contribute to pain and
sensitivity in certain musculoskeletal pain conditions. In the present study the food additive
monosodium glutamate (MSG) was injected intravenously into rats to determine whether it could
significantly elevate interstitial concentrations of glutamate in the masseter muscle and whether MSG
administration could excite and/or sensitize slowly conducting masseter afferent fibers through N-
methyl-D-aspartate (NMDA\) receptor activation. The interstitial concentration of glutamate after
systemic injection of isotonic phosphate-buffered saline (control) or MSG (10 and 50 mg/kg) was
measured with a glutamate selective biosensor. The pre-injection baseline interstitial concentration
of glutamate in the rat masseter muscle was 24+11 puM. Peak interstitial concentration after injection
of 50 mg/kg MSG was 63+18 uM and remained elevated above baseline for ~18 minutes In vivo
single unit recording experiments were undertaken to assess the effect of MSG (50 mg/kg) on
masseter afferent fibers. Injection of MSG evoked a brief discharge in one afferent fiber, and
significantly decreased (~25%) the average afferent mechanical threshold (n=10) during the first 5
min after injection of MSG. Intravenous injection of ketamine (1 mg/kg), 5 minutes prior to MSG,
prevented the MSG-induced decreases in the mechanical threshold of masseter afferent fibers. The
present results indicate that a 2—3 fold elevation in interstitial glutamate levels in the masseter muscle
is sufficient to excite and induce afferent mechanical sensitization through NMDA receptor
activation. These findings suggest that modest elevations of interstitial glutamate concentration could
alter musculoskeletal pain sensitivity in humans.
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1. Introduction

Monosodium glutamate (MSG) is a food additive that is currently considered to be without
serious safety concerns (Filer and Stegink, 1994). Initially, elevated consumption of MSG was
linked to the symptoms such as headache, burning sensations, facial pressure and chest
tightness (Schaumburg et al., 1969). More recent work has failed to evoke these symptoms
consistently in healthy subjects after ingestion of large doses of MSG, even in individuals
believed to be sensitive to MSG (Geha et al., 2000a,b). However, it is not known whether
elevated tissue levels of glutamate alter sensory perception even in subjects who do not report
adverse symptoms or overt pain after systemic administration of MSG

Evidence is gradually building which suggests that elevated tissue concentrations of glutamate
contribute to pain and sensitivity in certain musculoskeletal pain conditions. For example,
tissue concentrations of glutamate in the tendons of sufferers of conditions such as “jumpers
knee” and “tennis elbow”, appear to be elevated 3—4 times over those measured in healthy
controls (Alfredson et al., 2000, 2001; Alfredson and Lorentzon, 2002). Elevated
concentrations of glutamate have also been associated with pain intensity and mechanical
sensitivity in some (Rosendal et al., 2004) but not all studies of chronic myalgia sufferers
(Ashina et al., 2003). It has been estimated that more than one third of an oral dose of MSG
(150 mg/kg) is taken up by skeletal muscle (Graham et al., 2000), which suggests that dietary
intake of glutamate may influence levels of glutamate in muscle tissue. Local injection of a
“pharmacological dose” of MSG (0.2 ml, 170 mg/ml) into the masseter muscle has been found
to induce an intense but short lasting period of muscle pain as well as a more prolonged period
of localized mechanical sensitivity in healthy subjects (Svensson et al., 2003; Cairns et al.,
2006). However, the concentration of glutamate in the muscle after injection of such high local
doses of MSG cannot be considered physiologic (Gambarota et al., 2005). Thus, it remains
unknown what minimum change in tissue glutamate concentration is necessary to induce
mechanical sensitivity in skeletal muscle.

Some of the actions of glutamate in peripheral tissues such as skin, muscle and viscera can be
explained by the activation of peripheral N-methyl-d-aspartate (NMDA) receptors that are
expressed by slowly conducting (AS and C) afferent fibers which innervate these tissues
(McRoberts et al., 2001; Cairns et al., 2002, 2003b; Du et al., 2003). Pain and mechanical
sensitivity in humans, and afferent fiber discharge and decreased mechanical threshold in rats,
can be induced by injection of glutamate into the masseter muscle and can be attenuated by
local administration of NMDA receptor antagonists (Cairns et al., 2003b, 2006), which
suggests that peripheral NMDA receptor activation is responsible for these effects of glutamate.

In the present study, MSG was injected intravenously into male and female rats to determine
whether it could significantly elevate interstitial concentrations of glutamate in the masseter
muscle and whether MSG administration could excite and/or sensitize slowly conducting
masseter afferent fibers through NMDA receptor activation.

2. Materials and Methods

2.1 Measurement of Masseter Muscle Glutamate Levels

Adult Sprague-Dawley rats of either sex (n = 8 males, weight: 338+22 g, n = 8 females, weight:
25915 g) were prepared for acute experiments under gas anesthesia (Oy: 0.3-0.4 I/min;
isoflurane 2.0-2.5%). A tracheal cannula was inserted and artificial ventilation initiated with
a rodent ventilator. The carotid artery was cannulated for monitoring blood pressure and the
femoral vein was cannulated to permit delivery of systemic drugs. The rat’s head was placed
in a stereotaxic frame and a small incision in the skin overlying the masseter muscle was made
to permit insertion of either a glutamate biosensor (n=5 male and 5 female rats) or a
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microdialysis probe (n=3 male and 3 female rats). Heart rate, mean blood pressure, expired
CO, and body core temperature were continuously monitored throughout the whole
experiment. All procedures were performed in adherence with the principles of the Canadian
Council on Animal Care and were approved by the University of British Columbia Animal
Care Committee.

Glutamate biosensor—The glutamate biosensor (Pinnacle Technology, Inc., USA) was
calibrated in vitro according to the manufacturer’s instructions. The glutamate biosensor is a
platinum-iridium electrode coated with a layer of a passive-selective membrane (Nafion and
Cellulose Acetate) followed by a layer of the enzyme glutamate oxidase, which catalyzes the
conversion of glutamate and oxygen to a-ketoglutaric acid and hydrogen peroxide. The
hydrogen peroxide produced is detected when it diffuses through the passive-selective
membrane and is oxidized at the surface of the platinum-iridium electrode (applied potential:
600 mV). The passive-selective membrane limits interference from other substances present
in muscle tissue which could be oxidized at the surface of the platinum-iridium electrode at a
similar applied potential. The glutamate biosensor was inserted into the masseter muscle and
allowed to stabilize for at least 60 min prior to any experiments being undertaken. Once the
probe output stabilized, a 5 min baseline was recorded, followed by injection of isotonic
phosphate-buffered saline (3.0 ml/kg, control) over 5 seconds. After any change in the output
of the probe returned to baseline, a volume of a 17 mg/ml (0.1 M) solution of MSG in distilled
water was injected over 5 seconds to provide a total dose of 10 mg/kg of MSG. After the output
of the probe again returned to baseline, a volume of a 17 mg/ml solution of MSG in distilled
water was injected over 5 seconds to provide a total dose of 50 mg/kg of MSG. Once the output
of the probe returned to baseline levels after the 50 mg/kg injection, the experiment was ended
and the animal terminated. Intravenous doses of glutamate were chosen based on estimates
that about one third of a 150 mg/kg oral (i.e. 50 mg/kg) dose of MSG is deposited in skeletal
muscle (Graham et al., 2000).

Microdialysis probe—The microdialyis probe (MAB 1.2.4.PES with 6 kD cutoff, Scientific
Products and Equipment Ltd., Canada) was inserted into the masseter muscle, connected to a
microinfusion pump (MAB 20 microdialysis pump, WM Altea AB, Sweden) and perfused
with at 2 pl/min. An initial stabilization period of 90 min was allowed, followed by a sampling
period of 60 min wherein two consecutive 60 ul samples of dialysate were collected. At the
end of the sampling period, the experiment was ended and the animal terminated. Glutamate
recovery was determined in vitro (n=3) by measuring the concentration of glutamate in the
dialysate solution after placing the microdialysis probe in a solution of 100 pM MSG dissolved
in buffered isotonic phosphate-buffered saline. Samples were stored in a —20 C freezer over
night and analyzed the next day.

After derivatization with phthaldialdehyde reagent (Sigma Aldrich, USA), glutamate
concentrations in the dialysate solution were measured by high performance liquid
chromatography following a previously published method (Zhang et al., 2001). Calibration
curves were constructed by running samples of 0, 0.1, 1, 10 and 100 uM glutamate in isotonic
phosphate-buffered saline. The HPLC apparatus consisted of an Apollo ¢18 reverse phase 5
um column, (Man Tech, Canada), LC-10AD microdialysis pump, SIL 9A autoinjector and
RF-551 fluorescence detector set to excitation and emission wavelengths of 330 and 445 nm,
respectively (Shimadzu, Japan). The output of the fluorescence detector was routed through a
computer equipped with EZStart 7.3 SP1 chromatography software for recording and analysis
(Shimadzu, Japan). Two mobile phases (phase A: tetrahydrofuran—-methanol-0.1 mol/L
sodium acetate, pH 7, 5:95:900 by volume; phase B: methanol) were applied by gradient at a
flow rate of 1.0 ml/min as follows: 0% B, 25% B (5 min), 35% B (10 min), 55% B (15 min),
95% B (19 min — 32 min) (Zhang et al., 2001).
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2.2 Afferent fiber recording

Although it would have been ideal to have recorded both interstitial glutamate concentration
and afferent mechanical sensitivity in the same rat, this was not feasible due to the potential
for tissue damage related to insertion of the probes affecting the response properties of the
masseter afferent fibers as well as to the sensitivity of the glutamate biosensor probe to any
movement. Therefore, to assess whether systemic administration of MSG could excite and/or
sensitize masseter muscle afferent fibers, additional adult Sprague-Dawley rats of either sex
(n =13 males, weight: 394+22 g, n = 13 females, weight: 26714 g) were prepared for acute in
vivo recording of trigeminal afferent activity under gas anesthesia as described above (O,: 0.3—-
0.4 I/min; isoflurane 2.0-2.5%). The rat’s head was placed in a stereotaxic frame, the skin over
the dorsal surface of the skull reflected and a trephination made on the left side of the skull to
allow a microelectrode to be lowered through the brain and into the trigeminal ganglion. The
skin, muscle and dura overlying the brainstem and upper cervical spinal cord were removed
to permit placement of a stimulating electrode in contact with the brainstem for antidromic
activation of brainstem projecting masticatory muscle afferent fibers that have been shown to
project predominantly to the caudal brainstem (Shigenaga et al., 1988; Capra and Wax,
1989; Cairns et al., 2001, 2002). Physiological parameters were continuously monitored
throughout the experiment as described above.

2.3 Stimulation and Recording Techniques

Single trigeminal afferent activity within the trigeminal ganglion was recorded by a parylene-
coated tungsten microelectrode (2 MQ, A-M Systems Inc., Carlsborg, WA, USA). A blunt
probe was applied as a mechanical search stimulus to the skin over the masseter muscle while
the electrode was slowly lowered in an attempt to identify trigeminal afferent fibers with a
masseter muscle mechanoreceptive field. When a unit was found that appeared to respond to
mechanical stimulation of the masseter muscle, the skin overlying the mechanoreceptive field
was pulled gently away from contact with the muscle, and brush, pinch, and pressure stimuli
were applied directly to the skin surface. If the unit did not respond to any of these cutaneous
stimuli, then the mechanoreceptive field was considered to lie within the muscle.

To determine if the masseter afferent fiber projected to the caudal brainstem, constant-current
electrical stimuli (100 s biphasic pulse, range 10-90 pA, 0.5 Hz) were applied to a stimulating
electrode (2MQ, parylene-coated tungsten electrode, A-M Systems Inc., Carlsborg, USA) that
had been lowered into the ipsilateral caudal brainstem to evoke antidromic action potentials.
Antidromic action potentials were collided with orthodromic action potentials evoked by
mechanical stimulation of the masseter muscle to confirm the projection of the afferent fiber
to the caudal brainstem. At the end of the experiment, the distance between the stimulating and
recording electrodes was measured, and divided by the latency of the antidromically-evoked
response of an afferent fiber to give an estimation of the conduction velocity (CV) of the
recorded afferent fiber.

Solutions of isotonic phosphate-buffered saline (3 ml/kg) or MSG (50 mg/kg) in isotonic
phosphate-buffered saline were injected into the femoral vein over 5 seconds. The volume of
the MSG solution (17 mg/ml) was adjusted to give the 50 mg/kg dose. The volume of
phosphate-buffered saline was equivalent to the volume of MSG solution which would have
been required to deliver a 50 mg/kg dose of MSG solution.

The baseline mechanical threshold (BMT: minimum force required to evoke afferent
discharge) of the fiber was measured with a hand held electronic von Frey hair (VF hair; blunt
polypropylene tip, diameter 0.5 mm, Model 1601C, IITC Inc., Woodland Hills, CA, USA)
which was applied manually every min starting 15 min prior to and ending 5 min prior to
injection of glutamate. Baseline primary afferent fiber activity was recorded for 5 min

Pain. Author manuscript; available in PMC 2008 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cairns et al.

Page 5

immediately preceding systemic injection of glutamate or isotonic phosphate-buffered saline.
Mechanical threshold measurements were reinitiated 1 min after injection of glutamate and
continued every min for a total of 20 min post injection. In subsequent experiments where the
effect of ketamine was examined, ketamine (1 mg/kg) was injected over 5 seconds, 5 min prior
to injection of glutamate. A dose of 1 mg/kg ketamine has been shown to be analgesic in rats
(Plesan et al., 1998; Lee and Lee, 2001).

The electronic von Frey hair has been previously employed to assess masseter muscle afferent
mechanical threshold in rats (Cairns et al., 2002, 2003a; Mann et al., 2006). Manual application
of the von Frey hair to the masseter muscle to determine afferent mechanical threshold results
in a log linear application of force over time that can be described by the equation,

Ln (Force) = kt

where k is the force-time constant and t is time. We have determined that for the majority of
masseter afferent fibers recorded in this study, there was no significant correlation between the
force-time constant and BMT.

2.4 Data Analysis

Input from the glutamate biosensor was routed through a four-channel potentiostat (Model
3104) and data analyzed with Pinnacle Acquisition Laboratory software (Pinnacle Technology,
Inc., USA). Baseline glutamate levels were calculated from a 5 min epoch just prior to the
initial injection of isotonic phosphate-buffered saline. Peak values were calculated as the
highest concentration of glutamate after injection. The duration was calculated as the period
from the time point at which the post-injection glutamate level was greater than two standard
deviation units above the pre-injection baseline until the time point where it returned below
this value. The AUC was calculated by summing all the concentration-time bins in the defined
duration area. For microdialysis, baseline glutamate levels in the dialysate were determined as
the mean of two consecutive 30 min epochs obtained at least 120 minutes after inserting the
probe into the muscle.

The activity of each identified afferent fiber was amplified (gain: 1000x; bandwidth 30-1,000
Hz) and fed together with the output of the electronic von Frey hair into a computer equipped
with a CED 1401 Plus board and analysis software (Spike 2; Cambridge Electronic Design,
Cambridge, U.K.). The mechanical threshold was measured offline from the recorded output
of the electronic von Frey hair. The mean afferent fiber mechanical threshold (in g) was
calculated from the average of each 5 consecutive stimuli (1/min) over each 5-min epoch
beginning 15 min prior to and ending 20 min after injection of isotonic phosphate-buffered
saline, glutamate or ketamine followed by glutamate. Relative mechanical threshold was
calculated by dividing mean afferent fiber mechanical threshold for each 5 min epoch by the
mean afferent fiber mechanical threshold calculated for the initial 5 min epoch.

2.5 Statistics

The effect of intravenously administered solutions on peak, duration and AUC of masseter
glutamate levels was assessed with one-factor repeated measures ANOVA. Post-hoc
comparisons versus saline control experiments were undertaken with the Holm-Sidak method.
The effect of isotonic phosphate-buffered saline, glutamate or ketamine and glutamate on
relative afferent mechanical threshold as well as the change in the force-time constant for
mechanical stimulation was assessed with one-factor repeated measures ANOVA. Post-hoc
comparisons versus the initial 5 min baseline period were undertaken with the Holm-Sidak
method when appropriate. Pearson product moment correlation was used to assess relationships
between BMT and peak MSG-induced changes in mechanical sensitivity.
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Given that a relatively small number of males and females were used for data collection in the
present study, statistical analysis of sex-related differences in interstitial glutamate
concentration or the effect of elevated interstitial glutamate concentrations on mechanical
threshold were not undertaken. Data in the text is reported as the mean and standard error of
the mean (SEM).

3.1 Intramuscular Concentration of Glutamate

Average glutamate concentrations in the masseter muscle of rats were assessed with the
glutamate biosensor and compared with the results obtained by microdialysis, which has been
employed to measure tissue glutamate concentrations in the past (deGroot et al., 2000;
Alfredson etal., 2001; Tegeder et al., 2002; Ashina et al., 2003). As measured by the glutamate
biosensor, the baseline concentration of glutamate in the rat masseter muscle was determined
to be 24 + 11 uM (n = 10). When measured using microdialysis, the average concentration of
glutamate in the dialysate solution was 3.9 £ 1.5 uM (n=6). The maximum in vitro recovery
of glutamate by the microdialysis probes used was estimated to be about 6%. Based on this
degree of recovery, the average concentration of glutamate in the muscle would have been
about 65 uM.

The effect of injection of isotonic phosphate-buffered saline and MSG (10 and 50 mg/kg) on
masseter glutamate levels was assessed with the glutamate biosensor (Figure 1). Injection of
isotonic phosphate-buffered saline did not change the concentration of interstitial glutamate.
Peak concentration, duration of increased concentration and overall AUC were all significantly
increased compared to isotonic phosphate-buffered saline control after a dose of 50 mg/kg
MSG was administered (P < 0.05 two way repeated measures ANOVA and post-hoc Holm-
Sidak method).

3.2 Afferent Fiber Sensitivity

Control in vivo single unit recording experiments were undertaken to first assess the effect of
injection of isotonic phosphate-buffered saline (n= 10 rats) on masseter afferent excitability
and mechanical threshold. Six of these 10 fibers exhibited a very low level of spontaneous
discharge (mean discharge rate: 0.009+0.005 Hz). Intravenous injection of isotonic phosphate-
buffered saline did not evoke afferent discharge or significantly change the mechanical
threshold (MT) of the ten Ad afferent fibers (CV: 7.0£0.9 m/s, BMT: 20£10 g) examined.

In contrast to control experiments, injection of 50 mg/kg MSG evoked a brief discharge in one
of the ten Ad afferent fibers examined (Figure 2). This afferent fiber was recorded in a female
rat and had a slow CV (3.4 m/sec) and relatively low BMT (6 g). The discharge consisted of
two brief bursts at 10 and 15 s post injection of MSG. Injection of 50 mg/kg MSG also
significantly lowered the mechanical threshold of the 10 Ag fibers (CV: 7.0£0.9 m/s, BMT:
256 g) examined, in a time-dependent manner (Figure 3). Four of these 10 fibers exhibited a
very low level of spontaneous discharge (mean discharge rate: 0.008+0.004 Hz). Overall,
injection of 50 mg/kg of MSG significantly decreased the mean relative threshold by ~25%
during the first 5 min after injection (Figure 4). Afferent mechanical thresholds slowly returned
to baseline levels over the next 10 minutes. MSG-induced peak decrease in mechanical
threshold exhibited a significant inverse relationship with BMT (r = —0.65), which suggests
that MSG had a more pronounced effect on afferent fibers with high mechanical thresholds.

To assess whether the mechanical sensitization of masseter afferent fibers induced by injection
of glutamate might be due to NMDA receptor mechanisms, 6 additional experiments in male
and female rats were undertaken where ketamine (1 mg/kg) was given 5 min prior to the
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injection of glutamate (50 mg/kg). One of the 6 fibers exhibited spontaneous discharge (rate:
0.027 Hz). Pre-injection of ketamine had no significant effect on mechanical threshold but
prevented the subsequent injection of MSG from significantly decreasing the mechanical
threshold of these afferent fibers (CV: 7.7+1.6 m/s, BMT: 3317 g ; Figure 5).

There was no significant change in the force-time constant for applied mechanical stimulation
in the saline control, glutamate or ketamine/glutamate experiments.

4. Discussion

The results of this study indicate that normal mean interstitial concentrations of glutamate in
the rat masseter muscle when measured by the glutamate biosensor were about 25 pM. After
a single systemic dose of 50 mg/kg MSG, peak interstitial levels of glutamate reached ~65
M and remained elevated, compared to initial baseline levels, for ~18 minutes. The elevation
of glutamate concentrations in the masseter muscle after administration of MSG intravenously
was associated with significant mechanical sensitization of slowly conducting masseter
afferent fibers during the first 5 min post-systemic injection. Action potential discharge was
observed in only one afferent fiber shortly after injection of MSG, at a time when peak
glutamate concentrations in the masseter muscle occurred. This finding may, in part, explain
why some individuals complain of acute myalgia post ingestion of MSG (Schaumburg et al.,
1969; Geha et al., 2000a). The magnitude of MSG-induced mechanical sensitization of
masseter afferent fibers decreased over the same time course as the decline in glutamate
concentration in the masseter muscle post systemic administration of MSG, which suggests
that sensitization was a direct consequence of elevated masseter muscle glutamate levels.
Administration of 1 mg/kg ketamine did not significantly alter the mechanical threshold of
masseter afferent fibers but did significantly attenuate the ability of MSG to induce mechanical
sensitization. This result suggests that glutamate excites and induces mechanical sensitization
of masseter afferent fibers in part through an activation of peripheral NMDA receptors and is
consistent with previous findings (Cairns et al., 2002, 2003b).

This appears to be the first use of a glutamate biosensor to detect changes in interstitial
glutamate concentration in skeletal muscle. The advantage of this biosensor is its time
resolution (1 s) for direct measurement of changes in glutamate concentration. In comparison,
magnetic resonance spectroscopy, which also allows direct measurement of glutamate
concentration in muscle has a time resolution of ~ 60 s and a sensitivity limit of 10 mM
(Gambarota et al., 2005). Microdialysis, when used to measure glutamate at fairly high flow
rates could have a time resolution of 5-10 min, but the determination of actual tissue
concentrations requires an estimate of glutamate recovery. Thus, the glutamate biosensor
allowed direct measurement of changes in baseline interstitial glutamate on a time scale not
possible with these other techniques. Nevertheless, average baseline glutamate concentrations
measured by the glutamate biosensor (24 uM) were more conservative than those determined
by microdialysis (65 uM) in the present study, thus peak concentrations of glutamate after
administration of MSG as determined with the glutamate biosensor should also be considered
conservative.

Interstitial glutamate concentrations have been previously measured with microdialysis probes
in a variety of tissues in both humans and animals. In the rat skin, it has been reported that the
estimated baseline interstitial glutamate concentration is ~14 puM, or about half that measured
in the masseter muscle in this study (deGroot et al., 2000). In healthy humans, the concentration
of glutamate in tendons and muscles has been estimated to be between 20 and 70 uM (Alfredson
et al., 2000, 2001; Alfredson and Lorentzon, 2002; Tegeder et al., 2002; Ashina et al., 2003;

Rosendal etal., 2004). These values in deeper tissues appear consistent with the baseline values
determined with the glutamate biosensor and microdialysis probes for the masseter muscle in
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the present study and suggest that normal interstitial glutamate concentrations in rats and
humans are similar.

It was initially proposed that peripheral mechanisms were responsible for the symptoms
associated with ingestion of large doses of MSG (Schaumburg et al., 1969). Injection of a
pharmacological dose of MSG into the masseter muscle has been shown to decrease the
mechanical threshold of slowly conducting masseter afferent fibers by as much as 50% for as
long as 3 hours or more (Cairns etal., 2002; Mann etal., 2006). This sensitizing effect of locally
injected MSG appears to be mediated through activation of peripheral glutamate receptors, as
it can be attenuated by co-administration of the glutamate receptor antagonist kynurenic acid
(Cairns et al., 2002). In comparison, in the current study, administration of a 50 mg/kg dose
of glutamate significantly decreased the mechanical threshold of slowly conducting masseter
afferent fibers by 25% for the first 5 min after injection. During this same time period, our
biosensor data indicates that the average glutamate concentration was 45 uM, or roughly twice
the measured baseline concentrations, which suggests that this may be the minimum
concentration change needed to induce significant mechanical sensitization. In comparison,
employing magnetic resonance spectroscopy, it has been reported that intramuscular injection
of a pharmacological dose of MSG (1 M, 100 pl) into the masseter muscle yielded initial peak
values of 215 mM glutamate (~ 1000 times higher than baseline levels) at the site of injection
and concentrations remained above 10 mM (limit of detection) for 10 min (Gambarota et al.,
2005). Although the initial clearance of glutamate after intramuscular injection of MSG appears
rapid (t%2 = 108 s) as it does after systemic injection in the present study (see Figure 1), the
results of the current experiments suggest a more prolonged terminal clearance of glutamate
from the muscle. Thus, it is possible that after intramuscular injections of high concentrations
of MSG, interstitial levels remain elevated for long periods and this alone accounts for the
prolonged afferent mechanical sensitization observed, although other mechanisms, such as
release of neuropeptides may also contribute (Spigelman and Puil, 1990; Heppelmann and
Pawlak, 1997; Hu et al., 1997; Jackson and Hargreaves, 1999).

Elevated tissue concentrations of glutamate have been reported in some human pain conditions
involving muscles and tendons. In the extensor carpi radialis brevis tendon of patients with
tennis elbow and the patellar tendon of patients with “jumpers knee”, glutamate levels of greater
than 200 uM as compared to 50-70 uM for healthy controls have been found (Alfredson et al.,
2000, 2001; Alfredson and Lorentzon, 2002). Further, immunohistochemical evidence for
peripheral NMDA receptors associated with tendons has been provided (Alfredson et al.,
2000, 2001). In addition, women with chronic work-related trapezius myalgia (n = 19) had
baseline levels of 47 uM versus 36 uM for healthy controls (n = 20) and baseline pain pressure
thresholds showed a significant negative correlation with muscle glutamate levels (Rosendal
et al., 2004). During low force exercise, glutamate levels in the trapezius exceeded 40 uM in
healthy controls and 60 uM in myalgia patients and were positively correlated to the magnitude
of muscle pain reported by subjects (Rosendal et al., 2004). The association of glutamate levels
with both ongoing pain magnitude and pressure pain thresholds is consistent with the results
of the present and previous studies which indicate that increased interstitial levels of glutamate
excite and sensitize muscle afferent fibers through peripheral NMDA receptor activation
(Cairns et al., 2002, 2003b).

It has been previously speculated that ingestion of gram quantities of MSG could potentially
alter the sensitivity of muscle nociceptors to affect pain sensitivity in chronic pain patients
(Cairns et al., 2002). The median daily consumption of glutamate in the Western diet from all
sources is around 12 g, with up to 1 g/day of MSG consumed (Geha et al., 2000b; Nelson et
al., 2000). This equals about 170 mg/kg/day of glutamate for an individual weighing 70 kg. A
single oral dose of 150 mg/kg in adults has been reported to increase serum levels of glutamate
30 min post ingestion by 7-8 times, and more than one third of the total MSG dose was taken
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up into skeletal muscle tissue (Graham et al., 2000). A range of symptoms that include general
weakness, tightness, flushing, sweating, headache/migraine, numbness/tingling, paresthesias,
arrhythmias and tachycardia have been reported after ingestion of MSG doses in this range
(Schaumburg et al., 1969; Thomassen et al., 1991; Geha et al., 2000a, b). However, blinded,
placebo controlled studies have failed to consistently evoke these symptoms in healthy subjects
after administration of MSG, even in subjects who appear “MSG sensitive” (Geha et al.,
20004, b). It is now thought that failure to adequately mask the unique taste of MSG in early
studies was likely responsible for the high incidence of reports of adverse effects upon oral
administration of high doses of MSG (Geha et al., 2000a, b). Nevertheless, as more than 50%
of patients who received glutamate intravenously (5 mg/kg ) reported burning sensations, facial
pressure or chest tightness in association with peak serum levels of glutamate, it is likely that
in at least some individuals elevated concentrations of glutamate are responsible for reported
symptoms (Thomassen et al., 1991). The present results indicate that there is a relationship
between MSG dose, interstitial levels of glutamate in muscle tissue and afferent mechanical
sensitivity. Indeed, the present study suggests that a modest increase in interstitial glutamate
concentration in the masseter muscle as a result of systemic administration of MSG is
associated with significant mechanical sensitization of slowly conducting masseter muscle
afferent fibers. How dietary intake of glutamate may affect healthy individuals or chronic
muscle pain patients to alter their sensitivity to muscle pain remains to be determined.
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Figure 1.

The line drawing in A illustrates an example of the change in glutamate concentration in the
masseter muscle after intravenous injection of 10 and 50 mg/kg glutamate into a female rat.
Note that after a delay of about 10-15 sec, glutamate concentrations rapidly rose in the muscle
and then slowly returned to baseline. The bar graphs in B indicated the mean (= SE) peak,
duration and area under the curve (AUC) for masseter muscle glutamate levels after injection
of isotonic phosphate-buffered saline (S), glutamate 10 mg/kg (G-10) and 50 mg/kg (G-50) in
5 male and 5 female rats. * P < 0.05 one-way repeated measures ANOVA and post-hoc Holm-

Sidak method compared with saline control.
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Figure 2.

The response of a masseter afferent fiber recorded in a female rat to injection of MSG is shown.
In A, the line drawings illustrate an orthodromic action potential evoked by mechanical
stimulation of the masseter muscle and an antidromic action potential evoked by electrical
stimulation of the caudal brain stem. Shortening the interval between the orthodromic and
antidromic action potentials resulted in a collision (*, disappearance of the antidromic action
potential), which confirmed that this afferent fiber projected from the masseter muscle to the
caudal brain stem. The calculated CV for this afferent fiber was 3.4 m/s and the BMT was 6
g. In B, the line drawing and post stimulus histogram illustrate the firing of this afferent fiber
in response to injection of monosodium glutamate into the femoral vein (A). Two short bursts
of action potential discharge occurred at 10 and 15 s post injection.
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Figure 3.

An example of an experiment where the mechanical threshold of an antidromically identified
masseter afferent fiber was assessed before and after injection of 50 mg/kg of MSG in a female
rat is shown. The line drawings on the upper left and right illustrate that this afferent fiber
projected to the caudal brainstem (CV 3.4 m/s) and responded to mechanical stimulation of
the masseter muscle with an electronic VVon Frey hair. The bar graph below shows the
mechanical threshold of this afferent fiber over time prior to and after injection of MSG (A).
The grey line indicates the mean BMT. The mechanical threshold of this fiber was decreased
within 60 s of the MSG injection and remained decreased for 8 minutes before returning to
baseline levels.
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The bar graphs illustrate the population relative mechanical threshold before and after femoral
vein injection of buffered isotonic saline (top, n=10) or 50 mg/kg MSG (bottom, n=10). Overall,
there was no significant alteration in relative mechanical threshold over time after injection of
saline. Following the injection of MSG, there was a significant (*) decrease in mechanical
threshold from pre-injection baseline values during the first 5 min epoch. There were no
significant sex-related differences in relative mechanical threshold in the saline or glutamate
groups and no significant interactions between time and sex. * P < 0.05 one-way repeated
measures ANOVA and post-hoc Holm-Sidak method compared with baseline.
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Figure 5.

The effect of pre-administration of ketamine on MSG-induced mechanical sensitization is
shown. In A, an example of an experiment where the mechanical threshold of an antidromically
identified masseter afferent fiber was assessed before and after injection ketamine (1 mg/kg)
followed by MSG (50 mg/kg) in a female rat is shown. The line drawings on the upper left and
right illustrate that this afferent fiber projected to the caudal brainstem (CV 6.5 m/s) and
responded to mechanical stimulation of the masseter muscle with an electronic von Frey hair.
The bar graph below shows the mechanical threshold of this afferent fiber over time prior to
and after injection of ketamine ( +) followed by MSG (A). The grey line in the bar graph
indicates the mean BMT. The bar graph in B illustrates the population response (n=6). There
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was no significant change in mechanical threshold over time in these experiments (P > 0.05
one-way repeated measures ANOVA).
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