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Glutamate and capsaicin effects on trigeminal nociception I:
Activation and peripheral sensitization of deep craniofacial
nociceptive afferents

David K. Lam, Barry J. Sessle, and James W. Hu
Faculty of Dentistry, University of Toronto 124 Edward Street, Toronto, Ontario, M5G 1G6, Canada

Abstract

We have examined the effect of the peripheral application of glutamate and capsaicin to deep
craniofacial tissues in influencing the activation and peripheral sensitization of deep craniofacial
nociceptive afferents. The activity of single trigeminal nociceptive afferents with receptive fields in
deep craniofacial tissues were recorded extracellularly in 55 halothane-anesthetized rats. The
mechanical activation threshold (MAT) of each afferent was assessed before and after injection of
0.5M glutamate (or vehicle) and 1% capsaicin (or vehicle) into the receptive field. A total of 68
afferents that could be activated by blunt noxious mechanical stimulation of the deep craniofacial
tissues (23 masseter, 5 temporalis, 40 temporomandibular joint) were studied. When injected alone,
glutamate and capsaicin activated and induced peripheral sensitization reflected as MAT reduction
in many afferents. Following glutamate injection, capsaicin-evoked activity was greater than that
evoked by capsaicin alone, whereas following capsaicin injection, glutamate-evoked responses were
similar to glutamate alone. These findings indicate that peripheral application of glutamate or
capsaicin may activate or induce peripheral sensitization in a subpopulation of trigeminal nociceptive
afferents innervating deep craniofacial tissues, as reflected in changes in MAT and other afferent
response properties. The data further suggest that peripheral glutamate and capsaicin receptor
mechanisms may interact to modulate the activation and peripheral sensitization in some deep
craniofacial nociceptive afferents.
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1. INTRODUCTION

There is emerging evidence that both peripheral excitatory amino acid (EAA) and vanilloid
(TRPV1) receptor mechanisms may modulate nociceptive processing of input from deep
craniofacial tissues. Glutamate, the endogenous agonist for EAA receptors, is a well-
documented central excitatory neurotransmitter but a number of studies indicate a role for
peripheral glutamate receptors in the transduction of nociceptive information (Yu et al.
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1996; Lawand et al. 2000; McNearney et al. 2000, 2004; Carlton 2001; Carlton et al. 2003;
Lam et al. 2005b). We have identified a novel peripheral nociceptive role for glutamate in the
craniofacial region. Intramuscular (masseter) or temporomandibular joint (TMJ) injection of
glutamate reflexly evokes a dose-dependent increase in rat jaw muscle activity (Cairns et al.
1998), activates and sensitizes mechanosensitive nociceptive afferents through the activation
of peripheral EAA receptors (Cairns et al. 2001a,b, 2002, 2003; Dong et al. 2006, 2007), and
activates and induces central sensitization of brainstem nociceptive neurons in the trigeminal
subnucleus caudalis/upper cervical cord (Vc/UCC) (Lam et al. 2008). The peripheral EAA
receptor, N-methyl-D-aspartate (NMDA), in particular may play an important role in
glutamate-induced effects on nociceptive afferents since NMDA receptor antagonists applied
locally into masticatory muscles significantly decrease glutamate-evoked afferent activation
and sensitization as well as jaw muscle activity (Cairns et al. 1998, 2003a, 2007; Dong et al.
2006, 2007). Similarly, glutamate injection into the human masseter muscle causes pain that
may be attenuated by co-injection of an NMDA receptor antagonist (Cairns et al. 2001a,
2003a,b, 2006; Svensson et al. 2003, 2005).

Another peripheral receptor involved in craniofacial nociceptive mechanisms is the TRPV1
receptor. This receptor is activated by application to peripheral tissues of the inflammatory
irritant capsaicin, protons or noxious heat (Caterina et al. 1997; Tominaga et al. 1998; Dray
2005). Capsaicin can activate (Liu and Simon 1994, 1996, 2003) and sensitize trigeminal
afferents (Strassman et al. 1996) and also activate brainstem nociceptive neurons (Carstens et
al. 1998; Zanotto et al. 2007). Furthermore, capsaicin injection into the rat TMJ reflexly evokes
adose-dependent increase in jaw muscle activity (Tang et al. 2004; Lam et al. 2005a), activates
and induces central sensitization of brainstem nociceptive neurons in the V¢/UCC (Lam et
al. 2008), and in addition produces an inflammatory response within these tissues that can be
blocked by TRPV1 receptor antagonists (Hu et al. 2005a). Capsaicin injected into human
craniofacial regions can also induce secondary hyperalgesia, allodynia and jaw muscle pain
associated with changes in jaw motor function (Sohn et al. 2000, 2004; Wang et al. 2002;
Gazerani and Arendt-Nielsen 2005; Gazerani et al. 2006).

However, there has been little investigation of possible interactions between peripheral EAA
and TRPV1 receptors and their effects on nociceptive processing. There is evidence that EAA
receptors may indirectly modulate nociception via interactions with TRPV1 in the central
nervous system. Both capsaicin-evoked release of spinal substance P (Afrah et al. 2001) and
capsaicin-evoked activity at the periaqueductal grey level (Palazzo et al. 2002; Xing and Li
2007) may be dependent on glutamate-evoked activation of NMDA receptors. A role for
NMDA receptor modulation of capsaicin-induced c-fos expression within the rat V¢ has also
been demonstrated (Mitsikostas et al. 1998). Similarly, the presence of EAA and TRPV1
receptors on primary afferents and findings that their agonists have effects when injected into
peripheral tissues raise the possibility that the actions of peripherally applied glutamate and
capsaicin could involve interactions between EAA and TRPV1 receptors in these tissues.
Indeed, jaw muscle activity reflexly evoked by the TMJ application of capsaicin can be
attenuated by pre-injection into the TMJ of NMDA receptor antagonists (Lam et al. 2005a),
suggesting that peripheral EAA receptors may interact with peripheral TRPV1 receptor
mechanisms. While it is also well known that capsaicin can sensitize or desensitize nociceptive
primary afferents (Baumann et al. 1991; Craft and Porreca 1992; LaMotte et al. 1992; Liu and
Simon 1996; Sikand and Premkumar 2007), it is not known whether glutamate or capsaicin
would sensitize or desensitize each other’s effects on afferent responses. Thus, the aim of the
present study was to examine the effect of the peripheral application of glutamate and capsaicin
in deep craniofacial tissues in influencing the activation and peripheral sensitization of deep
craniofacial nociceptive primary afferents. The data have been briefly presented in abstract
form (Lam et al. 20044a,b).
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2. RESULTS

NEURONAL PROPERTIES

A total of 68 trigeminal nociceptive primary afferents with receptive fields (RFs) in deep
craniofacial tissues were recorded: 54 As-fiber and 14 C-fiber afferents. The estimated
antidromic (Ad-fiber: mean+SE= 10.2+0.9 m/s, n=48; C-fiber: 1.7+£0.2 m/s, n=12) and
orthodromic (As-fiber: 9.8+0.8 m/s, n=54; C-fiber: 1.6£0.1 m/s, n=14) conduction velocities
(CVs) were not statistically different (p>0.05, Mann-Whitney U test). The majority of afferents
could be activated antidromically and orthodromically (60/68; 48 Ad-fiber, 12 C-fiber); the
remainder were activated only orthodromically (8/68; 6 As-fiber, 2 C-fiber). A small
proportion (10%, 7/68, 6 Ad-fiber, 1 C-fiber) were spontaneously active (0.38+0.12 spikes/
second) prior to injection of receptor agonists. Table 1 displays the baseline mean CV and
mechanical activation threshold (MAT) for afferents with RFs in the TMJ (n=40), masseter
(n=23) and temporalis (n=5).

There were no differences between the Ad-fiber and C-fiber afferents in baseline MAT (p>0.05,
t-test) (Table 1) or in responses (Rmag, Rdur, Rlat and Pfreq) to glutamate and capsaicin
(p>0.05, Mann-Whitney U test; p>0.05, Fisher exact test) (data not shown) and as a result, the
data were pooled together for analysis of glutamate and capsaicin-induced activation and
sensitization. Examples of typical afferent RF and response properties are shown in Fig. 1A
and 1B.

GLUTAMATE EFFECTS

ACTIVATION—Injection of glutamate alone (but not vehicle alone, 0/4) activated 43%
(12/28) of the afferents tested (9/23 Ad-fibers, CV=8.2£1.5 m/s; 3/5 C-fibers, CV=1.6£0.3
m/s) (e.g. Fig. 1B) (p<0.001, Fisher exact test), with the activation response properties outlined
in Table 2. Glutamate-evoked afferent activation began approximately 6 seconds from injection
(Rlat = 5.8 [8.2] seconds) and lasted over 2 minutes (Rdur = 144 [138] seconds). There was
no difference in mean CV between glutamate-sensitive (n=12, CVV=6.3+1.4 m/s) and
glutamate-insensitive afferents (n=16, CV=9.4+1.4 m/s, p>0.05, t-test).

MAT REDUCTION—The spontaneous afferent activity returned to baseline level prior to
determination of MAT post-injection of glutamate in all 28 afferents tested. Injection of
glutamate alone (but not vehicle alone, 0/4) induced a marked incidence of MAT reduction
(>50% threshold reduction from baseline MAT score) at 10-20 minutes post-injection in 46%
(13/28) of the afferents (11/23 As-fibers; 2/5 C-fibers; p<0.05, Fisher exact test). Similarly,
for the afferent population tested as a whole, the mean baseline MAT value was 33.2+3.6 g,
and injection of glutamate alone (but not vehicle alone, n=4, p>0.05, RM ANOVA-on-ranks)
produced a significant reduction in MAT values (19.9+2.2 g) relative to their pre-injection
baseline (p<0.05, RM ANOVA-on-ranks, Dunn’s method) (Fig. 2a). Many afferents activated
by glutamate [50% (6/12)] injection alone did not show MAT reduction, whereas some
afferents displaying MAT reduction following glutamate [44% (7/16)] injection alone showed
no prior activation by glutamate (p>0.05, Fisher exact test).

CAPSAICIN EFFECTS

ACTIVATION—Injection of capsaicin alone (but not vehicle alone, 0/4) activated 24% (6/25)
of the afferents (2/18 Ad-fibers, CV=7.5+0.3 m/s; 4/7 C-fibers, CV=1.7+0.2 m/s) tested
(p<0.01, Fisher exact test), with the activation response properties outlined in Table 2.
Capsaicin-evoked afferent activation began approximately 10 seconds from injection (Rlat =
9.8 [20] seconds) and lasted about half a minute (Rdur = 30 [50] seconds). The median CV for
capsaicin-sensitive (n=6, CVV=1.7[0.5] m/s) afferents was significantly smaller than that for
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capsaicin-insensitive afferents (n=19, CV=9.0[10.3] m/s, p<0.05, Mann-Whitney U test)
reflecting the difference in the properties of As- and C-fibers activated.

The incidence of afferent activation induced by injection of capsaicin alone (24%) was similar
to that induced by glutamate alone (43%) (p>0.05, Fisher exact test). However, afferent
activation response properties (Rmag, Rdur and Pfreq) induced by capsaicin alone were
significantly less compared with glutamate alone (p<0.05, Mann-Whitney U test) (Table 2).

MAT REDUCTION—The spontaneous afferent activity returned to baseline level prior to
determination of MAT post-injection of capsaicin in all 22 afferents tested. Injection of
capsaicin alone (but not vehicle alone, 0/4) induced a marked incidence of MAT reduction
(>50% threshold reduction from baseline MAT score) at 10-20 minutes post-injection in 41%
(9/22) of the afferents (6/15 Ad-fibers; 3/7 C-fibers; p<0.05, Fisher exact test). However, for
the afferent population tested as a whole, the median baseline MAT value was 20.2[29.7] g,
and injection of capsaicin alone (or vehicle alone, n=4) did not significantly alter the MAT
values (19.2[28.2] g) compared with their pre-injection baseline (p>0.05, RM ANOVA-on-
ranks) (Fig. 2b). Many afferents activated by capsaicin [83% (5/6)] injection alone did not
show MAT reduction, whereas some afferents displaying MAT reduction following capsaicin
[36% (8/16)] injection alone showed no prior activation by capsaicin (p>0.05, Fisher exact
test).

GLUTAMATE AND CAPSAICIN INTERACTIONS

ACTIVATION—There were four types of agonist-responsive deep craniofacial afferents
found in the glutamate followed by capsaicin subgroup: (1) glutamate-sensitive and capsaicin-
sensitive [15% (4/27)]; (2) glutamate-sensitive and capsaicin-insensitive [30% (8/27)]; (3)
glutamate-insensitive and capsaicin-sensitive [18% (5/27)]; and (4) glutamate-insensitive and
capsaicin-insensitive [37% (10/27)]. Following glutamate injection, capsaicin (but not vehicle,
0/3) evoked responses in 33% (9/27) of the afferents tested and produced greater increases in
Rmag and Pfreq (p<0.05, Mann-Whitney U test) but no change in Rlat and Rdur compared
with capsaicin alone (p>0.05, Mann-Whitney U test) (Table 2). There was no significant
difference in the incidence of capsaicin-induced activation with capsaicin alone, compared
with capsaicin following glutamate injection (p>0.05, Fisher exact test).

There were also four types of agonist-responsive afferents found in the capsaicin followed by
glutamate subgroup: (1) capsaicin-sensitive and glutamate-sensitive [9% (2/22)]; (2) capsaicin-
sensitive and glutamate-insensitive [18% (4/22)]; (3) capsaicin-insensitive and glutamate-
sensitive [23% (5/22)]; and (4) capsaicin-insensitive and glutamate-insensitive [50% (11/22)].
Following capsaicin injection, glutamate (but not vehicle, 0/4) evoked responses in 32% (7/22)
of the afferents tested that were not significantly different in Rmag, Rlat, Rdur and Pfreq
compared to glutamate alone (Table 2). Similarly, there was no significant difference in the
incidence of glutamate-induced activation with glutamate alone, compared with glutamate
following capsaicin injection (p>0.05, Fisher exact test).

MAT REDUCTION—Compared to the incidence of capsaicin-induced MAT reduction with
capsaicin alone, capsaicin following glutamate injection induced MAT reduction in only 12%
(3/25) of the afferents (p<0.05, Fisher exact test). Furthermore, when injected following
glutamate, capsaicin (or vehicle, 0/3) produced a non-significant increase in the median MAT
from pre-injection baseline, indicating that capsaicin induced no further MAT reduction than
that induced by the preceding glutamate injection (p<0.05, RM ANOVA-on-ranks, Dunn’s
method) (Fig. 2a).

There was no significant difference in the incidence of glutamate-induced MAT reduction with
glutamate alone compared with glutamate following capsaicin injection [45% (9/20)] (p>0.05,
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Fisher exact test). Furthermore, when injected following capsaicin, glutamate (but not vehicle,
0/4) produced a significant reduction in MAT values relative to their pre-injection baseline
(p<0.01, RM ANOVA-on-ranks, Dunn’s method) (Fig. 2b).

3. DISCUSSION

This is the first study to document that a considerable proportion of deep craniofacial
nociceptive afferents may be activated or sensitized by the peripheral application of glutamate
or capsaicin or both, and that these EAA or TRPV1 receptor agonists may interact to modulate
activation as well as peripheral sensitization evoked from deep craniofacial tissues. Glutamate
sensitized afferent responses to subsequent noxious stimulation of the deep craniofacial tissues
by capsaicin, whereas capsaicin neither sensitized nor desensitized afferent responses to
subsequent noxious stimulation by glutamate. These changes in response properties reflect
peripheral sensitization as shown in enhanced activation by agonist injection (e.g. increase in
Rmag and Pfreq). Taken together, these findings suggest that both peripheral EAA and TRPV1
receptor mechanisms may be involved in the nociceptive processing of deep craniofacial
nociceptive afferents and may interact to modulate the activation and peripheral sensitization
in some nociceptive afferents supplying deep craniofacial tissues.

Properties of deep craniofacial afferents projecting to Vc/UCC and their CVs are consistent
with previous findings (Cairns et al. 2001a,b, 2002a, 2003a; Dong et al. 2006, 2007). Our
findings of glutamate-induced activation and peripheral sensitization in trigeminal nociceptive
afferents are consistent with previous evidence of glutamate-evoked dose-dependent increases
in jaw muscle activity, activation and sensitization of deep nociceptive afferents, and pain in
human masticatory muscles (Cairns et al. 1998, 2001a,b, 2002, 2003a,b, 2006, 2007; Svensson
et al. 2003, 2005; Dong et al. 2006, 2007). Likewise, the incidence and discharge pattern of
capsaicin-induced trigeminal afferent activation in the present study are consistent with those
found in mechanosensitive spinal (Baumann et al. 1991; LaMotte et al. 1992) and trigeminal
(Strassman et al. 1996; Ikeda et al. 1997) afferents in previous studies. In general, capsaicin
tended to primarily activate very slowly conducting afferents and the discharge was irregular
and the majority of afferents ceased discharging within the first 60 seconds. Thus, it seems that
the majority of trigeminal nociceptive afferents with deep craniofacial RFs in the present study
responded too weakly or transiently to be able to account for the magnitude and duration of
capsaicin-induced craniofacial pain in humans (Sohn et al. 2000, 2004; Wang et al. 2002;
Gazerani and Arendt-Nielsen 2005; Gazerani et al. 2006). When injected alone, the capsaicin-
induced MAT reduction was not as robust as that induced by glutamate alone. While the non-
significant reduction in MAT for the afferent population as a whole is consistent with previous
studies suggesting capsaicin-evoked mechanical sensitization is due to central rather than
peripheral sensitization (Baumann et al. 1991; LaMotte et al. 1992), this non-significant
capsaicin-evoked MAT reduction may be due, in part, to the lower afferent responses (Rmag,
Rdur and Pfreq) evoked by capsaicin alone compared to glutamate alone. Nevertheless, the
significant incidence of MAT reduction induced by capsaicin alone demonstrates that some
trigeminal nociceptive afferents can be readily sensitized by the peripheral application of
capsaicin and these findings are consistent with our previous evidence of capsaicin-evoked
dose-dependent increases in jaw muscle activity (Tang et al. 2004). Taken together, the above
findings indicate that peripheral TRPV1 receptors in addition to peripheral EAA receptors in
deep craniofacial tissues may play an important role in nociceptive processing.

The finding that glutamate or capsaicin may induce MAT reduction without prior afferent
activation may be explained by glutamate and capsaicin acting on peripheral non-neuronal
cellsin addition to neuronal cells and causing them via paracrine activation to release mediators
that sensitize the deep craniofacial afferents (Lam et al. 2005a,b). There has been recent
compelling evidence for the expression and function of glutamate and capsaicin in signaling
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processes in several types of non-neuronal cells (Meddings et al. 1991; Skerry and Genever
2001; Kato et al. 2003; Rizvi and Lugman 2003; Li et al. 2005; Xin et al. 2005). Thus it may
be possible that the activation of glutamate and capsaicin receptors on non-neuronal cells may
result in the release of various other sensitizers including bradykinin, amines, prostanoids,
growth factors, chemokines, cytokines, protons and ATP (Sikand and Premkumar 2007; Woolf
and Ma, 2007) that may sensitize the deep craniofacial afferents.

Glutamate and Capsaicin Receptor Interactions in Deep Craniofacial Tissues

Capsaicin-evoked activation of trigeminal nociceptive afferents following glutamate injection
were significantly enhanced compared to capsaicin alone, suggesting that glutamate may
sensitize the nociceptive afferents and produce more immediate (e.g. decrease Rlat), larger
(e.g. increased Rmag and Pfreq) and more prolonged (e.g. increased Rdur) responses to
subsequent noxious stimuli (e.g. to capsaicin). These results contrast with those in a recent rat
behavioral model in which masseteric injection of glutamate and capsaicin, in alternating order
10 minutes apart, evoked comparable nocifensive responses regardless of injection sequence
(Ro and Capra 2006) but are consistent with findings that pre-injection of NMDA receptor
antagonists into the TMJ region attenuates jaw muscle activity evoked by capsaicin (Lam et
al. 2005a). A protein that is likely to mediate the interactions between peripheral NMDA and
TRPV1 receptors is the CaZ*-calmodulin-dependent kinase 11 (CaMKII) which is persistently
activated after NMDA receptor stimulation (see Yamakura and Shimoji 1999; Petrenko et al.
2003; Paoletti and Neyton 2007) and phosphorylation of TRPV1 by CaMKI| is required for
its ligand binding (Jung et al. 2004; Suh and Oh 2005; Tominaga and Tominaga 2005).
Although no studies to date have demonstrated the co-localization of peripheral NMDA and
TRPV1 receptors on the same trigeminal primary afferent terminal, nociceptive responses
could be enhanced if the same nociceptive afferent expresses both EAA and TRPV1 receptors.
Taken together, these findings suggest that the activation and/or sensitization of peripheral
EAA receptors may be important in the mechanisms whereby capsaicin via TRPV1 receptors
evoke nociceptive trigeminal responses.

In addition to possible interactions between ionotropic receptors, there is evidence of a major
coupling between G-protein-coupled receptors and some TRP channels in the membrane such
as TRPAL and TRPV1 (Sikand and Premkumar 2007; Woolf and Ma 2007). For example,
TRPA1 may function as a receptor-operated channel for bradykinin by allowing Ca2* influx
following activation of the B2 receptor (Bautista et al. 2006). Bradykinin can also significantly
potentiate TRPV1 activity by activating the Ca?*/phospholipid-dependent kinase (PKC)
pathway (Sikand and Premkumar 2007). Activation of the PKC pathway has also been shown
to lower the heat threshold of TRPV1 below body temperature and sensitize TRPV1 receptor
responses to capsaicin (Premkumar and Ahern 2000; Crandall et al. 2002). The mechanism
behind this effect is thought to involve direct phosphorylation resulting in PKC-dependent
insertion of TRPV 1 receptors into the neuronal membrane (for review, see Hucho and Levine
2007). This type of coupling may also exist between TRPV1 and other G-protein-coupled
receptors (Sikand and Premkumar 2007; Woolf and Ma 2007), such as the metabotropic EAA
receptors, and provide an additional means for interactions between peripheral EAA and
TRPV1 receptors.

Peripheral glutamate receptor mechanisms may not only modulate capsaicin-evoked activity
but they may also modulate capsaicin-induced MAT reduction. Capsaicin neither sensitized
nor desensitized glutamate-induced MAT responses since glutamate-induced MAT reduction
in the nociceptive afferents following capsaicin injection were unchanged compared to
glutamate alone. However, the capsaicin-induced median MAT following glutamate injection
was increased and the incidence of MAT reduction was significantly lower compared to
capsaicin alone. This finding represents an apparent paradox where glutamate may sensitize a
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trigeminal afferent to subsequently produce greater capsaicin-evoked activity yet at the same
time, it may also result in an attenuation of capsaicin-induced MAT reduction. One possible
explanation for this paradox is that the greater capsaicin-evoked afferent activity following
glutamate may cause an excess influx of calcium ions into the afferent and result in
desensitization of the trigeminal nociceptive afferent to mechanical stimuli. This finding is
consistent with previous studies in which capsaicin may either sensitize or desensitize spinal
(Baumann et al. 1991; LaMotte et al. 1992; Simone et al. 1997; Serra et al. 2004) or trigeminal
(Liu and Simon 1996; Strassman et al. 1996) nociceptive afferents to mechanical stimuli

(i.e. sensitization with low concentrations and desensitization with high concentrations).
Another possibility is that the trigeminal nociceptive afferents may be resistant to the
subsequent sensitizing effects of capsaicin application due to a possible ceiling effect from the
prior glutamate-induced peripheral sensitization. That is, the nociceptive afferents may have
reached their maximal reductions in MAT following glutamate injection such that they cannot
be sensitized further by capsaicin activation 30 minutes post-glutamate injection.

4. EXPERIMENTAL PROCEDURE
ANIMAL PREPARATION

Adult male (n=55, 250-400 grams (g)) Sprague-Dawley rats were prepared for acute in vivo
recording activity of trigeminal afferents under surgical anesthesia (O,: 1 L/min; halothane:
1.5-2.5%; Cairns et al. 2001a,b). A tracheal cannula was inserted and artificial ventilation
initiated. The rat’s head was then placed in a stereotaxic frame and the skin over the dorsal
surface of the skull was reflected. A trephination was made on the left side of the skull to allow
a recording microelectrode to be lowered through the brain and into the trigeminal ganglion.
An incision was also made in the skin overlying the Vc/UCC region, a C1 laminectomy was
performed, and the dura was reflected to expose the Vc/UCC and facilitate placement of a
stimulating microelectrode in the left Vc/UCC (Cairns et al. 2001a,b; Hu et al. 2005b).

After completion of all surgical procedures, the halothane level was slowly reduced to a level
(1-1.3%) that was just sufficient to produce reflex suppression of the hindlimb to noxious
pressure applied to the hindpaw to ensure that an adequate level of anesthesia was maintained
for the duration of the experiment. Heart rate and body core temperature were continuously
monitored throughout the experiment and kept within the physiological range of 330-430/min
and 37-37.5°C, respectively. All procedures were approved by the University of Toronto
Animal Care Committee in accordance with the regulations of the Ontario Animal Research
Act (Canada).

RECORDING AND STIMULATING PROCEDURES

Extracellular activity of single trigeminal nociceptive primary afferents with RFs in deep
craniofacial tissues (masseter or temporalis muscles, or TMJ) was recorded with an epoxy-
resin-coated tungsten microelectrode. One hour after completion of surgery, the microelectrode
was slowly lowered into the brain under stereotaxic guidance (anterior 3.5-4 mm, lateral 3—-4
mm) until afferent discharges were observed in response to light brush stimuli applied to the
craniofacial region; these discharges were usually found 7-8 mm below the cortical surface.
A round dental burnisher (1-mm diameter) was then applied as a noxious mechanical search
stimulus (~100 g) over the craniofacial cutaneous tissues in an attempt to identify trigeminal
afferents with deep craniofacial nociceptive RFs (Cairns et al. 2001b). This ~100 g force was
found to be noxious to the experimenter when applied to his TMJ region or dorsal surface of
his hand.

When an afferent that responded to direct, blunt noxious mechanical stimuli was found, a
careful assessment of its RF was made to ascertain that the afferent was responding to deep as
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opposed to cutaneous stimulation. The skin overlying the RF was pulled gently away from
contact with the deep tissue, and brush, pinch, and pressure stimuli were applied directly to the
skin surface. If the afferent did not respond to any of these cutaneous stimuli, then the afferent
was considered to have a deep mechanonociceptive RF. The RF and MAT of the afferent was
assessed at the time intervals specified under the experimental paradigm (see below). The deep
RF of each afferent was determined through the use of a round dental burnisher. The size and
location of the afferent’s deep RF was also outlined on a life-size drawing of the rat’s head.
The MAT of the afferent’s deep RF was determined with an electronic von Frey device (Model
735, 1.0-mm diameter probe tip, Somedic Sales AB, Sweden) applied to the center of the RF
and was defined as the force (g) required to evoke the first spike, or a firing rate of greater than
2 standard deviations above baseline afferent activity when the afferent was spontaneously
active, measured at the afferent’s deep RF site with a ramp of gradually increasing force. The
reproducibility of the electronic von Frey device in determining MAT has been demonstrated
previously (Moller et al. 1998; Cairns et al. 2002).

To test whether an afferent with a deep craniofacial RF projected to the caudal brainstem,
electrical stimuli (50 ps biphasic pulse, range 10-80 A, 0.5 Hz) were applied to a stimulating
electrode lowered into the left Vc/UCC (0-6 mm caudal to obex). The stimulating electrode
was moved mediolaterally (0.1-mm steps) and rostrocaudally (0.5-mm steps) in the Vc/UCC
until electrical stimulation evoked antidromic responses as determined by classical criteria for
antidromic activation (all-or-none at threshold, invariant latency, high-frequency following (>
100 Hz), and collision) (Price et al. 1976; Cairns et al. 1996, 2001a,b). The initial electrical
stimuli were applied 6 mm caudal to the obex. If stimulation at this location did not evoke an
antidromic action potential, the stimulating electrode was moved rostrally toward the obex
until either an antidromic action potential was evoked or electrical stimuli had been applied
unsuccessfully up to the level of the obex. Antidromic action potentials were collided with the
orthodromic action potentials evoked by mechanical stimulation of the deep craniofacial RF,
to confirm the projection of the deep nociceptive afferent to the caudal brainstem. At the end
of the study, the antidromic CV of the afferent was determined by calculating the straight-line
distance between the stimulating microelectrode placed in the Vc/UCC and the recording
microelectrode, divided by the antidromic latency. The skin overlying the deep craniofacial
RF of the afferent was also surgically excised and it was confirmed that mechanical and/or
electrical (50-100 ps biphasic pulse, range 10-80 YA, 0.5 Hz) stimuli applied directly to the
deep tissue could also evoke activity in the afferent. If electrical stimulation applied to the deep
tissue RF evoked an orthodromic action potential of invariant latency (<0.2 ms variability)
with the ability to follow high-frequency electrical stimuli (> 100 Hz), then the conduction
distance between the stimulation location and the trigeminal ganglion was estimated and an
orthodromic CV calculated. For afferents that could not be demonstrated to project to the Vc/
UCC, only orthodromic CVs were determined.

RECEPTOR AGONISTS

Glutamate (0.5M; 10 uL; Sigma Chemical Company, St. Louis, MO), 1% capsaicin (10%
capsaicin in ethanol: Tween-80: sterile normal saline in a 1:1:8 ratio by volume; 10 uL;
Calbiochem, La Jolla, CA) or vehicle (isotonic saline as control for glutamate or ethanol: Tween
80:sterile normal saline ina 1:1:8 ratio by volume as control for capsaicin; 10 uL) was injected
into the deep craniofacial afferent RF at 30 minute intervals in both experimental subgroups
of rats. The concentrations of glutamate and capsaicin were chosen on the basis of their efficacy
in evoking jaw muscle activity and inflammation and we have previously documented that
such injected solutions are localized to the site of injection (Cairns et al. 1998, 2001a,b,
2002, 2003a; Tang et al. 2004; Hu et al. 2005a). All solutions were adjusted to approximate
physiologic pH (7.2-7.6).
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EXPERIMENTAL PARADIGM

Experimental animals were divided into subgroups according to the sequence of injection of
receptor agonists: afferent response properties of rats with glutamate (or vehicle) injection
followed by capsaicin (or vehicle) injection in one subgroup of rats were compared with
properties of afferents in a second subgroup of rats with capsaicin (or vehicle) injection
followed by glutamate (or vehicle) injection. The following experimental paradigm was
applied to each of the subgroups: 10 minutes after a nociceptive afferent was classified on the
basis of deep RF, antidromic CV and response properties as an Aé (CV >2.5-30 m/s) or C
(CV < 2.5 m/s) fiber nociceptive afferent (Price et al. 1976; Cairns et al. 2001a,b), the baseline
MAT (in g) was determined by averaging the threshold for three consecutive mechanical
stimuli applied at 1-minute intervals. The needle tip of a catheter (a 27-gauge needle connected
by polyethylene tubing to a Hamilton syringe, 100 pL) was carefully inserted into the deep
tissue RF of the afferent. It was observed that insertion of the catheter used to inject the receptor
agonist evoked a spike discharge in all nociceptive afferents identified in order to confirm that
the injection site was within the afferent RF. Baseline afferent activity was recorded for 10
minutes prior to injection of the first receptor agonist or vehicle control into the deep tissue
RF. The receptor agonist or vehicle control was then slowly injected into the deep tissue (over
a 5-second period). The following four response properties were assessed over the next 10
minute period: (1) Response magnitude (Rmag): the total number of evoked spikes, or a firing
rate of greater than 2 standard deviations above baseline afferent activity when the afferent
was spontaneously active, following agonist or vehicle injection, (2) Response duration
(Rdur): the total time (seconds) from the first spike following agonist or vehicle injection to
the last spike, (3) Response latency (Rlat): the total time (seconds) from agonist or vehicle
injection to the first spike following agonist injection, and (4) Peak frequency (Pfreq): the
highest firing rate in a one second period (Hz) during the Rdur. The needle was then withdrawn
at the end of the 10 minute period and an assessment was made at this 10 minute time point
and again at 20 minute after the injection of the receptor agonist or vehicle control to determine
if any MAT changes from baseline had occurred. MAT reduction was defined as >50%
threshold reduction from baseline MAT score measured at the center of the RF site. Raw MAT
threshold values measured post-injection were normalized to the initial baseline pre-injection
value to illustrate population responses. The same protocol described above was used for
injection of the second receptor agonist (or vehicle) 30 minutes post-injection of the first
receptor agonist (or vehicle).

In 13 rats, it was possible to examine the effect of injected receptor agonists on more than one
afferent on the ipsilateral (left) side because the RFs of the afferents were at different deep
tissue sites or opposite ends of the same muscle. In these cases, which helped minimize the
total number of animals used in the present study, a minimum of 2 hours elapsed between
injections into the RFs. At the end of each experiment, rats were euthanized with the agent T61
(Hoechst, Canada). The brain was removed and it was confirmed that microelectrode tracks
were visible on the surface of the trigeminal ganglion.

DATA ANALYSIS

Recorded afferent activity was stored electronically and analyzed off-line. Most of the
population data are reported as mean+SE. However, if not normally distributed, population
data are reported as median values with interquartile ranges indicated in square brackets;
median [IQR]. Mann-Whitney U test, t-test, Fisher exact test, and RM ANOV A-on-ranks were
used as appropriate (p<0.05 considered to reflect statistical significance).
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Fig. 1.

Fig. 1A. Example of typical mechanoreceptive field and response properties of deep
craniofacial nociceptive afferent to injection of glutamate vehicle followed by capsaicin
(CVv=2.8m/s, MAT=38 g, As-fiber TMJ afferent). (a) Deep mechanoreceptive field (white
circle) of nociceptive afferent involving the TMJ region indicated by arrow, (b) Afferent
mechanical activation threshold determined with von Frey device, (c) No response in this
afferent was evoked by injection of glutamate vehicle into the TMJ, (d) Afferent response
evoked by injection of capsaicin following glutamate vehicle into the TMJ.

Fig. 1B. Example of typical mechanoreceptive field and response properties of deep
craniofacial nociceptive afferent to injection of glutamate followed by capsaicin (CV=2.0m/s,
MAT=12.7 g, C-fiber TMJ afferent). (a) Deep mechanoreceptive field (white circle) of
nociceptive afferent involving the TMJ region indicated by arrow, (b) Afferent mechanical
activation threshold determined with von Frey device, (c) Afferent response evoked by
injection of glutamate into the TMJ, (d) Afferent response evoked by injection of capsaicin
following glutamate into the TMJ, (e) Stimulation of V¢/UCC (50 s, 50 pA, 100 Hz) evoked
an antidromic action potential (latency: 6.0ms). By measuring the distance between the
recording electrode and the stimulating electrode in Vc/UCC and dividing by the antidromic
latency, the CV of this afferent was estimated to be 2.0 m/s, (f) Blunt mechanical stimulation
of the TMJ tissue was used to evoke orthodromic spikes that served as a trigger for electrical
stimulation of V¢/UCC (antidromic spike). Shortening the delay between the orthodromically
evoked spike and the electrical stimulus applied to Vc/UCC resulted in a collision, as evidenced
by the disappearance of the antidromic spike.
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Fig. 2.

The time courses of glutamate (GLU) and capsaicin (CAP)-induced mechanical activation
threshold (MAT) in deep craniofacial afferents. Arrow indicates time point for injection of
GLU (black) and CAP (grey) into deep craniofacial tissues. Circles indicate median normalized
MAT following injection of GLU and CAP. Triangles indicate GLU or CAP-induced median
normalized MAT before or after injection of vehicle controls for GLU or CAP. Raw MAT
threshold values were normalized to the initial baseline pre-injection value of the first agonist.
Lines: interquartile range. Note that injection of (a) GLU alone and (b) GLU following CAP
into deep craniofacial tissues significantly reduced the MAT (*p<0.05, **p<0.01, ***p<0.001;
RM ANOVA-on-ranks, Dunn’s Method).
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Table 2
Response properties of trigeminal nociceptive afferents to injection of glutamate (or vehicle) and capsaicin (or vehicle)
into deep craniofacial tissues

Glutamate == Capsaicin Capsaicin = Glutamate
Median [interquartile range] Median [interquartile range]
Response Property | Glutamate alone (n=28) Capsaicin post-Glutamate (n=27) Capsaicin alone (n=25) Glutamate post-Capsaicin (n=22)
Rmag (spikes) 168 [377]T 170 [642]* 14 [24] 431 [487]
Rlat (sec) 5.8[8.2] 7.5[6.7] 9.8 [20] 5.6 [5.3]
Rdur (sec) 144 [133]T 70 [272] 30 [50] 149 [236]
Pfreq (Hz) 191251t 24 [36]HF 3.0[3.0] 19[22]

Response Property | Glutamate vehicle (n=4) | Capsaicin post-Glutamate vehicle (n=4) | Capsaicin vehicle (n=4) | Glutamate post-Capsaicin vehicle (n=4)

Fkk Kk

1duasnue Joyiny vd-HIN

Rmag (spikes) 0 14 [31] 0 149 [27]
Rlat (sec) 0 6.0 [20] o™ 9.4 [2.5]
Rdur (sec) o 28 [32] g 131 [139]
Pfreq (Hz) o 4.0[4.2] o 18 [14]

Response Property | Glutamate alone (n=3) | Capsaicin vehicle post-Glutamate (n=3) | Capsaicin alone (n=4) | Glutamate vehicle post-Capsaicin (n=4)

Rmag (spikes) 168 [550] ' o™ 14[31] o™
Rlat (sec) 3.2[3.2] 0 6.0 [20] o
Rdur (sec) 144 [148]" o™ 28[32] o
Pfreq (Hz) 2027'T 0 4.01[4.2] o

1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

*kk
p<0.001, Glutamate vehicle vs. Glutamate alone or Capsaicin vehicle post-Glutamate vs. Capsaicin post-Glutamate or Glutamate vehicle post-

Capsaicin vs. Glutamate post-Capsaicin

**k
p<0.01, Capsaicin vehicle vs. Capsaicin alone

7’.p<0.05

7L7Lp<0.01, Glutamate alone vs. Capsaicin alone

ip<0.05

¢$p<0.01, Capsaicin alone vs. Capsaicin post-Glutamate; Mann-Whitney U test
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