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Abstract

In addition to using glutamate as a neurotransmitter at central synapses, many primary sensory
neurons release glutamate from peripheral terminals. Primary sensory neurons with cell bodies in
dorsal root or trigeminal ganglia produce glutaminase, the synthetic enzyme for glutamate, and
transport the enzyme in mitochondria to peripheral terminals. Vesicular glutamate transporters fill
neurotransmitter vesicles with glutamate and they are shipped to peripheral terminals. Intense
noxious stimuli or tissue damage causes glutamate to be released from peripheral afferent nerve
terminals and augmented release occurs during acute and chronic inflammation. The site of action
for glutamate can be at the autologous or nearby nerve terminals. Peripheral nerve terminals
contain both ionotropic and metabotropic excitatory amino acid receptors (EAARs) and activation
of these receptors can lower the activation threshold and increase the excitability of primary
afferents. Antagonism of EAARs can reduce excitability of activated afferents and produce
antinociception in many animal models of acute and chronic pain. Glutamate injected into human
skin and muscle causes acute pain. Trauma in humans, such as arthritis, myalgia, and tendonitis,
elevates glutamate levels in affected tissues. There is evidence that EAAR antagonism at
peripheral sites can provide relief in some chronic pain sufferers.
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1. Introduction

Peripheral afferent nerve terminals provide sensory innervation to skin, joint, fascia, muscle,
bone, and viscera. In the role as sensory terminals, they transduce mechanical, thermal, and
chemical stimuli to electrochemical information that is transmitted to the spinal cord and
brainstem (Woolf & Ma, 2007). The current review will focus on the glutamatergic role of
the peripheral sensory terminal based upon two important neuroscience concepts from the
last half of the 20th century. Firstly, L-glutamate is a major excitatory neurotransmitter of
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the vertebrate nervous system including primary afferents (Johnson, 1972a,b), and secondly,
some peripheral sensory terminals have efferent functions (Jancso et al., 1967). Although
there is evidence for the role of glutamate in visceral peripheral afferents (McRoberts et al.,
2001; Ghosh et al., 2007; Lindstrém et al., 2008), the focus of this review will concentrate
on evidence of glutamate release from and influence on somatic peripheral afferents.

2. Primary afferents and efferent function

Primary afferent neurons are nerve cells that convey peripheral sensory information to the
spinal cord and brainstem (Fig. 1). They possess a cell body located in the dorsal root
ganglion (DRG) or trigeminal ganglion (TG) and an axonal fiber that projects from the
periphery to the spinal cord or brainstem (Woolf & Ma, 2007). Primary afferent neurons can
be classified into two broad functional categories. In one category, neurons convey
proprioceptive, vibratory, or discriminative touch sensations and have axons that are
associated with peripheral cellular receptors, e.g., muscle spindles, Meissners’s corpuscles,
and Pacian corpuscles. The DRG and TG cell bodies typically are large in diameter, the ‘A’
subtype, and have large, heavily myelinated, fast conducting axons, Aa and Ap fibers. The
second category is composed of neurons that transmit innocuous thermal or noxious
information and have fibers distributed as free nerve endings in peripheral tissues. The DRG
and TG cell bodies can range in diameter from large to small, the ‘B’ subtype, and have
myelinated to unmyelinated axons, Ap, AS, and C fibers.

Pain-sensing, primary afferent neurons are termed nociceptors and are classified into two
general types. Cutaneous ‘A8’ and ‘AR’ nociceptors have lightly to heavily myelinated
fibers and are responsible for rapid, acute pain sensation, whereas ‘C’ nociceptors have
unmyelinated fibers and produce a delayed, ‘aching’ pain (Fang et al., 2005; Willis, 2007).
In addition to sensory responsiveness and conductance, these neurons release substances into
the periphery to cause neurogenic inflammation. Neuropeptides, such as substance P (SP)
and calcitonin gene-related peptide (CGRP), have proinflammatory actions such as
vasodilation, plasma extravasation, and stimulation of immune and resident tissue cells
(O’Connor et al., 2004). In addition, peripheral nerve terminals release glutamate causing
sensitization of surrounding afferent terminals and local tissues (Skerry & Genever, 2001;
Carozzi et al., 2008a). The ability of peripheral nerve terminals to release glutamate after
specific types of stimulation intimates that DRG neurons are glutamatergic and participate in
a peripheral glutamine metabolic cycle (Miller et al., 2002).

3. Glutamate metabolism in primary afferent neurons

3.1. Glutamate

Both the central and peripheral nervous systems (CNS and PNS) have a glutamine cycle for
the production and degradation of glutamate as a neurotransmitter (Fig. 2; Miller et al.,
2002; McKenna, 2007). A series of studies demonstrates a high concentration of glutamate
in DRG, dorsal roots, and peripheral nerve (Porcellati and Thompson, 1957; Graham et al.,
1965; Graham et al., 1967; Wheeler & Boyarsky, 1968; Duggan & Johnston, 1970a,b;
Johnson & Aprison, 1970a,b; Johnson, 1972b; Santini & Berl, 1972; Roberts et al., 1973,;
Oshorne et al., 1974; Roberts & Keen, 1974a; Johnson, 1977). Using
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immunohistochemistry, glutamate-immunoreactivity (ir) has been demonstrated in rat DRG
and TG neurons ranging from 30 to 70% of the total percentage of cells (Wanaka et al.,
1987; Battaglia & Rustioni, 1988; Kai-Kai, 1989; Kai-Kai & Howe, 1991; Azerad et al.,
1992; Keast & Stephensen, 2000).

Most studies have focused on the use of glutamate as a central neurotransmitter for primary
afferents, but evidence for the transport of glutamate in peripheral nerve also has been
obtained. Free glutamate in the sensory portion of peripheral nerve immediately distal to the
DRG (“distal sensory root”) is elevated over ventral roots compared to total free amino acids
(Johnson & Aprison, 1970a). Following peripheral nerve cut, there is an increase in free
glutamate (Porcellati & Thompson, 1957; reviewed in Johnson, 1977) consistent with
anterograde movement of glutamate toward the periphery. Crushing the peripheral and
central processes of acutely isolated rat DRGs causes accumulation of glutamate-ir proximal
to the neuronal cell body (Keast & Stephensen, 2000). Ultrastructural examination of the
primate medial articular nerve indicates that ~25% of the axons are glutamate-
immunoreactive (IR; Westlund et al., 1992). Most of these axons are unmyelinated (C) and
lightly myelinated (AS) fibers. Within 4 h of knee joint inflammation with kaolin and
carrageenan, the number of glutamate-IR axons increases to over 60%, primarily in As
fibers (Westlund et al., 1992). Glutamate-IR nerve fibers are rare to infrequent in non-
inflamed skin (Nordlind et al., 1993), but, during adjuvant-induced arthritis (AlA), are
elevated in the dermis and epidermis (Miller & Kriebel, 2003).

3.2. Glutaminase

Glutamate is produced from the hydrolytic deamidation of glutamine by phosphate-activated
glutaminase (GLS; EC 3.5.1.2; Kvamme, 1998). GLS is a mitochondrial enzyme that
requires inorganic phosphate for activation, but also is regulated by its end products,
glutamate and ammonia, as well as other intracellular components, 2-oxoglutarate, calcium,
fatty acids, and fatty acyl-coenzyme A derivatives (Fig. 3; Kvamme & Torgner, 1975;
Kvamme & Olsen, 1979; Kvamme & Lenda, 1982; Kvamme et al., 1983). GLS mRNA and
protein from CNS is the same as kidney GLS with two mRNAs (Fig. 4) and two isoenzyme
peptides (Holcomb et al., 2000; Miller et al., 2011). For example, rat and cat spinal cord
show two GLS mRNAs, 6 kb and 3.4 kb, and cDNA in situ hybridization demonstrates their
presence in DRG neurons (Fig. 4; Srinivasan & Miller, 1992, 1994). Both GLS mRNAs
produce a 72 kDa GLS precursor that is processed into 68 and 66 kDa peptides (Holcomb et
al., 2000). All DRG neurons are labeled for GLS-ir with antiserum that recognizes both the
68 and 66 kDa peptides with small to medium diameter neurons exhibiting more GLS-ir
than large diameter neurons (Miller et al., 1993; Hoffman et al., 2010). The 68 and 66 kDa
GLS peptides both have enzymatic activity, but combine in heteromeric aggregates in a 3:1
ratio respectively to form active GLS enzymes (Srinivasan et al., 1995; Holcomb et al.,
2000). Both GLS peptides have been identified in rat DRG and are elevated in amount
during chronic peripheral inflammation (Hoffman et al., 2011a, 2011b; Miller et al., 2011).
After initiation of AlA, increased GLS protein is found first in the cytoplasm followed by
increased mitochondrial GLS (Miller et al., 2010a).
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GLS enzyme activity also has been detected in the DRG and in dorsal roots, sciatic nerve
and trigeminal nerve (Graham & Aprison, 1969; McDougal et al., 1981; Hassel et al., 2003;
Miller et al., 2011). GLS enzyme activity in trigeminal nerve is comparable to GLS activity
in CNS white matter axons (Hassel et al., 2003). GLS, therefore, is produced in sensory
neuronal cell bodies and transported both centrally and peripherally in dorsal roots and
peripheral nerves (McDougal et al., 1981; Zhang et al., 2010). Although GLS occurs in all
DRG neurons, exogenous nerve growth factor (NGF) increases GLS expression in small to
medium diameter DRG neurons during development (Miller et al., 1999a) and embryonic
NGF deprivation decreases GLS in the DRG (McDougal et al., 1981). NGF, however, does
not appear to be required for basal GLS expression in adult DRG neurons (Hoffman et al.,
2011b). AlA induces increased GLS expression in most DRG neurons within 4 days, but is
restricted to small to medium diameter neurons at longer time points (Hoffman et al., 2011a;
Miller et al., 2011). Some of the elevated GLS is transported peripherally, since sciatic nerve
and skin dermal nerves show elevated GLS-ir during AIA (Miller et al., 1999b; Zhang et al.,
2010).

3.3. Glutamate and glutamine transporters

DRG neurons import both glutamate and glutamine into the cell body and axons using
excitatory amino acid (EAAT) and sodium-coupled neutral amino acid (SNAT) transporters,
respectively (Fig. 2). EAAT3 (EAACL) predominates as the neuronal glutamate transporter
in the DRG (Tao et al., 2004; Carozzi et al., 2008b). Nearly half the neurons (mostly small
diameter) are labeled with EAAC1-ir (Tao et al., 2004; Carozzi et al., 2008b) and EAAC1-ir
also is located in the peripheral nerve (Carozzi et al., 2008b). Both SNAT 1 and 2 are
expressed by DRG neurons (Miller et al., 2005) and high (K, = 2.06x107> M) and low
affinity (K, = 1.13%x1073 M) transport systems for glutamate have been described in DRG
(Roberts & Keen, 1974b). Whereas most exogenously supplied glutamate enters peripheral
glia and is converted to glutamine, some glutamate appears to enter the sensory neuronal
cells bodies (~22% after a 1 h incubation), dorsal roots, and peripheral nerve (Wheeler &
Boyarsky, 1968, 1971; Roberts & Keen, 1974c; Duce & Keen, 1983). Evaluation by proton
MR spectroscopy of injected glutamate (1 M, 100 pl) into the masseter muscle indicates that
the glutamate signal decays mono-exponentially with a halflife of 108 s (Gambarota et al.,
2005). It is unknown at present if this clearance of glutamate involves peripheral afferents
and related Schwann cells or if other mechanisms are involved, e.g., myocytes and
vasculature (Gambarota et al., 2005).

Glutamine is the major precursor for the production of glutamate in DRG neurons and is
transported by SNAT 1 and 2 (Fig. 2). Exogenously administered glutamine is transported
into neurons and rapidly is converted to glutamate (>50% in 10 min; Duce and Keen, 1983).
Using 3H-glutamine, small diameter DRG neurons in rat accumulate considerably more
glutamine (6x) than large diameter neurons (Duce & Keen, 1983). In mouse, large diameter
neurons appear to lack uptake, whereas small to medium diameter neurons have high affinity
uptake for 3H-glutamine (Sommer et al., 1985). Differences in uptake may be due to the type
or amount of SNAT in DRG subpopulations. For example, SNAT 1 is found primarily in
small to medium diameter neurons and SNAT 2 is located in large diameter neurons (Miller
et al., 2005; Miller, unpublished data). SNAT 1 has a preference for glutamine transport
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(Ko 5 = 0.3 mM), whereas SNAT 2 may transport a number of neutral amino acids, e.g.,
proline, alanine, and glutamine (Mackenzie & Erickson, 2004) which may account for the
production of glutamate following incubation in proline (Johnson, 1975). A high affinity
transport system for glutamine also occurs in DRG axons in dorsal roots, but has yet to be
described in peripheral nerve (Roberts & Keen, 1974c).

3.4. Tricarboxylic acid cycle

In addition to the glutamine cycle, primary sensory neurons also produce glutamate via
interactions with the neuronal tricarboxylic acid (TCA) cycle (Fig. 2). Neurons transport
glucose (Uldry & Thorens, 2004) and 40-60% of labeled glucose is converted to glutamate
in 15-60 min in cat and rat DRG (Minchin & Beart, 1975; Johnson, 1976). Incubation of
isolated rat DRG with [14C]-glucose followed by autoradiography shows that primary
sensory neurons preferentially are labeled compared to satellite cells (Minchin & Beart,
1975). Interaction of the neuronal glutamine and TCA cycles may come via aspartate
aminotransferase (EC 2.6.1.1; AAT; glutamate oxalacetic transaminase; Fig. 2). Aspartate is
localized to DRG and TG neurons and, after incubation of isolated cat DRG, labeled
aspartate is rapidly converted into glutamate (Johnson, 1974; Schmidt & Wolf, 1984, 1986;
Okhotin et al., 1993; Keast & Stephensen, 2000). AAT activity is found in DRG, dorsal
roots, and peripheral nerve (Graham & Aprison, 1969; Johnson, 1972b; Okhotin et al., 1993;
Hassel et al., 2003), whereas AAT-ir predominantly occurs in small to medium diameter
DRG neurons (Inagaki et al., 1987).

3.5. N-acetyl-aspartyl-glutamate

It also has been suggested that neurotransmitter glutamate in DRG neurons comes from the
degradation of N-acetyl-aspartyl-glutamate (NAAG) or that NAAG is a neurotransmitter
released by primary afferents (Cangro et al., 1987). NAAG-ir is located in many DRG
neurons and dorsal roots (Cangro et al., 1987; Kowalski et al., 1987; Ory-Lavollee et al.,
1987). Although NAAG has not been reported to be released from or have action on
peripheral afferents, NAAG is located in peripheral nerve (Ory-Lavollee et al., 1987) and N-
acetylated a-linked acidic dipeptidase (NAALADase; glutamate carboxypeptidase I1:
GCPII) a peptidase that cleaves NAAG to glutamate and N-acetyl-aspartate, is found
primarily in the non-myelinating Schwann cells of peripheral nerve (Berger et al., 1995;
Carozzi et al., 2008a, 2008b).

3.6. Vesicular glutamate transporters

Once synthesized in or taken up into neurons, glutamate is packaged into neurotransmitter
vesicles via vesicular glutamate transporters (VGLUTS; Fig. 2). A vacuolar H*-ATPase
establishes a proton electrochemical gradient across the vesicular membrane and VGLUTSs
use this gradient to exchange H* for glutamate (Ozkan & Ueda, 1998). VGLUTSs have 10
transmembrane regions, are highly specific with low affinity (Kp, = 1-3 mM) for L-
glutamate, and rely on chloride for maximum transport (Ozkan & Ueda, 1998; Shigeri et al.,
2004). There are three isoforms of VGLUT (1, 2, and 3) and these appear to be definitive
markers for glutamatergic neurons (Takamori, 2006). VGLUT 1 and 2 mRNA is present in
DRG and VGLUT 1- and 2-ir is localized to DRG neuronal cell bodies (Oliveira et al., 2003;
Landry et al., 2004; Morris et al., 2005; Atoji & Islam, 2009). Medium to large sized
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neurons contain VGLUT1 and small to medium sized cells with CGRP or 1B4 contain
VGLUT?2 (Oliveira et al., 2003; Landry et al., 2004; Brumovsky et al, 2007). VGLUT 2-ir is
greater in peripheral nerve than dorsal root and VGLUT 2-IR nerve fibers are abundant in
the dermal plexus and intraepidermal nerves (Brumovsky et al., 2007; Ibitokun & Miller,
2010b). During chronic peripheral inflammation of the rat hindlimb, VGLUT 2-ir is elevated
in the sciatic nerve compared to normal nerve (Zhang et al., 2010) indicating an increased
transport of vesicular glutamate to the peripheral nerve terminal. Upon reaching the
peripheral nerve terminal, increased glutamate release from primary afferents could occur
due to elevated numbers of glutamate-containing vesicles.

4. Release of glutamate from peripheral afferents

4.1. Stimulated release

The previous section indicated that the primary afferent cell body is a neuron that produces
glutamate via particular biochemical pathways and that glutamate is packaged in synaptic
vesicles via VGLUTSs. Furthermore, evidence indicates that similar biochemical events occur
in the peripheral axon, that glutamate is transported in peripheral nerve, and that there is
mechanism for release, i.e., VGLUTS and vesicular release proteins (Fig. 5; Averill et al.,
2004; Ibitokun & Miller, 2010a, b). Isolated frog sciatic nerves preincubated with 14C-
glutamate have a 200% rise in glutamate release above resting levels when electrically
stimulated. This does not occur with other amino acids and is blocked by sodium azide. One
interpretation is that glutamate discharge from sciatic nerve occurs via vesicular release
(Wheeler et al., 1966). Since this early study, several investigations have demonstrated
glutamate release from primary afferent nerve terminals and a number of stimuli, such as
natural and electrical stimulation, chemical activation, and inflammation, evoke glutamate
release from peripheral nerve trunks, skin, joints, and dental pulp (Weinreich &
Hammerschlag, 1975; Bledsoe, et al., 1980, 1989; Jackson et al., 1993; Omote et al., 1998;
deGroot et al., 2000; Lawand et al., 2000; McNearney et al., 2000, 2004).

Pulsed water and potassium depolarization causes glutamate efflux in isolated skin of
Xenopus laevis, presumably from primary afferents (Bledsoe, et al., 1980, 1989). Potassium
depolarization of peripheral nerve terminals or TPRV1 activation of primary afferents by
capsaicin evokes the release of glutamate from bovine dental pulp which has a rich
innervation of C-fibers (Jackson et al., 1993). TRPV1 activation of afferents in rat skin by
subcutaneous (s.c.) capsaicin injection or capsaicin cream skin application causes glutamate
levels to elevate in the subcutaneous glabrous skin of the rat hindpaw. This effect can be
blocked by capsazepine, TRPV1 antagonist, desensitization of primary afferents by
capsaicin pretreatment, or morphine inhibition of peripheral terminals (Jin et al., 2006,
2009). TRPV1 receptors are the noxious heat detectors on primary afferents and 50 °C
thermal stimulation of rat skin also produces subcutaneous glutamate release (Jin et al.,
2006). Antidromic electrical stimulation of sciatic nerve or capsaicin application to sciatic
nerve for activating C fibers causes glutamate release in the subcutaneous skin (deGroot et
al., 2000; Jin et al., 2006). Introduction of glutamate (10, 50 mg/kg, monosodium salt)
systemically raises interstitial glutamate concentrations in the rat masseter muscle from 24
UM to 63 pM. (Cairns et al., 2007). During hypertonic saline injection into human calf
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muscles, glutamate microdialysate levels nearly double in concentration (26 — 50 uM;
Tegeder et al., 2002). Intramuscular injection of botulinum neurotoxin type A (BoNTA; 5
U/10 pl) into the female rat temporalis muscle causes an acceleration in the decline of
interstitial glutamate compared to PBS over a 3 h period (Gazerani et al., 2010a).
Furthermore, BONTA decreases SNAP-25 content in the temporalis muscles and BoNTA’s
effect on interstitial glutamate concentration may be due to inhibition of vesicular release of
glutamate and/or other neuroactive substances from muscle primary afferents (Gazerani et
al., 2010a).

during inflammation

Inflammation and/or tissue damage causes elevated glutamate release from primary afferents
(Fig. 5) leading to increased activation of excitatory amino acid receptors in peripheral tissue
(described in subsequent sections). For example, intraplantar (i.pl.) injection of formalin
causes activation of TRPA1 receptors on primary afferents followed by sensitization of
afferents by inflammatory mediators (Bautista et al., 2006; McNamara et al., 2007).
Following formalin i.pl. injection, glutamate levels increase subcutaneously by nearly 200%
in the rat glabrous hindpaw. Levels increase within minutes of formalin injection and remain
elevated for 3 h (Omote et al., 1998). Skin injury by barrier disruption of the epidermis
causes glutamate elevation at the epidermal basal layer possibly from sensory afferents in
the dermal plexus (Fuziwara et al., 2003). Experimental osteoarthritis in rats and rabbits by
anterior cruciate ligament transection causes glutamate concentrations in knee joint
dialysates to increase for several weeks. In rats, glutamate levels increase over 90% by
twenty weeks of osteoarthritis (Jean et al., 2005). In rabbits, glutamate levels steadily rise
until, after thirty weeks of osteoarthritis, dialysates are elevated over 200% compared to
control (Jean et al., 2008). Intra-articular injection of parecoxib, cyclooxygenase-2 inhibitor,
or hyaluronic acid (100 pg, 1x/week, 5 weeks) reduces glutamate levels in osteoarthritic
knees (Jean et al., 2006, 2007).

Glutamate levels also are altered acutely after knee inflammation. Within 4 h of kaolin and
carrageenan inflammation, the number of glutamate-IR axons in the monkey medial articular
nerve increases from 25% to over 60%. This increase occurs primarily in unmyelinated (C)
to lightly myelinated (A8) axons (Westlund et al., 1992). In similar knee joint inflammation
in rat, glutamate concentration doubles in synovial fluid within minutes and remains
elevated for over 2 h. Administration of lidocaine to the knee joint prevents elevation
indicating that joint nerve terminals may be major contributors of the increased glutamate
concentration induced by inflammation (Lawand et al., 2000). Inflammation-induced
glutamate elevation has been confirmed in humans during chronic arthritis. Synovial
glutamate concentrations from synovitis patients are over fifty times the concentration from
non-arthritic control autopsy collections (McNearney et al., 2000, 2004).

5. Localization of excitatory amino acid receptors

5.1. Excitatory amino acid receptors

Release of glutamate in the periphery would warrant the presence of EAARs for biological
function (Fig. 5). DRG neuronal cell bodies synthesize a number of EAARs (Sato et al.,
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1993; Petralia et al, 19944, b; Ohishi et al., 1995a,b; Li et al., 1996; Kinoshita et al., 1998;
Walker et al., 2001; Marvizon et al., 2002) and one site of action for glutamate could be the
peripheral primary afferent terminal. EAARS have been localized to primary afferents and
peripheral tissues with immunohistochemistry and have been evaluated with
electrophysiology, behavior, and cellular assays. This section will focus on anatomical
localization with immunohistochemistry and peripheral effects will be examined later.

5.2. Receptor subtypes

EAARs are classified into two major categories: ionotropic receptors and metabotropic
receptors. There are three ionotropic receptors: N-methyl-D-aspartate (NMDA), a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate (KA). [Note: NMDA and
AMPA are specific agonists for their respective receptors, however, kainate binds to both
KA and AMPA receptors (Huettner, 1990; Lodge, 2009; Fenwick & Oswald, 2010)].
lonotropic EAARS are heterotetramers allowing for a variety of receptor subtypes. NMDA
receptors (NMDAR) are composed of NR1 and NR2 subunits with at least eight NR1
variants produced from alternative splicing of NR1 RNA. The ion channel of the NMDAR is
blocked by magnesium by a voltage-dependent mechanism, but upon depolarization Mg2*
leaves the channel and the ion channel conducts Ca2* and Na*. AMPA receptors (AMPAR)
consist of GluR1-4 subunits and are permeable to Na* (and Ca2* when GIuR2 absent) when
the nerve membrane depolarizes. There are five subunits (KA1-2, GluR5-7) for kainate
receptors (KAR) and these receptors are permeable to Na*. Metabotropic glutamate
receptors (MGIUR) are G-protein coupled receptors and are categorized into three groups:
Groups I, 11, and I11. Group | (mGIuR1, 5) are located postsynaptically, are coupled to Gq to
stimulate phospholipases, and modulate excitatory actions of glutamate. Groups Il (mGIuR2,
3) and 11l (mGIluR4, 6-8) are located presynaptically, are coupled to Ga.i to inhibit adenylate
cyclase, and modulate inhibitory actions of glutamate.

5.3. lonotropic receptor axonal localization

First indication that EAARs are transported peripherally in sensory axons came from studies
of vagal afferents (Lewis et al., 1987; Cincotta et al., 1989). Subsequent to these
investigations, transport of EAARs in somatic afferents has been demonstrated. Following
rat sciatic nerve ligation for 48 h, NR1-ir accumulates proximal to the ligature indicating
peripheral transport of NR1 from DRG to sciatic nerve (Liu et al., 1994). Ultrastructural
analysis of NR1- (NMDAR), GIuR1- (AMPAR), and GIuR5-7- (KAR) ir in rat sural and
plantar nerves indicates that both myelinated and unmyelinated axons have ionotropic
EAAR-ir (Coggeshall & Carlton, 1998). In rat sural nerve, 48% of myelinated and 21% of
unmyelinated axons have NR1-ir, whereas 56% of myelinated and 30% of unmyelinated
appear labeled in plantar nerve. GIuR1-ir occurs in 28% of myelinated and 8% of
unmyelinated axons in sural nerve and, in plantar nerve, 66% of myelinated and 17% of
unmyelinated. For GIuR5-7-ir, 11% of myelinated and 7% of unmyelinated sural axons and
64% and 44% of plantar axons are labeled (Coggeshall & Carlton, 1998). NR1-, NR2B-,
GluR1-, GluR2/3-, and GIuR5-7-ir occur in unmyelinated nerve fibers beneath the dermal—
epidermal junction in both rat glabrous and hairy and human hairy skin (Carlton et al., 1995;
Coggeshall & Carlton, 1998; Kinkelin et al., 2000; Gazerani et al., 2010b). In rat, 5-30
unmyelinated (C) axonal fibers occur in bundles below the dermal-epidermal junction and
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EAAR-ir occurs in a subpopulation (17-21%) of these axons (Coggeshall & Carlton,
1998a). GIuR1-ir accumulates with round clear vesicles in these unmyelinated axons
indicating AMPAR transport with putative glutamate containing neurotransmitter vesicles
(Carlton et al, 1995). Many muscle afferents in the female rat temporalis muscle have
NR2B-ir (~70%) and approximately half of these contain SP or CGRP (Gazerani et al.,
2010a). In rat facial skin, over 50% of cutaneous afferents in rat contain NR2B-ir (Gazerani
etal., 2010b). In human hairy skin, ~20-25% of unmyelinated axons below the dermal-
epidermal junction contain EAAR-ir, as well as some nonmyelinating Schwann cells
(Kinkelin et al., 2000). Sensory nerves in human tendon appear to contain NR1 in areas with
high levels of acetylcholinesterase (Alfredson et al., 2001a).

AIlA, induced with complete Freund’s adjuvant (CFA), in rats causes the number of
peripheral axons with EAAR-ir to increase (Carlton & Coggeshall, 1999; Du et al., 2003,
2006). Increased numbers of EAAR-IR axons occur within two days of inflammation,
remain elevated for seven days, but return to normal numbers by day fourteen. Cutaneous
digital nerves in rat hindpaw have 48%, 22% and 27% of the unmyelinated axons labeled for
NR1, GluR1, and GIuR5-7, respectively, under control (contralateral) conditions. After two
days of AIA, these percentages change to 61%, 43% and 48%. The proportions of thinly
myelinated axons with EAAR-ir also change from 43%, 42% and 28% for NR1, GIuR1, and
GIuR5-7, respectively to 61%, 61% and 43% (Carlton & Coggeshall, 1999). KARs (GIuR5-
7) comprise 28% of unmyelinated axons in digital nerves from naive control rats and this
proportion increases to 40% at two days AIA (Du et al., 2006). In a similar study, digital
nerves from control naive rats have NR1 in 47% of unmyelinated axons, but this percentage
elevates to 64% and 69% after two to seven days AlA (Du et al., 2003). Phosphorylation of
the NR1 subunit at the serine-896 site by kinases causes the NMDAR to be unblocked by
Mg?2* under resting membrane potential conditions (Chen & Huang, 1992; Xiong et al.,
1998; Lan et al., 2001). Following peripheral stimulation with noxious heat, there is a rapid
phosphorylation of NR1 in the spinal cord leading to sensitization of spinal cord neurons
and excessive pain (Brenner et al., 2004). Some NR1 is phosphorylated in nerve fibers of the
dermal plexus in naive rats, indicating that activation of NMDAR may not be voltage
dependent in some peripheral afferents (Miller & Aluwalia, unpublished observations).

5.4. Metabotropic receptor axonal localization

Metabotropic glutamate receptors are produced in many DRG neurons, can be co-expressed,
and are altered in amount during nerve injury (Li et al., 1996; Carlton et al, 2001; Walker et
al., 2001; Hudson et al., 2002; Carlton & Hargett, 2007). Transection or ligation of rat sciatic
nerves causes accumulation of mGIluR5-ir indicating transport from the DRG cell body to
the periphery (Hudson et al., 2002). Ultrastructural analysis of rat digital nerves indicates
that ~30% of unmyelinated axons contain mGluRa- and mGIuR 2/3-ir, 22% of myelinated
axons have mGluRa-ir, and 30% of myelinated axons have mGIuR 2/3-ir (Zhou et al.,
2001). Following transection of sciatic nerve and neuropathy by partial nerve section,
mGIuR5-ir increases in the lesioned nerve. Furthermore, neuropathy by L5 spinal ligation
causes elevated mGIuR5-ir in the L5 spinal nerve and in the undamaged L4 spinal nerve.
These alterations occur in myelinated (A8) fibers, whereas unmyelinated fibers appear not to
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change (Hudson et al., 2002). In rat skin, mGIuR5 is localized to dermal nerve bundles and
intraepidermal nerve fibers (Walker et al., 2001).

5.5. Peripheral localization

Based on glutamate and glutamate receptor studies, it would be likely that glutamate,
released by noxious stimuli from sensory afferents, would interact with EAARS on
autologous or nearby terminals (Fig. 5). Evidence for this interpretation will be explored
further in the next section. In addition, glutamate receptors, ionotropic and metabotropic, are
located on some peripheral tissues and glutamate release from primary afferents could
influence their function. Examples of peripheral tissues with EAARs include stomach, lung,
lymphocytes, uterus, heart, osteoclasts, osteocytes, osteoblasts, synoviocytes, and
keratinocytes (Tsai & Wu, 2005; Said, 2005; Haas & Schauenstein, 2005; Spencer et al.,
2005; Gill & Pulido, 2005; Ghosh et al., 2007; Flood et al., 2007; McNearney et al., 2010).
In the human and rodent skin, NR1 (NMDAR) is present in keratinocyes with a high
expression in stratum granulosum (Fuziwara et al., 2003; Fischer et al., 2004a,b; Miller &
Aluwalia, unpublished data). These NMDARSs appear to be related to maintenance of the
cutaneous barrier (Fuziwara et al., 2003) and, during skin disease, NR1 levels decrease in
the upper epidermal cells (Fischer et al., 2004b). There is a high degree of phosphorylation
of NR1 (serine 896) in rat keratinocytes primarily in stratum spinosum (Miller & Aluwalia,
unpublished observations). This suggests that the action of endogenous ligands, e.g.,
glutamate, may have more affect in the middle of the epidermis than outer epidermis where
NR1 is concentrated.

6. Peripheral effects of glutamate: electrophysiology (Table 1)

6.1. Ventral root potentials

The electrophysiological actions of glutamate and EAAR agonists first were studied
indirectly by recording the ventral root potentials in an isolated spinal cord-tail preparation
in neonatal rat. Nociceptive afferents in neonatal rat tail skin are activated by L-glutamate
(EDsgg = 136 pM) to produce nociceptive reflexes, but not D-glutamate or other L-amino
acids (Ault & Hildebrand, 1993a,b,c). Peripheral application of kainate (10-300 uM) and
domoate (0.1-10 uM), KAR agonists, produce ventral root responses that are comparable to
bradykinin (0.1-10 uM) and capsaicin (0.3-10 pM), but quickly diminish when applied
continuously (Ault & Hildebrand, 1993b). Kainate’s actions can be inhibited by application
of DNQX (10-100 uM), a KAR antagonist. AMPA (0.1-1 mM) and quisqualate (0.1-1
mM), mixed AMPAR/mGIuUR agonist, also activate peripheral afferents, but at lower potency
than kainate. NMDA (1 mM) is ineffective in this preparation (Ault & Hildebrand, 1993b).
Capsaicin’s effects can be diminished by peripheral application of EAAR antagonists
indicating interaction between EAARS and TRPV1 (Ault & Hildebrand, 1993c). DNQX
(0.1-30 pM) and CNQX (0.1-100 pM), AMPAR antagonists, block nociceptive activity
induced by capsaicin and AP-5 (100 uM), NMDAR antagonist, reduces nociceptive
potentials. DL-AP4 (3-300 pM), non-selective EAAR antagonist, kynurenic acid (1-300
UM), non-selective AMPAR/NMDAR antagonist, and L-AP4 (3-300 uM), group Il mGIuR
agonist, also inhibit nociceptive potentials as well as non-nociceptive responses (Ault &
Hildebrand, 1993c).
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6.2. In vitro skin—nerve recording

The effects of glutamate and EAARS have been studied more directly with an in vitro
glabrous skin—nerve preparation, i.e., rat hindpaw skin with intact medial and lateral plantar
nerves (Du et al., 2001, 2003, 2006). Application of L-glutamate to the skin in ascending
concentration causes excitation of both A8 and C fibers, but not A fibers. There is a bell-
curve dose response for A and C fibers with a maximal response at 300 UM (range: 10—
1000 pM). Glutamate typically causes an increase in activity within 30 s of application and
its effect lasts longer than the application period (2 min). Only 43% of A6 fibers respond to
ascending concentrations of glutamate, but 60% respond to the 300 uM application. For C
fibers, 67-68% of these respond to ascending concentrations and 300 uM of glutamate. The
application of 300 uM glutamate sensitizes most A8 (90%) and C (92%) fibers to heat
stimulation. This sensitization includes a decrease in the threshold for stimulation: 44.1 to
41.7 °C for A6 fibers and 42.3 to 40.5 °C for C fibers. Furthermore, the fibers show
increases in discharge rate and “mean peak instantaneous frequency.” The mechanical
threshold for afferent fibers, however, is not altered following glutamate application (Du et
al., 2001).

The role of the NMDA receptor also has been evaluated in the in vitro glabrous skin—-nerve
preparation (Du et al., 2003). An ascending concentration of NMDA (0.01-3.0 mM) excites
nearly half of the normal C nociceptors (48%), while over three quarters (80%) are activated
from inflamed skin. This activation occurs in a dose dependent fashion. Using 1.0 mM
NMDA, C fibers are activated and sensitized in both normal and inflamed skin. A second
application of NMDA causes an increase in discharge rate in normal (0.12 to 0.25
impulses/s) and inflamed (0.22 to 0.34 impulses/s) nociceptors. These increases are
prevented when MK-801 (0.03 mM), NMDAR antagonist, is co-applied and decreases the
activity of inflamed C fibers to near normal levels (0.16 impulses/s). The second application
of NMDA also increases the number of activated fibers in normal (100%) and inflamed
(88%) rats and MK-801 (0.03 mM) blocks this increase, 55% in control skin and 12.5% in
inflamed skin. The NMDAR on primary afferents also is involved in heat sensitization. After
NMDA application, the mean threshold for heat is reduced to 40.1 °C (design: heat stimulus,
NMDA application, 2nd heat stimulus). The mean discharge rate also increases from 1.6 to
2.2 impulses/s. NMDA decreases the mean heat threshold in inflamed skin to 39.1 °C.
Discharge rates in inflamed skin after a second heat stimulus are not altered by NMDA (Du
et al., 2003).

The in vitro glabrous skin—nerve preparation has been used to study the interaction of
TRPV1 and group Il mGIuR receptors on peripheral afferents (Carlton et al., 2009).
Capsaicin (0.05%) application to the receptive field causes excitation in C fibers (C
mechanoheat) and co-administration of (2R,4R)-4-aminopyrrolidine-2,4-dicarbox-ylate
(APDC; 1.0 uM), group Il mGIuR agonist, attenuates the capsaicin-evoked response. The
APDC effect exposes two phases in the capsaicin-elicited activity. When capsaicin is co-
applied with APDC an initial phase of activity still occurs, but a later phase of excitation
during a 2 min application is diminished. Administration of capsaicin, APDC, and (2S)-2-
amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl)propanoic acid (LY 341495; 1.0
uUM), group Il mGIuR antagonist, produces robust excitation of C fibers (Carlton et al.,
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2009). The interaction of the group Il mGIluRs and TRPV1s may occur by modulation of the
cAMP/PKA pathway (Carlton et al., 2009). Application of forskolin (5 uM) sensitizes the C
fibers (C mechanoheat) by reducing the thermal threshold from 43 °C to 39 °C. Co-
administration of forskolin with H89 (10 uM), PKA inhibitor, or APDC (0.5 pm) blocks the
sensitization of C fibers (Carlton et al., 2009). There also is an interaction between SP and
glutamate on A8 and C fibers (Zhang et al., 2006). Co-admininstration s.c. of SP (1 pmol/l,
10 pl) with glutamate (10 pmol/l) increases A8 and C fiber mean discharge from ~5
impulses/minute to ~18 impulses/minute and activates over 80% of fibers from ~30% with
glutamate alone (Zhang et al., 2006).

6.3. Additional in vitro studies

Other in vitro studies give further evidence for glutamate’s activation/sensitization of
primary afferents and KARs have been explored as one of the ionotropic EAARS producing
these responses (Davies et al., 1979; Evans, 1980, 1985; Agrawal & Evans, 1986; Hawkins
etal., 1991; Du et al., 2006). A number of studies in rats, toads, and frogs show that
glutamate and kainate depolarize primary afferents in dorsal roots (Davies et al., 1979;
Evans, 1980, 1985; Agrawal & Evans, 1986; Hawkins et al., 1991; Pook et al., 1993).
Isolated dorsal roots from neonatal rats are depolarized selectively by L-glutamate and
kainate and blocked by CNQX and NBQX. Quisqualate is less active than kainate and
NMDA has no effect (Agrawal & Evans, 1986; Pook et al., 1993). Kainate also depolarizes
afferents in adult dorsal roots and peripheral nerves (Agrawal & Evans, 1986). The in vitro
rat glabrous skin-nerve preparation (described above) has been used to further explore the
actions of kainate in normal and inflamed skin (Du et al., 2006). In these studies,
inflammation is created by i.pl. injection of CFA (25 pl) and animals are evaluated at 48 h
post-injection. An ascending concentration series (0.01-3 mM) of kainate excites most C
fiber nociceptors (89%) in a dose dependent manner from naive rats (Fig. 6). Fibers are
excited during the 2 min of application with many having an irregular firing pattern after
removal of kainate. Following 48 h of inflammation with CFA, C fiber nociceptors have
elevated background activity, but kainate still excites most fibers (75%) in a dose dependent
fashion (Fig. 6). At 1 mM, the peak discharge in control rats is 0.10 impulses/s, whereas it is
0.22 impulses/s in inflamed rats. When comparing normal to inflamed C fibers, kainate
concentrations (0.01-3 mM) produce a 116-500% increase in activity (Fig. 6; Du et al.,
2006). Inflammatory mediators, such as glutamate, produce sensitization of the peripheral
terminal of sensory afferents (Woolf & Ma, 2007). Application of kainate (0.01-3 mM) to
both control and inflamed C fibers demonstrates that fibers in both states can be sensitized
via the KAR (Du et al., 2006). After a five minute interval between 0.3 mM kainate
applications, C fibers from controls and inflamed rats have enhanced responses above the
initial response, 54% and 24%, respectively. In controls, concurrent application of CNQX
(0.1 mM) or LY382884 (0.1 mM), KAR antagonist, with the second application of kainate
(0.3 mM) blocks the enhanced response. In inflamed tissue, concomitant application of
CNQX (0.1 mM) decreases the C fiber response by 43%, whereas LY 382884 has no effect
(Du et al., 2006). In addition to stimulation of ongoing activity, kainate also has effects on
thermal and mechanical elicited responses. In normal skin, 0.3 mM kainate decreases the
activation threshold to a heat stimulus (41.2 to 38.7 °C) and increases by 51% the firing rate
(1.8 to 2.7 impulses/s) of C fibers (design: heat stimulus, kainate application, 2nd kainate
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application, 2nd heat stimulus). C fibers from inflamed skin already have reduced heat
thresholds (39.99 °C) and kainate does not alter the threshold, but does increase the firing
rate to the heat stimulus by 24% (1.5 to 1.9 impulses/s). When given concurrently with the
second application of kainate, CNQX and LY382884 in normal skin not only antagonize
kainate’s effects to heat activation, but further decrease responses by 28% and 37%,
respectively. In inflamed skin, CNQX and LY 382884 antagonize kainate’s effects on heat
sensitization bringing responses comparable to responses of the initial heat stimulus (Du et
al., 2006).

6.4. In vivo single unit recording

The role of glutamate and EAARSs on regulating the electrical activity (single unit) of
primary afferents also has been studied in vivo (Cairns et al., 2001a, 2002a, 2003a, 2003b;
Gambarota et al., 2005; Tian et al., 2005; Dong et al., 2007, 2009; Lam et al., 2009a;
Gazerani et al., 2010a,b; Hakim et al., 2011; Luo et al., 2010). In vivo injection of 1.0 M
(100 pl) glutamate into the rat masseter muscle evokes trigeminal nerve fiber activity with a
half-life of 76 s similar to the half-life (108 s) of glutamate clearance from the muscle
(Gambarota et al., 2005). Injection of 0.5 M (10 pl) glutamate into the rat masseter evokes
activity in almost all A8 nociceptive afferents (86%) that project to the spinal trigeminal
nucleus (caudalis or upper cervical segments; Cairns et al., 2001a). Afferent activity is
induced with a latency of 3—10 s and duration of 10-1800 s. Glutamate produces the largest
activity in afferents with the slowest conduction velocities (2-5 m/s). In female rats, the peak
response and overall afferent discharge to glutamate (382 spikes/min; 494 spikesxmin) is
much greater than in males (42 spikes/min; 43 spikesxmin; Cairns et al., 2001a). Injection of
0.1 M (10 pl) glutamate into the rat masseter muscle evokes activity of 40% of muscle
afferents, whereas 1.0 M glutamate (10 pl) causes activation of all afferents along with
increases in rate, duration, and overall discharge (afferent conduction velocity: 2.7-45.7 m/s;
Cairns et al., 2002a). Co-administration with kynurenate (0.1 M, 10 ul), EAAR antagonist,
blocks or diminishes overall discharge and discharge duration, but does not alter increases in
rate of discharge (Cairns et al., 2002a). In afferents that project to caudal brainstem, overall
discharge induced by glutamate (1.0 M, 10 pl) is greater in females compared to males
(Cairns et al., 2002a, 2003a). Injection of 1.0 M (10 pl) glutamate in the masseter also
decreases (48%) the mechanical threshold (von Frey anesthesiometer) to activate muscle
afferents for over 30 min. No difference occurs between sexes for the glutamate induced
alteration in mechanical threshold (Cairns et al., 2002a). The duration of lidocaine block (37
mM, 10 pl) of afferent activity is shortened in rats receiving masseter injection of glutamate
compared to isotonic saline injection (Cairns et al., 2003a). Kynurenate (0.1 M, 10 pl)
blocks the decrease in mechanical threshold and the decreased duration of lidocaine block
(Cairns et al., 2002a, 2003a). Intramuscular injection of glutamate (1.0 M, 10ul) into the
female rat temporalis muscle causes sensitization of muscle nociceptors and this effect is
attenuated by BONTA (Gazerani et al., 2010a).

The NMDAR participates in glutamate induced activation of masseter muscle afferents
(Cairns et al., 2003b; Dong et al., 2007, 2009). For example, when NMDA (0.5-1600 mM,
10 pl) is injected into the rat masseter muscle, an increase occurs in muscle afferent
discharge in a dose related manner (Cairns et al., 2003b; Dong et al., 2007, 2009). The
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cumulative discharge of all afferents is greater in females compared to males at 160 mM
NMDA and is greater for females versus males at 160 and 1600 mM in slowly conducting
afferents (Dong et al., 2007). In addition, female rats with estrogen levels of >60 pg/ml have
a greater dose response (leftward shift) to NMDA for slow-conducting afferent activity than
males and females with low estrogen levels of <60 pg/ml (Dong et al., 2007). When all
afferent activity is compared after 0.5 M NMDA (10 pl) injection, female rats with estrogen
levels >120 pg/ml or ovariectomized rats with 282 pg/ml (5.0 pg/day) have greater activity
compared to females with <60 pg/ml estrogen or ovariectomized rats with 132 pg/ml (0.5
pg/day). Likewise, ovariectomized rats with high estrogen replacement (5.0 pg/day) have
greater activity after 0.5 M NMDA (10 pl) injection compared to ovariectomized rats with
low estrogen replacement (0.5 ug/day; Dong et al., 2007).

Following an initial excitation with glutamate (0.5 M, 10 ul), co-administration of NMDAR
antagonists, 2-amino-5-phosphonvalerate (APV, 1-100 mM), ketamine (1-20 mM), and
dextromethorphan (1-40 mM), dose dependently decreases the afferent activity caused by a
second application of glutamate (0.5 M, 10 ul; Cairns et al., 2003b). In addition, co-
application of APV and ketamine decrease evoked afferent activity from a second
application of hypertonic saline (10 ul; Cairns et al., 2003b). Co-injection of ketamine (1-20
mM) and ifenprodil (100 mM), a non-competitive NR2B antagonist, decrease afferent
activity after a second injection of NMDA (0.5 M, 10 pl; Dong et al., 2007). A systemic
dose of monosodium glutamate (50 mg/kg) reduces the mechanical threshold of masseter A&
fibers and preadministration of ketamine (1 mg/kg) prevents this decrease in threshold
(Cairns et al., 2007). Diclofenac (0.1 mg/ml, 10 pl), a prostaglandin synthesis inhibitor,
attenuates the cumulative nociceptor discharge and mechanical threshold when co-
administered with a second injection of NMDA (0.5 M, 10 pl) with or without prostaglandin
E, (0.1 mg/ml) into the masseter (Dong et al., 2009). The dose response to a second
injection of NMDA (50-1600 mM, 10 pl) is decreased (rightward shift) in the presence of
diclofenac (0.1 mg/ml, 10 pl; EC5q = 141 mM NMDA alone; EC5p = 539 mM NMDA
+diclofenac) indicating a competitive action of the drug (Dong et al., 2009). Diclofenac (0.1
mg/ml, 10 ul) also attenuates TNFa-induced (1 pg, 10 pl) mechanical sensitization of
masseter nociceptors, whereas APV (10-50 mM, 10 pl) is ineffective (Hakim et al., 2011).

The NMDAR also influences activity of temporalis muscle afferents (Dong et al., 2006,
2009; Gazerani et al., 2010a). Co-administration of APV (20 mM, 10 pl) with glutamate (1.0
M) into the female rat temporalis muscle blocks glutamate-induced sensitization of muscle
nociceptors (Gazerani et al., 2010a). Injection of NMDA (50-1600 mM, 10 pl) into the
temporalis muscle in rats produces an increase in afferent discharge only at the highest dose
(Dong et al., 2006). Unlike the masseter, there is no difference between sexes in response to
NMDA injection into the temporalis. For fibers that respond to injection of 0.5 M NMDA
(10 pl), a second injection (30 min) of the same dose causes an afferent discharge response
half as large as the first. Co-administration of ketamine (10-20 mM, 10 ul) with the second
NMDA injection (0.5 M, 10 pl) suppresses the NMDA-evoked afferent discharge (Dong et
al., 2006). Similar to the response in the masseter, diclofenac (0.1 mg/ml) decreases the
nociceptor discharge when co-administered with a second injection of NMDA (0.5 M, 10 pl;
Dong et al., 2009).
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Injection of 0.5 M glutamate (10 pl) into the rat temporomandibular joint (TMJ) causes
activation of half to three quarters of TMJ afferents (Cairns et al., 2001b; Lam et al., 2009a).
Many afferents are in the slow A8 range (~6.5 m/s) and all project to the caudal spinal
medulla or upper cervical spinal segments (Cairns et al., 2001b,c). A robust, prolonged
action potential discharge (30-1800 s, 103 spikes/min) is evoked in slow (<10 m/s) A&
afferents, but a brief discharge (5-20 s; 10 spikes/min) in fast (>10 m/s) AS afferents. Sex
differences occur with glutamate evoking greater discharges in slow Ab afferents from
females than from males regardless of the estrous cycle stage (Fig. 7; Cairns et al., 2001b).
In a separate set of experiments, 0.5 M glutamate (10 pl) injection into the TMJ activates
both A6 (39%) and C (60%) deep, mechanosensitive afferents (43% total; Lam et al.,
2009a). The mechanical activation threshold (MAT) is reduced from 33 g to 20 g in about
half of the afferents (A8 — 48%; C — 40%). The MAT is not reduced in half of the
glutamate sensitive afferents and some afferents (44%) with no discharge in response to
glutamate have a reduced MAT. Interaction between EAARs (glutamate, 0.5 M, 10 ul) and
TRPV1 (capsaicin, 1%, 10 pl) also occurs in some TMJ primary afferents. Four groups of
glutamate/capsaicin responsive afferents from TMJ can be identified: 1. glutamate and
capsaicin sensitive (15%); 2. glutamate and capsaicin insensitive (18%); 3. glutamate
sensitive and capsaicin insensitive (30%); 4. glutamate insensitive and capsaicin sensitive
(37%). After an initial glutamate injection (0.5 M, 10 pl) into the TMJ, capsaicin (1%, 10 pl)
activates some afferents (33%) with increases in response magnitude and peak frequency,
but no changes in response latency or duration. Glutamate, however, does not change the
activity or the MAT of afferents following a preadministration of capsaicin (Lam et al.,
2009a).

Injection of glutamate (0.01-1.0 M; 10 pl) into the facial cutaneous field of TG A neurons
decreases the mechanical threshold (von Frey) for 10 min with female rats more sensitive
(ECsg = 16 mM) than males (ECsq = 73 mM). APV attenuates the decrease in threshold and
the effect is greater in males than females (Gazerani et al., 2010a). Antidromic electrical
stimulation of rat Tg nerve causes increased spontaneous activity in AR, AS and C fibers of
T1g nerve, an effect that can be blocked in the T cutaneous field by MK-801 and DNQX
(0.1 mM, 10 pl; Fig. 8; Cao et al., 2007). Injection of glutamate s.c. (0.3 mM, 10 ul) into
cutaneous field of Tg_1o primary afferents increases the excitation of most As (73-78%) and
C (81%) fibers (Tian et al., 2005; Luo et al., 2010). Morphine (1.0 mM) blocks glutamate-
induced activity and naloxone inhibits morphine’s effect (Tian et al., 2005). Octreotide (20
uM), somatostatin analogue, attenuates the glutamate-evoked activities of A and C fibers,
an effect that is blocked by cyclo-somatostatin (128 uM), somatostatin receptor antagonist
(Luo et al., 2010).

6.5. In vivo extracellular recording of dorsal horn neurons

Nociceptive primary afferents terminate in the spinal trigeminal or spinal dorsal horn where
glutamate is released to activate dorsal horn neurons (Millan, 1999). For the trigeminal
system, most spinal trigeminal, dorsal horn neurons (86%) with a cutaneous receptive field
over the TMJ are activated when 0.5 M glutamate (10 pl) is injected into the TMJ (Lam et
al., 2009b). Dorsal horn neurons are activated within 5 s of glutamate injection and the effect
lasts for ~2 min. Glutamate also causes a reduction in MAT within 20-20 min in many
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neurons (57% TMJ MAT; 64% cutaneous MAT) and an expansion of the cutaneous receptive
field in almost all (93%) dorsal horn neurons. Evaluation of the peripheral effect of
glutamate on capsaicin stimulation also can be observed in dorsal horn electrical activity.
After glutamate injection (0.5 M, 10 pl) in the TMJ, capsaicin (1%, 10 ul) activates almost
all (92%) neurons and increases the response magnitude, peak frequency, and response
duration while decreasing the response latency. The second injection with capsaicin (1%, 10
ul) does not affect the MAT from TMJ, but does reduce the cutaneous MAT. This
preadministration effect of glutamate is similar to pretreatment with capsaicin followed by a
second application of capsaicin. Cutaneous field expansion is significantly less when the
TMJ is pretreated with capsaicin followed by glutamate injection. This may illustrate a
desensitization of the afferents due to strong activation of the TRPV1 receptor by capsaicin
(Lam et al., 2009b).

The role of ionotropic and metabotropic glutamate receptors on peripheral afferents also has
been investigated with single unit recording of feline and rat dorsal horn neurons (Chen et
al., 1999a; Wang et al., 2000; Walker et al., 2001; You et al., 2002). Injection i.pl. (20 ul) of
0.1-10 mM 2-amino-5-phosphonopentanoic acid (AP5) and 0.01-1.0 mM DNQX dose
dependently reduces C-fiber evoked responses in most wide-dynamic range (WDR) neurons
(Wang et al., 2000). This attenuation occurs within 1 min of application and lasts for 10 min.
When injected i.pl. after 3 h of carrageenan inflammation, AP5 and DNQX again dose-
dependently reduce C-fiber evoked responses (Wang et al., 2000).

Injection of bee venom (BV; Apis mellifera; 0.2 mg/50 pl) into the cat hindpaw causes a
local inflammatory response (Chen et al., 1999a). Activated peripheral afferents carry this
‘inflammatory’ information to the spinal dorsal horn causing an increase in firing in WDR
neurons for over 1 h. i.pl. pretreatment (10 min) with AP5 (10 mM; 200 pg/100 pi),
NMDAR antagonist, or CNQX (357 mM; 8.3 ug/100 ul) blocks the BV-induced activity in
WDR neurons. Post-treatment (10 min) with AP5 (10 mM; 200 pg/100 pl) attenuates BV
evoked activity, but DNQX (4 mM; 100 ug/100 pl) does not. This may indicate that
peripheral NMDA receptors are involved in the initiation and maintenance of persistent
activity in WDR neurons, whereas AMPA/KA receptors may be involved only in induction
of activity (Chen et al., 1999a).

BV s.c. injection (0.2 mg/ml) in the rat hindpaw also causes increases in WDR activity for
over an hour (You et al., 2002). Pre-injection s.c. (10 min) of AP5 (10 mM, 50 ul) or MK
801 (2 mM, 50 pl) reduces BV-induced WDR activity. Post-administration (10 min) of MK
801 (2 mM, 50 pl) into the BV inflamed field also reduces activity of WDR neurons,
whereas post-treatment with AP5 (10 mM, 50 pl) has no effect on WDR activity. CNQX (5
mM, 50 pl) has no effect on WDR activity administered before or after BV injection (You et
al., 2002). WDR neuronal activity has been used to study the stimulation of mMGIuR5
receptors on rat primary afferents (Walker et al., 2001). i.pl. injection of (S)-4-carboxy-
phenylglycine (CHPG; 20 mM, 100 nmol/5 ul), mGIuR5 agonist, into the peripheral
receptive field increases the frequency and duration of firing in WDR spinal dorsal horn
neurons. Co-application of 2-methyl-6-(phenylethynyl)-pyridine (MPEP; 20 mM, 100
nmol/5 pl), mGIuR5 antagonist, blocks CHPG induced activity (Walker et al., 2001).
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7. Peripheral effects of glutamate: biophysical

A large body of biophysical evidence demonstrates glutamate’s numerous effects in the
periphery. In the spinal cord, presynaptic regulation of glutamate release from primary
afferent fibers involves activation of EAARSs by glutamate (Kerchner et al., 2001; Huettner et
al., 2002; Lee et al., 2002; Bardoni et al., 2004; Park et al., 2004) and a similar phenomenon
may occur at the peripheral terminal (Table 2).

7.1. Interaction with TRPV1

Capsaicin induced release of glutamate is regulated by EAARSs in peripheral tissue (Jin et
al., 2009). Injection of i.pl. capsaicin (3 mM, 50 ul), TRPV1 agonist, into the rat hindpaw
causes a 300% increase in interstitial glutamate that is suppressed by preadministration (30
min) of capsazepine (30 mg/kg, s.c.). Co-injection of MK801 (1 mM) or NBQX (5 mM)
also blocks capsaicin-induced (3 mM, 50 pl) glutamate release. Antagonism of mGIuR1
with 7-(hydroxyimino) cyclopropa[b]chromen-la-carboxylate ethyl ester (CPCCOEtC; 5
mM) decreases the glutamate release in response to co-injection with capsaicin (3 mM, 50
ul), whereas (2S,3S,4S)-2-methyl-2-(carboxycyclopropyl)glycine (MCCG; 5 mM, 50 pl),
group Il mGIuR antagonist, and (R,S)-a-methylserine- O-phosphate (MSOP; 5 mM, 50 ul),
group 111 mGIuR antagonist, have no influence. The inhibitory effects of both ionotropic and
group | metabotropic EAAR antagonists last for 2-3 h post-administration (Jin et al., 2009).

7.2. Adenosine release

Glutamate regulates the release of adenosine in the periphery from primary afferent nerve
terminals (Liu et al., 2002; Aumeerally et al., 2004). Adenosine is presumed to inhibit
further release of glutamate and/or other neuroactive substances, such as substance P, from
primary afferents. 1.pl. injection of L-glutamate (0.6 mM — 2.0 M; 0.03-100 umol/50 pl) into
the rat hindpaw promotes subcutaneous release of adenosine in a dose-dependent manner
(Liu et al., 2002). The response is rapid and transitory, occurring within 10 min following
injection. Co-application of MK-801 (20, 200 uM; 1, 10 nmol/50 pl) or CNQX (200 uM; 10
nmol/50 pl) block the glutamate (20 mM; 1 pmol/50 pl) evoked release of adenosine.
Pretreatment with capsaicin (3 days s.c.: 30 mg/kg, 50 mg/kg, 70 mg/kg) to desensitize
primary afferents inhibits glutamate’s (20 mM; 1 umol/50 pl) ability to release adenosing,
whereas 6-hydroxydopamine (3 days i.p.: 75 mg/kg) is ineffective. These results indicate
that glutamate’s effect is on primary afferent terminals and not sympathetic terminals. Co-
administration of MK801 (20, 200 uM; 1, 10 nmol) or CNQX (200 uM; 10 nmol) are
ineffective in reducing adenosine release in response to i.pl. injection (50 ul) of 5% formalin
(Liu et al., 2002). When injected separately, formalin (1.5%, 50 pl) and glutamate (20 mM; 1
umol/50 ul) produce similar increases in adenosine levels (Aumeerally et al., 2004).

7.3. CGRP release and nitric oxide production

Glutamate influences the peripheral production and release of vasoactive substances such as
CGRP and nitric oxide (Jackson and Hargreaves, 1999; Beirith et al., 2002). Superfusion of
bovine dental pulp with glutamate (1-3 mM) and NMDA (100-300 uM) produces
inconsistent release of CGRP, but AMPA (0.01-10 nM) and kainate (1-100 pM) cause
CGRP release in a dose-dependent fashion (Jackson and Hargreaves, 1999). AMPA is more
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potent (ECsq = 0.27 nM) than kainate (ECsg = 3.2 UM), but kainate has greater efficacy for
causing CGRP release (167% vs. 52%). Pretreatment with CNQX (30 uM) blocks the effect
of AMPA (1 nM) and kainate (10 uM) release of CGRP (Jackson and Hargreaves, 1999).
I.pl. injection of glutamate (0.015-1.5 M; 0.3-30 pmol/20 pl) into the mouse paw dose
dependently causes the production of nitric oxide (Beirith et al., 2002).

7.4. Edema and vasodilation

The hallmarks of inflammation are redness (rubor), swelling or edema (tumor), pain (dolor),
and warmth (calor). During neurogenic inflammation, CGRP and SP are released from
primary afferents and cause vasodilation (redness) and plasma extravasation (swelling),
respectively, in local tissues and glutamate conceivably could contribute to these processes.
Several investigations have found no or little evidence to support glutamate’s participation in
vasodilation or plasma extravasation. Administration of glutamate to rat knee joint,
subcutaneous skin, or TMJ does not cause noticeable redness, edema, or heat beyond vehicle
controls (Coggeshall et al., 1997; Lawand et al., 1997; Cairns et al., 1998; Fiorentino et al.,
1999). Intra-articular injection of MK-801 (0.3-1.5 mM, 40 ul), AP7 (0.2 mM, 100 ul),
CNQX (0.1 mM, 100 pl), or NBQX (0.25-2.5 mM, 40 pl) does not decrease knee joint
edema produced by carrageenan or kaolin/carrageenan injection (Lawand et al., 1997; Zhang
et al., 2003). Swelling of rat hindpaw by i.pl. spider or bee venom is not diminished by
pretreatment with MK-801, AP5, CNQX (Zanchet & Cury, 2003), group | mGIuR
antagonist, (RS)-1-Aminoindan-1,5-dicarboxylic acid (AIDA), or group Il or 1ll mGIuR
agonists, APDC and L-AP4 (Chen et al., 2010). Edema in rat hindpaw caused by
carrageenan is not diminished by intravenous (i.v.) administration of HA-966, NMDAR
antagonist, alone or in conjunction with niflumic acid, nonsteroidal anti-inflammatory drug
(NSAID; Buritova et al., 1996).

In contrast, glutamate (0.015-1.5 M; 0.3-30 umol/20 pl) injection (i.pl.) induces dose
dependent redness and swelling in mouse skin (Beirith et al., 2002, 2003). This effect lasts
for at least 40 min with an ED5g of 0.025 M (0.5 pmol/20 pl; Beirith et al., 2002).
Pretreatment (30 min) with Chicago (pontamine) sky blue 6B (100 ug/kg, i.p.), inhibitor of
vesicular glutamate uptake (Roseth et al., 1995), reduces glutamate-induced edema (Beirith
etal., 2002). I.pl. pretreatment with MK 801 (0.01-1.0 umol/paw) fails to affect glutamate-
induced (30 umol/20 ul) edema, but there is a modest reduction (17%) with i. pl. NBQX
(3.6-6.0 umol/paw). The glutamate-induced paw edema appears to have a nitric oxide
mechanism. Pre- and concurrent i.p. treatment with L®-N-nitro-arginine (NOARG), nitric
oxide synthase inhibitor (0.1-1.1 mmol/kg), reduces glutamate-induced (30 umol/20 ul)
edema and this is reversed by pretreatment with L-arginine (3.4 mmol/kg, i.p.), but not D-
arginine (Beirith et al., 2002). I.pl. co-injection of S-nitroso-A-acetyl-D,L-penicillamine
(SNAP, nitric oxide donor, 0.1-1.0 umol/20 ul) with glutamate (0.3, 10.0 umol/20 ul)
potentiates paw edema (Beirith et al., 2002). Tachykinin receptors have a role in glutamate-
induced edema. Co-administration of the NKj (tachykinin) receptor antagonist, SR 48968,
dose dependently (0.05-0.5 nmol) decreases glutamate induced edema (36%; Beirith et al.,
2003). Other antagonists have no effect: FK 888, NK4 receptor antagonist; SR 142801, NK3
receptor antagonist; CGRPg_37, CGRP receptor antagonist; bradykinin B4 receptor
antagonist, des-Arg®-[Leu®]-BK; B, receptor antagonist, HOE 140. Destruction of C fibers
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by neonatal capsaicin treatment inhibits (30%) glutamate induced edema (Beirith et al.,
2003). Furthermore, the local administration of the glutaminase inhibitor, 6-diazo-5-0xo-L-
norleucine (DON; 400 mM; 10 umol/25 pl), modestly decreases swelling in the rat hindpaw
during carrageenan induced inflammation (Hoffman & Miller, 2010).

Dilation of the middle meningeal artery via electrical stimulation is blocked by
iodowillardiine (5-20 mg/kg, i.v.), KAR GIuR5 antagonist (Andreou et al., 2009).
lodowillardiine’s effect is blocked by pretreatment with (S5)-1-(2-Amino-2-carboxyethyl)-3-
(2-carboxy-benzyl)pyrimidine-2,4-dione (UBP 302; 50 mg/kg, i.v.), GIUR5 agonist. Neither
GIuR5 agonists nor antagonists have influence on baseline vessel diameter and
iodowillardiine has no effect on CGRP-induced vasodilation (Andreou et al., 2009). In a
similar study, NMDAR antagonists, ketamine and MK801, inhibit dural vessel dilation
induced by electrical and capsaicin stimulation and ketamine attenuates CGRP-induced
dilation (Chan et al., 2010). AMPAR antagonist, GYKI152466, diminishes the response to
CGRP. KAR antagonism with LY 466195 is unable to attenuate dural dilatation with
electrical, capsaicin, or CGRP stimulation. In contrast, GYKI52466 only attenuates the
vasodilation to exogenous a-CGRP, while LY466195 does not affect the vasodilator
responses to endogenous or exogenous CGRP (Chan et al., 2010).

MK-801 is effective when given systemically (0.5 mg/kg) in reducing mustard oil (MO)
induced plasma extravasation in the TMJ, but is ineffective when administered locally (Yu et
al., 1996). Based on T, weighted magnetic resonance imaging, increased extracellular water
percentage and edema volume occurs in the rat masseter muscle following injection of
glutamate (1.0 M, 10 pl) into the rat masseter muscle (Cairns et al., 2002a, 2003b). Co-
injection of kynurenate (100 mM, 10 pl) with glutamate has no effect on edema volume, but
does decrease the percentage of peak extracellular water (Cairns et al., 2003b). Injection of
glutamate (1.0 M, 10 pl) into the masseter also produces elevated masseter blood flow that is
attenuated by co-administration with kynurenate (100 mM, 10 pl; Cairns et al., 2003b). MO
injection into the rat masseter muscle induces inflammatory edema that is attenuated with
local injection of MK-801 (0.3 mg/kg/50 ul), but does not attenuate MO-induced edema in
the rat biceps muscle (Ro, 2003).

7.5. Spinal and Trigeminal Fos

Stimulation of primary afferents induces Fos-ir in spinal and trigeminal dorsal horn neurons
(Coggeshall, 2005). Activation and antagonism of glutamate’s peripheral actions, therefore,
can be evaluated indirectly by examining Fos-ir in the dorsal horn. Glutamate (100 mM; 300
ug/20 pl) i.pl. injection causes an increase in Fos-IR neurons in superficial dorsal horn, an
action that can be inhibited by i. pl. honokiol and magnolol (10 mg/kg, i.p.; Lin et al., 2009).
NMDA (50-250 mM; 10-50 umol/200 pl) i.pl. in the rat hindpaw causes an increase in Fos-
ir in superficial and deep laminae of the spinal dorsal in a dose dependent manner (Wang et
al., 1997). NMDA’s (250 mM; 25 umol/100 pl) effect on Fos expression can be blocked
peripherally by co-administration of the nitric oxide synthase inhibitor, N®-nitro-L-arginine
methyl ester (L-NAME; 10-80 pmol/20 pl; Wang et al., 1999). Peripheral glutamate
antagonism also can be used to diminish Fos-ir following noxious stimulation. Pretreatment
and concurrent i. pl. administration of DON (400 mM; 10 pmol/25 pl), GLS inhibitor, with
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carrageenan reduces the number of Fos-IR neurons in rat superficial dorsal horn laminae by
over 50%, but not in deeper laminae (Hoffman & Miller, 2010). MK-801 (4-22 mM; 25-150
ng/20 pl) decreases, in a dose-dependent fashion, Fos-ir following 0.5% formalin (100 pl)
injection into the rat hindpaw (Wang et al., 1997). Hypertonic saline infusion or 20% MO
injection into the rat masseter muscle causes an increase in Fos-ir in the superficial dorsal
horn of the caudal spinal trigeminal nucleus. Intramuscular pretreatment with MK-801 (0.1,
0.3 mg/kg) or NBQX (1-100 nmol/10 pl) blocks or reduces this increase in Fos-ir (Ro et al.,
2004, 2007; Chun et al., 2008). Some EAAR antagonists are administered peripherally, e.g.,
intraper-itoneal (i.p.), i.v., or s.c., with the assumption that antagonism acts centrally, but
some effects could be on the peripheral terminals of primary afferents. For example, after
MO injection in the masseter, i.v. administration of MK-801 reduces Fos-ir in the spinal
trigeminal nucleus (Ro et al., 2004). MK-801 (i.p., i.v.) reduces Fos-ir in the rat and cat
caudal spinal trigeminal nuclei following experimental tooth (molar) movement, formalin
injection in whisker pad, MO injection in TMJ, and electrical stimulation of the superior
sagittal sinus (Bereiter & Bereiter, 2000; Classey et al., 2001; Otahara et al., 2003; Hattori et
al., 2004). Increases in Fos-ir by carrageenan or formalin injection in the rat hindpaw can be
diminished i.v. or s.c. HA-966 (Chapman et al., 1995, 1996; Buritova et al., 1996, 2003).

8. Peripheral effects of glutamate: animal behavior

Glutamate, released from nociceptors or exogenously applied, produces nociceptive actions
in animals and painful responses in humans. Altered nociceptive behavior often is described
in terms of response to mechanical and/or thermal stimulation. Increased response to a
noxious mechanical or thermal stimulus is termed hyperalgesia, whereas a nociceptive
response to a non-noxious stimulus is termed allodynia (Table 3).

8.1. Glutaminase deficiency

GLS deficient mice, heterozygous GLS1+/- (GLS1-/- mice die after birth), have GLS1
levels and activity that are half of wild-type (WT) mice (Masson et al., 2006). Compared to
WT, heterozygous GLS1 mice show reduced mechanical (tail pressure, von Frey) and
thermal (radiant heat, hot plate) nociceptive responses (Kayser et al., 2008). In both phases
of the formalin test, GLS1+/- mice have diminished nociceptive responses, i.e., lick, flick,
flinch, compared to WT. Although the peripheral and central afferent endings have not been
evaluated in GLS1+/- mice, the ‘low glutamatergic tone’ is most likely occurring at both
peripheral and central locations leading to diminished nociceptive responses (Kayser et al.,
2008).

8.2. Mechanical hyperalgesia/allodynia

I.p. KA administration (mice: 20 mg/kg, 100 pl; rats: 7 mg/kg, 500-800 ul) produces a
persistent hyperalgesia in mice and rats (Giovengo et al., 1999). Whereas, thermal
hyperalgesia occurs within 6 h, mechanical hyperalgesia (von Frey) does not develop until
48 h and remains for 7 weeks. No difference in responses (abdominal stretch assay) with
chemical stimulation, i.e., acetic acid (i.p.), occurs between KA or vehicle injected mice. KA
injected s.c. also causes thermal and mechanical hyperalgesia, but not when injected
intrathecally. Pretreatment of mice with CNQX (1 mg/kg) prevents the KA induced
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hyperalgesia when administered i.p., but not when given intrathecally. 1.p. pretreatment of 3-
(2-carboxypiperazine-4-yl) propyl-1-phosphonic acid (CPP; 10 mg/kg), NMDAR antagonist,
delays onset of hyperalgesia for 48 h, but intrathecal (i.t.) pretreatment has no effect. These
routes of administration indicate that KA’s effect is most likely at a peripheral site, i.e.,
primary afferents (Giovengo et al., 1999).

Injection of i.pl. glutamate in the rat hindpaw causes mechanical hyperalgesia and allodynia
in Randall-Selitto, plantar anesthesi-ometer, and von Frey filament tests (Carlton et al.,
1995; Coggeshall et al., 1997; Follenfant & Nakamura-Craig, 1992; Leem et al., 2001,
Zanchet & Cury, 2003). L-glutamate causes mechanical hyperalgesia (EDgq = 0.7 pg/paw,
Randall-Selitto), but not D-glutamate (100 pg/paw; Follenfant & Nakamura-Craig, 1992).
Using a smaller i.pl. volume, another study confirms the dose dependency of mechanical
hyperalgesia induced by glutamate (0.1-10 mM; 1-100 nmol/10 pl; Randall-Selitto; Walker
et al., 2001). Mechanical hyperalgesia after a single large dose of L-glutamate (100 pg/paw)
lasts for up to 8 days (Follenfant & Nakamura-Craig, 1992). In addition, a second challenge
of a subthreshold dose of glutamate (0.1 fg/paw) at 11 days produces mechanical
hyperalgesia lasting 24 h. Daily subthreshold doses of glutamate (0.1, 1.0 fg/paw, 2x daily)
for 4 days causes hyperalgesia on day 5 that lasts until day 10. Glutamate-induced (100 pg/
paw) hyperalgesia is blocked by AP-7 (240 mg/kg, s.c.), NMDAR antagonist, but not
DNQX (80 pg/kg, s.c.; Follenfant & Nakamura-Craig, 1992). Glutamate i.pl. injection (30
nmol/paw) produces mechanical hyperalgesia (Randall-Selitto) that is maximal at 1 h and
this effect is attenuated by concurrent administration of MK-801 (100 pmol/paw), AP5 (40
pmol/paw), or CNQX (100 nmol/paw; Zanchet & Cury, 2003). A single i.pl. injection of L-
glutamate (30 nM; 3 pmol/100 pl), but not D-glutamate, produces mechanical hyperalgesia
(plantar anesthesi-ometer) that increases over time (2 h; Leem et al., 2001). Glutamate
(0.01-0.3 mM) i.pl. causes a dose dependent mechanical hyperalgesia (39.2, 47 mN von
Frey), but at 1 mM there is little to no mechanical response due possibly to desensitization
(Carlton et al., 1995; Coggeshall et al., 1997). 1.pl. injection of 0.1 mM L-glutamate causes
mechanical allodynia using innocuous stimulation (12.5 mN von Frey) and mechanical
hyperalgesia with noxious stimuli (47 mN). Mechanical allodynia occurs at 25 min, whereas
mechanical hyperalgesia occurs by 5 min and lasts until 20 min (Carlton et al., 1995).
Pretreatment with capsazepine (120 pmol/kg, i.v.), TRPV1 antagonist, however, has no
effect on ip.l. glutamate-induced (30 nmol/paw) hyperalgesia (Randall & Selitto; Zanchet &
Cury, 2003).

Further dissection of glutamate’s effect on mechanical hyperalgesia in rat paw comes from
studies using EAAR agonists (Zhou et al., 1996; Walker et al., 2001; Du et al., 2006). For
example, i.pl. KA (0.005-1.0 mM, 20 ul) injection causes a dose-dependent reduction in
mechanical threshold (21-160 mN von Frey) with 1.0 mM kainate producing a maximal
response (Du et al., 2006). 1.pl. injection of NMDA and AMPA produce mechanical
hyperalgesia with equal potency, but with lower potency compared to glutamate (0.1-10
mM; 1-100 nmol/10 pl; Randall-Selitto; Walker et al., 2001). I.pl. administration of
NMDA, AMPA, or KA (0.001-5 mM, 20 pl) produces dose dependent mechanical
hyperalgesia (39.2 mN von Frey) within 20 min (Zhou et al., 1996). The maximal effect
occurs at 1 mM for each agonist with a sharp decrease in response at 5 mM possibly
indicating desensitization. Co-application of CNQX (1-100 pM, 20 pl) dose dependently
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blocks the 1.0 mM AMPA and KA induced mechanical hyperalgesia. AMPA’s effect is
blocked maximally with 10 uM CNQX, whereas KA’s effect is blocked with 100 uM
CNQX. NMDA’s effect is inhibited by MK-801 (1-10 puM, 20 ul) and the maximal result
occurs at 10 uM. CNQX has no effect on NDMA induced behavior and MK-801 has no
influence on AMPA or KA induced behavior. I.pl. injection of 1.0 mM (20 ul) NMDA,
AMPA, or KA produces robust mechanical hyperalgesia (18.8—-39.2 von Frey) for more than
1 h and mild mechanical allodynia (6.7-10.4 mN von Frey) for 30-40 min. Co-injection
with 10 or 100 pM (20 pl) CNQX blocks the effects of AMPA and KA, whereas 10 uM (20
ul) MK-801 blocks NMDA effects (Zhou et al., 1996). The effects of I.pl. NMDA (0.05-1
mM, 20 pl) are dose dependent with a decrease in mechanical threshold (21-160 mN von
Frey) within 30 min (Du et al., 2003).

Glutamate injected into the rat tail also produces mechanical hyperalgesia (39.2 mN von
Frey) that is dose dependent (0.1-10.0 mM, 20 pl; Carlton et al., 1998). There is a lack of
response at the highest dose, 10.0 mM, possibly due to densitization. The maximal
responsive dose, 5 mM, shows mechanical allodynia and hyperalgesia for 40 min with a
wide-range of mechanical stimulation (6.7-39.2 mN von Frey). Co-injection (20 pl) with
0.01 mM MK-801 or 0.3 mM CNQX blocks the mechanical responses to glutamate. Co-
administration with SP (0.01 mM, 20 ul) augments the mechanical hyperalgesia (18.8—-39.2
mN) compared to SP (0.01 mM) or glutamate 5 mM alone (Carlton et al., 1998).

Group | metabotropic glutamate receptor agonists also produce mechanical hyperalgesia
when injected into the rat hindpaw (Walker et al., 2001; Zhou et al., 2001). Glutamate,
CHPG, and 3,5-dihydrox-yphenylglycine (DHPG), group | mGIuR agonist, all produce
mechanical hyperalgesia (Randall-Selitto test) in a dose dependent manner (0.1-10 mM; 1-
100 nmol/10 pl; potency: glutamate>CHPG=DHPG; Walker et al., 2001). Co-administration
of 2-methyl-6-(phenylethynyl)-pyridine (MPEP; 0.3-3 mM; 0.03-0.3 mmol/10 pl), mGIuR5
antagonist, with glutamate, CHPG, or DHPG (20 mM; 0.1 umol/10 pl) causes a dose-
dependent inhibition of mechanical hyperalgesia. The mechanical hyperalgesia created by
i.pl. DHPG (10 mM; 0.1 umol/10 pl) is not affected by co-injection with (S)-4-carboxy-
phenylglycine (4-CPG; 0.3-3 mM; 0.03-0.3 mmol/10 pl; mGluR1 antagonist). L-AP4 (0.1-
10 mM; 1-100 nmol/10 pl), group Il mGIuR agonist, and LY 314582 (0.1-10 mM; 1-100
nmol/10 ul) group Il mGIuR agonist, do not produce alterations paw withdrawal (Walker et
al., 2001). I.pl. injection of (S)-3,5-dihydroxyphenylglycine (S-DHPG), mGIuR1/5 agonist,
dose dependently (0.01-1.0 mM, 20 ul) reduces the mechanical threshold (21-160 mN von
Frey; Zhou et al., 2001). S-DHPG (0.1 mM, 20 pl) induced decrease in mechanical threshold
starts within 10 min, lasts for at least 1 h, and is blocked by co-injection with 1.0 mM AIDA,
mGIuR1 antagonist (Zhou et al., 2001).

8.3. Thermal hyperalgesia

As mentioned previously, i.p. KA administration (mice: 20 mg/kg; rats: 7 mg/kg) produces
persistent hyperalgesia in mice and rats (Giovengo et al., 1999). Thermal hyperalgesia
occurs within 6 h and persists for 2-12 weeks. Withdrawal latencies decrease in both heat
(hot plate, 49° and 53 °C water bath, tail flick) and cold (=10 °C water bath) assays.
Pretreatment of mice with i.p. CNQX prevents the KA induced hyperalgesia and CPP delays
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onset of hyperalgesia for 48 h. Intrathecal administration of KA, CNQX, or CPP has no
effect indicating that KA’s effect is most likely at the peripheral primary afferent terminal
(Giovengo et al., 1999).

Glutamate injection in the rat hindpaw or tail causes thermal hyperalgesia in thermal plantar,
hot water bath, and tailflick tests (Jackson et al., 1995; Carlton et al., 1998; Peana et al.,
2004; Jin et al., 2009). I.pl. L-glutamate (0.6 mM; 30 nmol/50 pl), but not D-glutamate,
produces thermal hyperalgesia (thermal plantar) within 5 min (Jackson et al., 1995; Peana et
al., 2004). Interestingly, CNQX (2 mM; 100 nmol/50 pl) also reduces paw withdrawal
latencies in normal rats (Jackson et al., 1995). I.pl. application of glutamate, NMDA, or
AMPA dose-dependently (0.1-100 mM, 50 pl) produces thermal hyperalgesia (thermal
plantar) in the rat hindpaw within 15 min lasting for 3-4 h (Jin et al., 2009). I.pl. glutamate
(10 mM; 300 pg/20 pl) and NMDA (5 mM; 150 ug/20 ul) cause thermal hyper-algesia
(water bath, 47 °C) that starts within 5 min lasting for over 2 h (Lin et al., 2009). This
thermal hyperalgesia can be blocked by i.pl. honokiol and magnolol (0.05-1.0 pg/paw; Lin
et al., 2009). Glutamate injection (5.0 mM, 20 ul) into the tail causes thermal hyperalgesia
(water bath, 44 °C) for 10-30 min and MK-801 co-administration (0.01-0.1 mM) blocks the
glutamate effect (Carlton et al., 1998).

There are conflicting results in regard to the role of mGIuRs in producing thermal
hyperalgesia in normal rodents. For example, i.pl. or tail injection of S-DHPG (0.1-10 mM,
20 pl) does not cause thermal hyperalgesia (thermal plantar or water bath, 44 °C) in rats
(Zhou et al., 2001), whereas, in a second study, i.pl. injection of S-DHPG (1-100 mM, 50
ul) causes long lasting (15 min—6 h) thermal hyperalgesia (thermal plantar; Jin et al., 2009).
In mice, injection (i.pl.) of RS-DHPG and S-DHPG causes a dose-dependent (1-5 mM; 10—
50 nmol/10 pl) thermal hyperalgesia (thermal plantar) starting within 15 min and lasting for
over 2 h (Bhave et al., 2001). Preadministration i.pl. of MPEP (3 mM; 30 nmol/10 ul),
CPCCOEt (10 mM; 100 nmol/10 pl), or S+-a-amino-4-carboxy-2-methylbenzeneacetic acid
(LY367385; 10 mM; 100 nmol/10 pl), noncompetitive mGIluR1 antagonist, blocks or
decreases DHPG and glutamate induced thermal hyperalgesia. None of the group | mGIuR
antagonists have any effect on baseline thermal sensitivity. Also, i.pl. preadministration of
APV (5 mM; 50 nmol/10 pl) or R, S-a-methyl-4-phosphonophenylglycine (MPPG; 50 mM;
500 nmol/10 pl), group 1I/111 mGIuR antagonist, has no effect on DHPG induced
hyperalgesia (Bhave et al., 2001). Injection i.pl. of CHPG (250 uM; 1 ug/20 pl) also induces
thermal hyperalgesia (water bath, 47 °C) in mice and this effect is blocked by honokiol (0.1-
1.0 pg/paw) and magnolol (0.05-0.5 pg/paw; Lin et al., 2009). Group Il and 11l mGIuR
agonists, e.g., L-AP4 (1-100 mM, 50 ul), APDC (11 uM; 20 ng/10 pl), and (2S,1°S,2’S)-2-
(carboxycyclopropyl) glycine (L-CCG-I; 1-100 mM, 50 pl), appear to not influence thermal
sensitivity in rodents (Yang & Gereau, 2002; Jin et al., 2009). Modulation of thermal
hyperalgesia by group Il mGIluRs may occur by modulation of cAMP/PKA pathways. For
example, i.pl. injection of forskolin (10 pM) in rats causes of thermal hyperalgesia, but co-
administration of ADPC (0.5 uM) prevents sensitization to heat (Carlton et al., 2009).
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8.4. Motor activity

Nociceptive behavior is dependent on the motor system and recordings of the ventral root
reflex or electromyographic (EMG) responses provide an understanding of activation of
peripheral primary afferent EAARs. For example, L-glutamate (0.01-10 mM), exposed to
tail skin, evokes nociceptive ventral root reflexes in an isolated neonatal rat spinal cord-tail
preparation (Ault & Hildebrand, 1993a). Domoate (0.1-10 uM; ECgq = 1 pM) and KA (10-
300 uM; ECsg = 63 pM) are potent activators of the ventral root reflex, comparable to
capsaicin or bradykinin (Ault & Hildebrand, 1993b). Quisqualate (0.1-1.0 mM; ECgq = 511
uM) and AMPA (0.1-1.0 mM) are of lower potency than KA, and NMDA (0.1, 1.0 mM) and
L-aspartate (10 mM) are inactive (Ault & Hildebrand, 1993b). In addition, antagonism of
EAARs can decrease the EMG activity evoked from innocuous and noxious stimuli (You et
al., 2002). Injection of AP5 (10 mM, 50 ul), but not CNQX (5 mM, 50 ul) into the rat
gastrocnemius soleus muscle decreases the single motor unit EMG responses to innocuous
pressure (1.72—0.60 spikes/s) and noxious pinch (10.95—3.46 spikes/s) of the muscle (You
et al., 2002). Preinjection of MK-801 (0.001-0.1 M, 10 ul) or APV (0.05 M) into the TMJ
prior to capsaicin (1%, 10 pl) reduces digastric and masseter muscle EMG activity (Lam et
al., 2005).

Injection of glutamate (250 mM; 2.5 pmol/10 pl or 500 UM, 10 pl) and other ionotropic
EAAR agonists (50 mM; 0.5 umol/10 pl), i.e., NMDA, KA, and AMPA, into the rat TMJ
produces increases in ipsilateral digastric and masseter muscle EMG activities (Fig. 7;
Cairns et al., 1998, 2001b,c). The latency to response in muscle activity is faster with
NMDA and AMPA (4.2 s) than glutamate (9.3 s) or KA (12.6 s; Cairns et al., 1998). Dose
response studies with glutamate (10-500 mM; 0.1-5.0 umol/10 pl) and EAAR agonists (10—
100 mM; 0.1-1.0 umol/10 pl) demonstrate a steep response relationship for the ipsilateral
digastric, whereas the response of the masseter is less pronounced (Cairns et al., 1998). The
contralateral digastric and masseter muscles also exhibit a dose response to glutamate and
EAAR agonist stimulation in the TMJ, but with much less EMG activity compared to
ipsilateral muscles. I.v. administration of glutamate (50 mM; 5 umol/100 ul) or EAAR
agonists (NMDA, KA, and AMPA; 5 mM; 0.5 umol/100 pl) does not promote EMG in
muscles. Repeated injection (30 min intervals) of the TMJ with glutamate (250 mM; 2.5
umol/10 ul), NMDA (50 mM; 0.5 umol/10 pl), or AMPA (50 mM; 0.5 pmol/10 pl) yields
similar EMG responses in the ipsilateral digastric and masseter muscles, but repeated KA
(50 mM; 0.5 umol/10 ul) administration causes decreased activity, possibly illustrating
desensitization. APV (50 mM; 0.5 umol/10 ul) and CNQX (50 mM; 0.5 umol/10 pl) reduce
EMG activity when co-administered with glutamate (250 mM; 2.5 umol/10 pl) into the TMJ.
APV (50 mM; 0.5 umol/10 pl), but not CNQX, reduces NMDA (50 mM; 0.5 pmol/10 ul)
induced activity and CNQX (50 mM; 0.5 pmol/10 pl), but not APV, reduces AMPA (50 mM;
0.5 pmol/10 pl) induced activity into the TMJ (Cairns et al., 1998). Injection (10 pl) of a,B-
methylene adenosine 5’-triphosphate (10 mM), P2X agonist, into the TMJ increases EMG
activity in the digastric and masseter muscles and this can be attenuated by pre-injection (10
min) of APV (0.5 puM, 10 pl), NMDA antagonist (Watanabe et al., 2010).

There is a sex difference in the TMJ activation of EMG activity where the dose response to
glutamate (0.25-1.0 M, 10 pl) is greater in female rats (all estrous stages) compared to male
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rats (Cairns et al., 2001b, 2002b). In addition, glutamate-evoked (0.5 M, 10 pl) activity in the
EMG of digastric and masseter muscles is longer in female (8 min) compared to male rats (1
min; Cairns et al., 2001b; Fig. 7). Injection of 1.0 M (10 pl) glutamate into the TMJ evokes
both a larger peak and duration of EMG activity in digastric and masseter muscles in female
than male rats (Cairns et al., 2002b). Furthermore, TMJ injection (10 ul) of 0.25 M
glutamate causes greater masseter EMG activity in female than male rats. Gonadectomy in
female rats decreases the digastric EMG activity evoked by 1.0 M glutamate (10 pl) injected
into the TMJ compared to intact females, an effect that is reversed with estrogen treatment.
Gonadectomy in male rats does not alter glutamate-evoked (1.0 M, 10 pl, TMJ) digastric
activity compared to intact males, but estrogen treatment raises digastric EMG activity to a
level comparable to females (Cairns et al., 2002b). Preadministration (30 min) of glutamate
(0.01-1.0 M, 10 pl) into the TMJ followed by MO (20%, 10 pl) elicits a larger EMG
response in the digastric muscle compared to MO alone. Pre-injection (60 or 120 min) of
0.25 M glutamate (10 ul) followed by MO continues to evoke a greater EMG response
compared to MO alone. There is, however, no difference in the magnitude of EMG activity
evoked by MO with or without pre-application of glutamate in males compared to female
rats (Cairns et al., 2002b).

8.5. Nocifensive responses

In addition to hyperalgesia demonstrated by evoked nociceptive tests, glutamate and EAARS
appear to have a role in nocifensive responses or spontaneous pain (Carlton et al., 1998;
Beirith et al., 2002, 2003; Lin et al., 2009; Quintao et al., 2010). Spontaneous tail flicks
occur when 5.0 mM glutamate and 0.01 mM SP are co-administered (20 pl, tail injection),
but not when administered singly (Carlton et al., 1998). Following i.pl. injection of
glutamate (100 mM; 300 pg/20 ul) or NMDA (50 mM; 150 ug/20 ul), mice undergo licking
the injected foot, a behavior that is reduced by i.pl. honiokiol and magnolol (0.05-1.0 pg/
paw; Lin et al., 2009). Furthermore, i.pl. glutamate (0.015-3.0 M; 0.3-60 umol/20 ul) dose
dependently induces paw licking in mice (Beirith et al., 2002). This behavior occurs within
the first 15 min, but decreases in the following 15 min and is absent by 40 min. The EDgq
for glutamate-induced nocifensive licking is 0.13 M (2.6 pmol/20 pl) and the maximal effect
occurs at 1.5 M (30 umol/20 pl). Pretreatment (30 min) with i.pl. MK 801 (0.5-50 mM;
0.01-1.0 umol/20 pl, ID5g = 3 mM; 0.06 pmol/20 pl) or NBQX (0.18-1.8 M; 3.6-36.0
umol/20 pl; IDsg = 1.7 M; 33.9 pmol/20 pl) dose dependently inhibits i.pl. glutamate-
induced (1.5 M; 30 umol/20 pl) nocifensive behavior. I.pl. pretreatment with -y-D-
glutamylaminomethy! sulfonic acid (GAMS; kainate antagonist [Zhou et al., 1993]; 5-150
mM; 0.1-3.0 umol/20 pl), (RS)-a-ethyl-4-carboxyphenylglycine (EACPG; group I-II
mGIuR antagonist; 50-500 mM; 1-10 umol/20 ul), and NOARG (nitric oxide synthase
inhibitor; 25-70 mM; 0.5-1.4 umol/20 pl) also decrease the nociception induced by the i.pl.
glutamate (1.5 M; 30 pmol/20 pl). Co-administration of SNAP (nitric oxide donor, 5-50
mM; 0.1-1.0 umol/20 pl) potentiates nocifensive behavior induced by i.pl. glutamate (15—
500 mM; 0.3 or 10.0 umol/20 pl; Beirith et al., 2002). Glutamate-induced (30 pmol/paw)
paw licking is reduced by systemic administration (2.8-85.2 umol/kg, i.p.; 28.4-284.1
umol/kg, oral) of N-antipy-rine-3,4-dichloromaleimide (NA-3,4,-DCM), possibly via
interaction with peripheral NMDARSs or group | mGluRs (Quintao et al., 2010). I.pl.
glutamate-induced (1.5 M; 30 umol/20 pl) licking in mice is inhibited or reduced dose
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dependently is by co-administration of SR48968 (0.05-0.5 nmol) and FK 888 (0.25-1.0
nmol), selective NK5R and NK4R tachykinin antagonists, respectively (Beirith et al., 2003).
SR142801 (0.05-1.0 nmol/20 pl) and CGRP 8-37 (1 nmol/20 ul), Nk3R and CGRPR
antagonists, have no effect on glutamate-induced (30 umol/20 pl) licking. Co-administration
of des-Ar99-[Le!8]-bradykinin (0.2—0.8 nmol/20 pl), B; antagonist, reduces hindpaw licking,
but not the B, receptor antagonist HOE 140 (1.0-4.0 nmol/20 pl). In addition, destruction of
C fiber afferents by neonatal capsaicin treatment inhibits glutamate induced licking (Beirith
etal., 2003).

9. Acute and chronic pain

Inflammatory pain involves numerous chemical agents that act directly as transducers or
sensitizers on primary afferent terminal receptors or indirectly activate primary afferents by
initiating an inflammatory cascade (Woolf & Ma, 2007). During inflammation, peripheral or
primary sensitization of primary afferent fibers occurs with a lowering of nociceptive
threshold and increased excitability. Central or secondary sensitization can occur at primary
afferent synapses with elevated glutamate production/release and increased sensitivity to
glutamate in postsynaptic neurons. Sensitization can be studied in animals by evaluating
responses to thermal, mechanical, or chemical stimuli and by assessing nocifensive behavior.
As mentioned previously, increased response to a noxious mechanical or thermal stimulus is
termed hyperalgesia, whereas a nociceptive response to a non-noxious stimulus is termed
allodynia. Ongoing inflammation or tissue damage stimulates alterations in primary afferent
neurons by novel, elevated, or diminished production of select proteins (Woolf & Ma, 2007).
These alterations may enhance or attempt to modulate ongoing primary and central
sensitization.

Damage to or dysfunction of a peripheral nerve, i.e., neuropathy, leads to neuropathic pain, a
condition that typically is a chronic situation. Neuropathic pain may be initiated at ectopic
areas along axons and may involve ephaptic coupling of axons. Alterations of primary
afferent neurons also occur during neuropathies leading to abnormal generation action
potentials in peripheral fibers and central sensitization in postsynaptic neurons. In
subsequent sections, the role of the peripheral glutamatergic system during acute and
chronic inflammation and chronic neuropathy will be reviewed.

10. Pain during acute inflammation: skin (Table 4)

10.1. Capsaicin

Capsaicin, TRPV1 agonist, produces thermal hyperalgesia when injected into the rat
hindpaw (Turner et al., 2003; Carlton et al., 2009; Jin et al., 2009). Co-administration i.pl. of
MK-801 (0.1-1.0 mM) or CNQX (1-5 mM) decreases capsaicin-induced (3.0 mM, 50 pl)
thermal hyper-algesia (thermal plantar) in a dose dependent manner (Jin et al., 2009). This
effect occurs within 15 min and lasts for more than 6 h. Co-treatment of mGIuR1 or
mGIuR5 antagonists, CPCCOEt (5 mM) or MPEP (30 mM), dose dependently decreases
capsaicin induced thermal hyperalgesia, but co-application with group Il or 11l antagonists,
MCCG (5 mM) or MSOP (5 mM) does not. The effect of CPCCOEt and MPEP occurs
within 15 min and lasts for over 5 h (Jin et al., 2009). 1.pl. preadministration (5 min) of (25,
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4 R)-4-methyl glutamic acid (SYM 2081; 1.2 or 12 mM; 10 or 100 pg/50 ul), KAR agonist/
desensitizer, does not attenuate mechanical (von Frey, 149 mN) or thermal (thermal plantar)
hyperalgesia due to capsaicin (10 pug/10 pl; Turner et al., 2003). I.p. preadministration (30
min) of SYM 2081 (10-100 mg/kg) is effective by 5 min in reducing thermal and
mechanical hyperalgesia following i.pl. capsaicin, whereas i.t. pretreatment (5 min; 1-100
ua/5 ) is effective only in reducing mechanical hyperalgesia (Turner et al., 2003).
Nocifensive behaviors evoked by i.pl. injection of capsaicin (0.1%, 20 ul) are reduced by
preadministration of the group Il agonist, APDC (0.1 uM, 30 ul; Carlton et al., 2009).
Addition of LY341495 (1.0 uM, 30 ul), group 11 antagonist, blocks the effects of APDC
(Carlton et al., 2009) (Table 4).

10.2. Carrageenan

Carrageenan, a proinflammatory agent, injected into the rat hindpaw causes thermal and
mechanical hyperalgesia (Jackson et al., 1995; Wang et al., 2000; Walker et al., 2001;
Quintao et al., 2010). Injection i.pl. (20 ul) of AP5 or 0.01-1.0 mM DNQX after 3 h of
carrageenan inflammation dose dependently reduces C-fiber evoked responses in WDR
neurons (Wang et al., 2000). The effect of AP5 or DNQX occurs within 1 min following
injection, peaks at 6 min, and for over 10 min (Wang et al., 2000). Injection i.pl. of MK-801
(200 pM; 10 nmol/50 pl) or CNQX (2 mM; 100 nmol/50 pl) after 2.5 h of carrageenan (2
mg/paw) inflammation moderately reduces thermal hyperalgesia (thermal plantar; Jackson et
al., 1995). The MK801 effect is stereospecific with the (+)MK-801 enantiomer effective, but
not (-)MK-801 (Jackson et al., 1995). Preadministration i.pl. (30 min) with MPEP (3-30
mM; 0.03-0.3 mmol/10 pl) reduces carrageenan (1%, 250 pl) induced mechanical
hyperalgesia (Randall-Selitto test) at 1 and 3 h of acute inflammation (Walker et al., 2001).
Administration of NA-3,4,-DCM (0.85-8.52 umol/kg, i.p.) reduces mechanical hyperalgesia
(electronic anesthesiometer) induced by carrageenan (300 pg/50 pl) up to 48 h in mice
(Quintao et al., 2010). The analgesic effect of NA-3,4,-DCM may occur via interaction with
peripheral NMDARs or group | mGIuRs (Quintao et al., 2010).

10.3. Prostaglandins and interleukins

During inflammation, prostaglandins and interleukins are produced and interact with their
respective receptors located on the peripheral terminals of primary afferents (Woolf & Ma,
2007). S.c. administration of prostaglandins and interleukins, therefore, is used to mimic an
inflammatory response and cause peripheral sensitization. For example, i.pl. injection of
prostaglandin E; in rats and mice causes thermal and mechanical hyperalgesia for 1-2 h
(Follenfant & Nakamura-Craig, 1992; Yang & Gereau, 2002). Mechanical hyperalgesia
(Randall-Selitto test) is reduced in PGE, (100 ng/100 pl) injected rat hindpaw by AP-7 (240
mg/kg, s.c.) and DNQX (80 pg/kg, s.c.; Follenfant & Nakamura-Craig, 1999). I.pl. co-
administration of APDC (11 uM; 20 ng/10 pl) reduces thermal responses (thermal plantar) to
baseline levels during PGE, (100 ng/10 pl) induced inflammation in mice. Co-treatment i.pl.
with (2s)-2-amino-2-[(1s,2s)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid
(LY341495; 57 nM; 0.2 ng/10 pl) blocks the analgesic effects of APDC (Yang & Gereau,
2002).
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Injection of interleukin-1p (IL-1B; 0.1-10 pg/25 pl) into the rat orofacial area (vibrissa pad)
dose dependently produces allodynia (air-puff threshold; Ahn et al., 2004, 2005).
Pretreatment of the vibrissa pad with ionotropic and metabotropic EAAR antagonists
diminishes IL-1p-induced (10 pg/25 pl) allodynia for up to 3 h (Ahn et al., 2004, 2005; Jung
et al., 2006). Pretreatment (10 min) with DNQX (1 mM, 20 ul), but not AP5 (10 mM, 20 ul),
attenuates the IL-1p-induced (10 pg/25 ul) allodynia (Ahn et al., 2004). IL-1B-induced (10
pg/25 pl) allodynia also is diminished by pretreatment (10 min) with mGIluR1 antagonists,
CPCCOEt (0.65 or 6.5 mM; 4, 40 pg/25 pl) or LY 367385 (1.9 or 19 mM; 10, 100 ug/25 ul)
and mGIuR5 antagonists, MPEP (1.2 or 12 mM; 7, 70 pg/25 pl) or 2-methyl-6-(2-
phenylethenyl)pyridine (S1B1893; 2 or 20 mM; 10, 100 pg/25 pl; Ahn et al., 2005). Post-
injection (30 min) of CPCCOEt (0.65 or 6.5 mM; 4, 40 ug/25 ul) or MPEP (1.2 or 12 mM;
7, 70 pg/25 pl) following IL-1p injection (10 pg/25 pl) has no effect on allodynia (Jung et
al., 2006). Pre-administration (10 min) of group Il mGIuR agonists, APDC (46 uM; 200
ng/25 pl) or (2S, 2R, 3'R)-2-(27, 3’-dicarboxycyclopropyl)glycine (DCG4; 39 uM; 200
ng/25 pl), decreases I1L-1p allodynia, and the effect of APDC is blocked by co-
administration of the group 1l mGIuR antagonist, LY 341495 (2.3 uM; 20 ng/25 pl; Ahn et
al., 2005). Post-administration (30 min) of APDC (46 uM; 200 ng/25 pl) blocks IL-1B
allodynia starting within 30 min and lasting for 2 h (Jung et al., 2006).

10.4. Endothelin

Endothelin-1 (ET-1) injection i.pl. (10 uM, 10 pl) produces mechanical allodynia (von Frey,
0.07-60 g) in rats (Khodorova et al., 2009). Pre-and concomitant administration of 100 uM
MK-801 and 5 mM D-APS5 (10 pl) strongly attenuates ET-1 induced mechanical allodynia
for 90 min. Nocifensive behavior, i.e., paw flinching, induced by ET-1 (100 pM) is not
affected by D-AP5 (5 mM, 10 ul; Khodorova et al., 2009).

10.5. Bee and spider venom

The venom from bee stings and spider bites elicit an inflammatory response in skin (Chen et
al., 1999h, 2010; Chen & Chen, 2000; You et al., 2002; Zanchet & Cury, 2003). Injection
i.pl. of bee venom (BV; A. mellifera) in rats causes acute (1-2 h) nocifensive responses
(flinching, licking, or lifting paw) along with a longer (72-96 h) period of mechanical and
thermal hyperalgesia (Chen et al., 1999b). Pre-treatment with MK-801 (0.01 mg/kg, i.p.)
attenuates bee venom (BV; 0.2 mg/50 pl)-induced nocifensive responses and thermal
hyperalgesia (Chen & Chen, 2000). Pre-treatment i.pl. with AIDA (10-500 pM; 0.5-25
nmol/50 pl) dose dependently reduces BV-induced (0.2 mg/50 pl) nocifensive responses, i.e.,
persistent spontaneous paw flinching reflexes, but not mechanical hyperalgesia (von Frey, 2—
40 g; Chen et al., 2010). Preapplication i.pl. with APDC (2-100 pM; 0.1-5 nmol/50 pl)
produces a dose dependent inhibition of nocifensive responses and mechanical hyperalgesia,
an effect that can be blocked by LY341495 (4 uM; 0.2 nmol/50 pl). Preadministration i.pl. of
L-AP4 (2-200 pM; 0.1-10 nmol/50 pl) causes a dose related inhibition of nocifensive
responses, but not mechanical hyperalgesia. The group 111 mGIuR antagonist, MSOP (200
UM; 10 nmol/50 pl), blocks the analgesic effects of L-AP4. LY 341495 and MSOP alone
have no effect on BV-induced nocifensive behavior or mechanical responses (Chen et al.,
2010). Post-treatment (1 h) of the rat gastrocnemius soleus muscle injected with AP5 (10
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mM, 50 ul), but not CNQX (5 mM, 50 ul), decreases allodynia and mechanical hyperalgesia
induced by BV (0.2 mg/50 ul) injected into the muscle (You et al., 2002).

Phoneutria nigriventer spider venom (0.01-10 pg/100 pl) causes intense pain followed by
edema and erythema (Zanchet & Cury, 2003). Concomitant i.pl. administration of MK-801
(1 uM; 100 pmol/100 pl) and CNQX (1 mM; 100 nmol/100 pl) reduces, whereas AP5 (0.4
UM; 40 pmol/100 pl) inhibits, the mechanical hyperalgesia (Randall-Selitto test) for more
than 4 h produced by i.pl. P nigriventervenom (1 pug/100 pl). Co-treatment of MK-801 (1
UM; 100 pmol/100 pl) or CNQX (1 mM; 100 nmol/100 ul) with pGlu-Ala-Asp-Pro-Asn-
Lys-Phe-Tyr-Pro(spiro-g-lactam)Leu-Trp-NH2 (GR82334; 10 umol/100 ul), NK; tachykinin
antagonist, inhibits the mechanical hyperalgesia caused by 2. nigriventer venom (Zanchet &
Cury, 2003).

10.6. Formalin

Formalin injection i.pl. causes a biphasic behavioral response based on two generalized
mechanisms of action. During phase 1, formalin directly activates the TRPAL receptors on
primary afferents, while phase 2 behavior is due to a response to humerous inflammatory
mediators (McNamara et al., 2007). The NMDAR has been investigated as having a key role
in phase 2 (Davidson et al, 1997; Davidson & Carlton, 1998; McRoberts et al., 2011).
Selective knockdown of NR1 in mouse DRG reduces the phase 2 behavior induced by
formalin (5%, 20 ul; McRoberts et al., 2011). Pretreatment i.pl. of 1.0 uM MK-801 (30 ul)
or 10 pM CNQX (30 pl) diminishes phase 2 licking and lifting nocifensive behavior induced
by 5% formalin (15 pl), but not flinching (Davidson et al, 1997). Pretreatment with MK-801
is more effective than CNQX in reducing nocifensive behavior. Post-treatment i.pl. (8 min)
with MK-801 (0.1-100 uM, 30 pl) or CNQX (1-1000 pM, 30 pl) has no effect overall on
phase 2 licking and lifting behavior, although MK-801 (1.0 uM, 30 pl) and CNQX (1.0 pM,
1.0 mM, 30 pl) briefly attenuate flinching behavior at specific time points (Davidson et al.,
1997). Preapplication i.pl. (40 ul) of NMDAR antagonists, dextrorphan (0.1-10 pM),
memantine (1-10 pM) or ketamine (1-10 uM), produces a decrease in formalin-induced
(5%, 20 ul) phase 2 nocifensive licking and lifting in a dose-related fashion (Davidson &
Carlton, 1998). Memantine (10 pM, 40 pl) decreases licking and lifting during phase 1 at 5
min and phase 2 at 15-30 min. Dextrorphan (5 uM, 40 pl) and ketamine (10 uM, 40 pl)
reduce licking and licking between 15-25 min and 20-25 min, respectively. Flinching
behavior is not reduced by any of the antagonists used (Davidson & Carlton, 1998).

Group I, mGluRs also have a role in formalin induced behavior (Bhave et al., 2001; Zhou et
al., 2001; Quintao et al., 2010). I.pl. preapplication AIDA (0.4-40 uM, 20 pl) causes a dose
dependent decrease in formalin (2%, 20 ul) phase 2 licking and lifting and, at 40 uM, a
decrease in flinching behavior (Zhou et al., 2001). In a temporal evaluation, AIDA (40 pM,
20 pl) reduces licking and lifting in phase 2 at 20-25 min and flinching at 25-30 min, effects
that are blocked by co-administration of 1.0 uM S-DHPG (20 pl; Zhou et al., 2001). In mice,
preadministration of MPEP (30 nmol/10 pl) or CPCCOEt (100 nmol/10 pl) diminishes
formalin-induced (2%, 10 pl) phase 2 licking and lifting whether administered singly or in
combination. Injection i.pl. of MPEP (30 nmol/10 ul) or CPCCOEt (100 nmol/10 pl) during
phase 1 also reduces formalin induced licking and lifting during phase 2 (Bhave et al.,
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2001). Co-injection i. pl. of NA-3,4,-DCM (0.28-2.8 umol/20 pl) with formalin (2.5%, 20
ul) dose dependently inhibits (IDgg = 0.84 pmol/20 pl) nociceptive behavior in both phases
in mice (Quintao et al., 2010).

11. Pain during acute inflammation: joint and muscle

Acute inflammation of the rat knee joint causes mechanical and thermal hyperalgesia in the
hindpaw and altered weight-bearing (Sluka & Westlund, 1993; Sluka et al., 1994; Lawand et
al., 1997; Min et al., 2001; Zhang et al., 2003, 2009). Post-administration (3 h; 100 pl) of
AP7 (0.2 mM), CNQX (0.1 mM) or ketamine (0.1 mM) into the knee synovial cavity
reduces paw mechanical (von Frey, 30-100 mN) and thermal (thermal plantar) hyperalgesia
during kaolin/carrageen (3%, 100 pl) induced inflammation (Lawand et al., 1997).
Mechanical hyperalgesia is blocked and thermal hyperalgesia is attenuated for 1-2 h (4-5 h
post induction) with all three antagonists (Lawand et al., 1997). Preinjection of MK-801
(0.3-1.5 mM, 40 pl) and NBQX (0.25-2.5 mM, 40 pl) into the knee joint immediately prior
to carrageenan (2%, 40 ul) dose dependently attenuates decreases in weight load bearing for
4-24 h (Zhang et al., 2003). There is no effect at 72 h, but weight load bearing approaches
normal levels in all inflamed animals at this time point. Post-treatment (5 h) with MK-801
(0.75, 1.5 mM, 40 ul) or NBQX (0.625, 2.5 mM, 40 pl) into the knee joint does not alter
decreases in weight load bearing caused by carrageenan (2%, 40 ul; Zhang et al., 2003).
Preapplication of AP5 (0.1-0.3 mg/40 pl) dose dependently reduces carrageenan-induced
(2%, 40 pl) alterations in weight load bearing for 4-8 h (Zhang et al., 2009). Some
interaction of NMDARs with peripheral opiate receptors occurs in this model since post-
administration (5 h) of naloxone (0.2—2.0 mg/40 pl) blocks AP5 pretreatment (Zhang et al.,
2009). Further evidence for an EAAR-opioid receptor interaction occurs from investigation
of tibiotarsal joint inflammation (Mecs et al., 2009). Carrageenan (300 ug/20 pl) into the rat
tibiotarsal joint causes mechanical hyperalgesia (von Frey, 0.064-110 g) in the hindpaw.
Post-treatment with kynurenic acid (8-106 mM; 30-400 ug/20 pl) dose dependently (ED3g =
54 mM; 204 pg/20 ul; EDsg = 87 mM; 330 pg/20 ul) decreases mechanical hyperalgesia.
Co-administration of kynurenic acid (8-106 mM; 30-400 pug/20 pl) with endomorphin-1
(30-200 pg/20 pl) in a 1:1 dose ratio shows an additive effect (kynurenic acid ED3p = 38
mM; 145 ug/20 ul; EDsg = 58 mM; 220 pg/20 ul) in decreasing carrageenan-induced
hyperalgesia (Mecs et al., 2009) (Table 5).

MO (20%, 30 pl) injected into the masseter or biceps muscle of lightly anesthetized rats
causes nocifensive behavior, i.e., ipsilateral hind paw shaking (Ro, 2003; Chun et al., 2008).
Preinjection (5 min) of masseter with MK-801 (0.3 mg/kg/50 pl) or NBQX (1-100 nmol/10
ul) reduces the number and magnitude of paw shakes induced by MO for 30-180 min, but
preadministration in biceps muscle does not have a significant effect (Ro, 2003; Table 5).

12. Pain during chronic inflammation

Injection of CFA initiates an acute inflammatory response that develops into AlA, a chronic
arthritis-like inflammation. Glutamate release from and the EAARSs on primary afferents
influence the development and maintenance of nociceptive behaviors during chronic
inflammation (Leem et al., 2001; Walker et al., 2001; Du et al., 2003, 2006; Miller et al.,
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2010b). When administered during AlA, i. pl. injection of GLS inhibitors produces potent,
long-lasting analgesia (Miller et al., 2010b). Injection of DON, N-ethylmaleimide,
bromothymol blue, and palmitoyl-CoA attenuates mechanical (von Frey; plantar
anesthesiometer) and thermal (plantar thermal) hyperalgesia (Miller et al., 2010b and
unpublished observations). DON’s effect is dose dependent (0.8-800 mM; 0.02-20 umol/25
ul) and lasts for up to 96 h after one application (Miller et al., 2010b). DON irreversibly
binds to the glutamine site on GLS and causes permanent inactivation. Peripheral terminal
replenishment of GLS comes from the DRG neuronal cell body many centimeters distant
and is accomplished over several days. These studies, therefore, indicate that production and
release of glutamate from primary afferents continues to be important for maintaining
chronic inflammatory pain (Table 6).

Other studies show the importance of EAARs in chronic pain (Leem et al., 2001; Walker et
al., 2001; Du et al., 2003, 2006). During AIA (100 pl CFA; 5 day), i.pl. injection of NMDA
(0.01-05 mM, 20 pl) or kainate (1 mM, 20 pl) accentuates CFA induced mechanical hyper-
algesia/allodynia (von Frey, 21-160 mN; Du et al., 2003, 2006). This enhancement is dose
dependent for NMDA (Du et al., 2003). After 2 days of AlA (35 pl CFA), i.pl.
administration of 0.5 mM MK-801 (20 pul) brings mechanical responses to near normal
levels within 30 min and lasting for 30 min (Du et al., 2003). Injection i.pl. of 0.1 mM
CNQX (20 pl) causes mechanical responses to return to near normal levels within 45 min
and lasting for 45 min (Du et al., 2006). 1.pl. application of MK-801 (10 nM; 1 pmol/100 pl)
at day 2 AIA (150 pl CFA) reduces mechanical hyperalgesia (plantar asthesiometer) at 15
min post-administration, but i.pl. treatment with CNQX (10-100 nM; 1-10 pmol/100 pl) has
no effect (Leem et al., 2001). Application i.pl. of MPEP (10-30 mM; 100-300 nmol/10 pl)
reduces mechanical hyperalgesia (Randall-Selitto test) at 1-3 h post-administration on 1 day
after CFA injection (2.5 pl; Walker et al., 2001) (Table 6).

A preconditioning with formalin also provides a chronic model that involves peripheral
EAARs (Sawynok & Liu, 2003; Aumeerally et al., 2004). Formalin (2.5%, 50 pl) injected
into the dorsal contralateral paw conditions the ipsilateral paw for a dorsal injection of
formalin (1.5%, 50 pl) three—four days later (Sawynok & Liu, 2003). Co-injection (20 mM;
1 umol/50 pl) of glutamate, NMDA, AMPA, or kainate with the 2nd injection of formalin
enhances phase 1 and 2 flinching behavior. This behavior is augmented further by co-
injection of 8-cyclopentyl-theophylline (CPT; 150 nmol/50 pl), adenosine A;R antagonist,
with glutamate, AMPA, and kainate, but not NMDA (Aumeerally et al., 2004).

13. Pain during chronic neuropathy

Several animal models of neuropathy are used and peripheral EAARs may have a role in the
induction and/or maintenance of neuropathic pain (Aley & Levine, 2002). Systemic
ketamine, memantin, NMDA antagonist, and 2 5,4 R-4-methylglutamate, KAR antagonist,
are effective in reducing mechanical and thermal hyperalgesia and spontaneous pain in the
sciatic nerve chronic constriction injury, freeze injury, and Ls_g spinal nerve ligation
(Carlton & Hargett, 1995; Qian et al., 1996; Sutton et al., 1999; Ta et al., 2000; Simmons et
al., 2002). Some effects of EAAR antagonists may be due to interaction with peripheral
EAARs on primary afferents (Jang et al., 2004). In a rat neuropathic model, where the Lg
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spinal nerve transection is preceded (6 days) by an Ls dorsal rhizotomy, mechanical
hyperalgesia/allodynia (von Frey, 0.35-12.5 g) occurs in the ipsilateral hindpaw for over 40
days. Pretreatment i.pl. with MK-801 (20 nmol/30 pl; 15 min), but not NBQX (100 nmol/30
ul), attenuates altered mechanical thresholds for up to 4 days. Preapplication i.pl. with a-
methyl-4-carboxyphenylglycine (MCPG; 50 nmol/30 pl), non-selective mGIuR antagonist,
produces no effect on mechanical hyperalgesia. Preinjection with DL-AP3 (70 nmol/30 pl),
group | mGIuR antagonist, however, reduces mechanical hyperalgesia for 4 days. APDC (20
nmol/30 ul) maintains normal mechanical thresholds for one day when administered i.pl.
before nerve transection. When applied i. pl. at day 10 following nerve transaction, MK-801
(20 nmol/30 pl) attenuates mechanical hyperalgesia from 45 to 75 min post-treatment.
NBQX (100 nmol/30 ul), AP3 (70 nmol/30 pl), or APDC (20 nmol/30 ul) do not have an
effect on mechanical hyperalgesia when given at day 10 after nerve transection (Jang et al.,
2004).

14. Glutamate and human pain

This review has illustrated that inflammatory animal models cause increased levels of
glutamate in peripheral tissues and that peripheral glutamate, interacting with numerous
EAAR receptors, produces nociceptive behaviors. Other questions remain for human studies.
Are glutamate levels elevated in peripheral tissues in patients with chronic painful
conditions? Does peripheral glutamate cause pain in humans? Can inhibition of the
peripheral glutamatergic system produce pain relief?

14.1. Glutamate levels during tissue trauma

Glutamate levels are elevated in synovial fluid collected from patients with chronic joint
inflammation compared to synovial fluid collected at autopsy (3-15 h) from individuals who
did not experience joint trauma. Chronic joint inflammation includes patients with
rheumatoid arthritis (RA), osteoarthritis (OA), juvenile arthritis, gout, pseudogout, Reiter’s
syndrome, psoriatic arthritis, infectious arthropathy, joint trauma, and systemic lupus
erythematosus. Retrospective study shows that these patients “had sought medical attention
for painful, swollen joints and the chart confirmed the joint to be painful, swollen,
erythematosus, and warm to touch.” Glutamate and aspartate are elevated 54- and 28-fold,
respectively, in all arthritic patients compared to controls. Patients with RA, OA, and gout
comprise the largest populations and, when evaluated within the inflamed groups, OA
patients had lower levels of glutamate and aspartate compared to RA and gout patients.
Glutamate and aspartate levels were 81% and 55% of levels in RA and 73% and 61% of
levels in gout. There is no correlation of glutamate or aspartate levels with white blood cell
(WBC) counts from synovial fluid indicating that WBCs are not the source of elevated levels
and/or that increases in glutamate and aspartate levels are not “strictly associated with
inflammation variables as defined” by WBCs. It may be, therefore, that other inflammatory
mediators are responsible for elevated glutamate and aspartate concentrations (McNearney
et al., 2000).

Overuse injuries appear to cause glutamate levels to rise in sore or damaged muscles and
tendons. For example, eccentric muscle contraction occurs when a muscle contracts as it
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lengthens. This leads to potential muscle damage and delayed muscle soreness. During calf
muscle soreness due to eccentric contractions 24 h earlier, glutamate dialysate
concentrations increase by ~30% (125 pM) compared to the non-exercised contralateral calf
muscle (Tegeder et al., 2002). Interstitial glutamate levels at rest are higher in female
patients with trapezius myalgia than normal females. Both groups have increased glutamate
levels during exercise of the trapezius, but myalgia patients appear to have a greater
percentage increase (Rosendal et al., 2004). Patellar tendinosis (jumper’s knee) is an overuse
syndrome leading to chronic patellar tendon pain. Glutamate concentrations are 5-6 fold
higher in patients with patellar tendinosis (250-300 pmol/l) compared to normal individuals
(Alfredson et al., 20014, b; Alfredson & Lorentzon, 2002). Glutamate- and NR1-ir are
elevated and co-localized in nerve fibers of affected tendons in patellar tendinosis, whereas,
glutamate-ir or glutamate/NR1 colocalization do not occur in nerve fibers from control
patients (Schizas et al., 2010). Other chronic tendonitis conditions of the tendocalcaneus
(Achilles) and extensor carpi radialis brevis (ECRB) tendons also show elevated glutamate
and NR1-ir levels (Alfredson et al., 2000, 2001a). Patients with ECRB tendonitis (tennis
elbow) have 3 fold higher glutamate concentrations (215 pmol/l) in the affected tendon
despite a lack of inflammatory markers in the tissue (Alfredson et al., 2000).

14.2. Pain caused by glutamate (Table 7)

Subcutaneous injection of glutamate (1-100 mM, 100 pl) into the forehead of men and
women produces dose dependent pain, sensitization, elevated skin temperature, and
increased blood flow (Gazerani et al., 2006). Pain lasts 5-10 min and is considered to be
“moderate” in intensity. At 100 mM glutamate, women experience greater pain than men, as
well as a quicker response to maximal pain, longer duration of pain, and more overall pain
using a visual analog scale (VAS). Face-chart pain (drawing) is larger and quality of pain
(pain rating indices: sensory, affective, evaluative and miscellaneous) is greater in women vs.
men (Fig. 9; Cairns et al., 2001a). Glutamate at the highest concentration (100 mM, 100 pl)
causes secondary hyperalgesia (von Frey, 34 g) and the area of hyperalgesia was larger in
women compared to men. Injection of 100 mM glutamate reduces pressure pain thresholds
(handheld pressure algometer), but no sex differences occur. Skin temperature (infrared
thermography) is elevated by ~1 °C with 100 mM glutamate in both women and men.
Glutamate increases dose dependently the subcutaneous blood flow (laser Doppler) in men
and women with a 700-900% increase with 100 mM glutamate (Gazerani et al., 2006).

Injection of glutamate into normal human muscles causes dose dependent elevations in pain
perceptions (deep, sharp, pressing, aching pain) spreading to other tissues, e.g., TMJ, teeth,
temple, and lasting for 5-10 min (Cairns et al., 2001a,b, 2003a, 2003b; Svensson et al.,
2003; Wang et al., 2004; Svensson et al., 2005, 2008; Arendt-Nielsen et al., 2008; Gibson et
al., 2009). When injected with glutamate, the human masseter muscle appears to be more
sensitive to glutamate than the splenius muscle (Svensson et al., 2005). Human males
injected with 1.0 M glutamate in the masseter (200 pl) have higher perceived pain intensity
and lower pressure pain thresholds than when glutamate is injected in the splenius (400 pl;
Svensson et al., 2005). When injected into the masseter muscle, 1.0 M (200 pl) glutamate
produces pain responses to pressure comparable to hypertonic saline (200 ul) in human
males (Cairns et al., 2003b). Co-injection of 10 mM (200 pl) ketamine attenuates glutamate
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induced pain responses, but has no effect on hypertonic saline induced pain. On VAS,
ketamine reduces the peak response to glutamate as well as the overall amount of pain
(Cairns et al., 2003b). Injection of 1.0 M (200 pl) glutamate into the masseter muscle of
males produces an increase in EMG amplitude in the ipsilateral masseter and
sternocleidomastoid muscles evoked by the jaw stretch reflex (Wang et al., 2004).
Sensitization in the masseter by glutamate can be observed with a second glutamate (1.0 M;
200 pl) injection. In males, an initial injection of 0.1 M glutamate causes a decrease in pain
pressure threshold that is further reduced (~50% of control) by a second injection (Svensson
et al., 2003). Co-injection of 10 mM ketamine (200 pl) with the second injection of
glutamate (1.0 M; 200 pl) attenuates the pain pressure response as well as overall pain, peak
pain, pain duration, and pain distribution (Cairns et al., 2006). Injection of 1.0 M (200 pl)
glutamate in the masseter of males followed by injection of capsaicin (100 pg/ml, 200 pl)
causes increases in EMG activity, jaw opening, and biting force plus elevations in perceived
pain distribution, pain intensity, and overall amount of pain compared to injection of saline
followed by capsaicin (Wang et al., 2010). Desensitization of TRPV1 receptors on primary
afferents by a pretreatment of capsaicin diminishes pain perceptions evoked by glutamate
(Arendt-Nielsen et al., 2008; Wang et al., 2010). Following NGF pretreatment (5 ug/200 pl;
24 h) in the masseter in males, 1.0 M (200 pl) glutamate injection causes increases in the
area of perceived pain and lowers the pain threshold to pressure (Svensson et al., 2008). Oral
administration of monosodium glutamate (75 or 150 mg/kg) produces tenderness in the
masseter muscles and zygomatic region along with headache in normal males. No changes,
however, occur in pain pressure threshold or pain tolerance levels (Baad-Hansen et al.,
2010).

As in rats, there is a sex difference in masseter muscle nociception (Cairns et al., 2001a,
2003a, 2003b; Svensson et al., 2003; Castrillon et al., 2008). Pain distribution, peak pain,
and overall pain, but not pain pressure threshold is larger in females than in males following
one or two injections of 1.0 M (200 pl) glutamate (Cairns et al., 2001a, 2003a, 2003b;
Svensson et al., 2003). Jaw-stretch reflex responses are larger in females than males under
control conditions (Cairns et al., 2003b). Following 1.0 M (200 pl) glutamate injection into
the masseter, however, the reflex response is facilitated in males, but not in females (Cairns
et al., 2003b). Myofascial temporomandibular disorder (TMD), a disorder prevalent to
women, may have a glutamatergic component (Castrillon et al., 2008). Healthy control
females injected with 1.0 M (200 ul) glutamate in the masseter have similar pain
distributions and perceptions to women with TMD. Psycho-social features, i.e., coping
strategies, and pressure pain thresholds/tolerance are different between the two groups, most
likely reflecting the differences between acute and chronic pain (Castrillon et al., 2008).

14.3. Pain relief (Table 7)

Ketamine i.v. has been widely studied for analgesic properties in postoperative, neuropathic,
fibromyalgia, and migraine pain (Ben-Ari et al., 2007; Chizh, 2007; Vikelis & Mitsikostas,
2007). As in animal studies, most interpretations concerning ketamine analgesia invoke a
spinal mechanism of action, but, based on studies reviewed in this article, some analgesia
most likely occurs by decreased activity in the peripheral terminals of primary afferents.
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Topical ketamine has been used to study or relieve human pain (Warncke et al., 1997; Lynch
et al., 2003, 2005a,b; Quan et al., 2003; Péyhia & Vainio, 2006). For example, experimental
burn injury on both legs (calves) induces mechanical and thermal hyperalgesia that can be
altered by local ketamine (Warncke et al., 1997). Pretreatment (20 min) with local injection
of ketamine (0.83 mg/ml, 6 ml) attenuates thermal hyperalgesia, i.e., heat pain detection
threshold and heat threshold, and mechanical hyperalgesia, i.e., tactile pain detection
threshold, for up to 90 min postinjury (Warncke et al., 1997). After one week following
injury, saline (0.9%, 6 ml) injected into the injury site produces hyperalgesia in the control
leg, but does not in the ketamine treated leg, indicating a long lasting effect of peripheral
ketamine (Warncke et al., 1997). Intradermal capsaicin (250 ug/25 pl) injection into the
forearm produces intense pain for over 5 min and mechanical hyperalgesia (von Frey, 164 g)
for over 1 h (Péyhid & Vainio, 2006). Ketamine gel (Ketalar®; 20 mg/ml, 1 ml) pretreatment
(10 min) reduces both pain perception (VAS) and mechanical hyperalgesia (P6yhia &
Vainio, 2006).

Several case studies or clinical trials have evaluated the topical use of ketamine in
neuropathic pain (Gammaitoni et al., 2000; Quan et al., 2003; Lynch et al., 2003, 2005a,b).
In five patients with neuropathy (n=3 complex regional pain syndrome, n=1 radiculopathy,
n=1 post-herpetic neuralgia), topical ketamine gel (0.093-9.33 mg/kg) provided pain relief
based on a numerical analog scale (Gammaitoni et al., 2000). In a study of subjects with
post-herpetic neuralgia (n=13 men; n=10 women), topical ketamine gel (5 mg/ml) was
effective in providing pain reduction in nearly two thirds (65%) of the patients (Quan et al.,
2003). In a pilot study of neuropathic pain (n=8 men; n=12 women), topical (5 ml) ketamine
(0.5%), amitriptyline (1%), or combined ketamine/amitriptyline were studied in a
randomized 2 day, double blind, placebo control, 4 way cross-over trial (Lynch et al., 2003).
Neuropathies included post-herpetic neuralgia (n=9), diabetic neuropathy (n=4), and post-
surgical/trauma neuropathy (n=7) and all patients had allodynia and/or hyperalgesia. There
was no pain relief compared to placebo after 2 days for any treatment using several measures
of pain (VAS, McGill Pain Questionnaire, Likert scale). In a seven day open label trial, 11
patients reported pain relief from days 3 to 7 using the combined ketamine/amitriptyline
cream (Lynch et al., 2003). An extension of this pilot study was performed in twenty one
subjects for six months using combined 1% ketamine/2% amitriptyline (4 ml; Lynch et al.,
2005a). Patients had neuropathies of various types: post-herpetic neuralgia (n=3), diabetic
neuropathy (n=1), and post-surgical/trauma neuropathy (n=16). An 11-point numerical scale
for pain intensity and a 5-point satisfaction scale were used to evaluate effectiveness. After
six months, subjects reported long-term pain reduction of 34-50% and nearly all (89%)
rated satisfaction from good to excellent (Lynch et al., 2005a). A larger, double-blind,
randomized, placebo-controlled study evaluated the efficacy of topical ketamine (1%),
amitriptyline (2%), or combined ketamine/amitriptyline (4 ml) or neuropathic pain. Patients
had neuropathies that included: post-herpetic neuralgia (n=14), diabetic neuropathy (n=20),
and post-surgical/trauma neuropathy (n=58). Average daily pain intensity was evaluated with
an 11-point numerical pain rating scale, McGill Pain Questionnaire, patient satisfaction, and
allodynia and hyperalgesia testing. Although a reduction in pain scores occurred over a three
week period there was no difference between patients with placebo treatment and patients
with any of the topical applications (Lynch et al., 2005b).
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Inhibition of the biosynthesis of glutamate in the peripheral primary afferent terminal also
may provide analgesia in patients with pain. Anecdotal reports of pain relief have been
reported following treatment with DON in clinical cancer trials. A woman “reported marked
diminution in pain from a destructive lesion in the lumbar spine due to a fibrosarcoma”
following DON administration by a 10-minute infusion daily for 3 days (total doses: 480
mg/m2). Pain relief was long-lasting (6 weeks) despite progression of the disease (Kovach,
etal., 1981). In a pediatric study, a 14-year-old male with a vertebral tumor reported
decrease in pain after 450 mg/m? of DON (15-min infusion 2x weekly every 2 weeks:
Sullivan et al, 1988). These patients had tumor invasion of spinal vertebrae, a highly painful
condition and one where adequate pain relief is difficult to provide. DON’s effect may have
occurred at the sensitized peripheral terminal in these patients. Our understanding of bone
pain from cancer and pain from intervertebral disc inflammation has grown in recent years
(Mantyh & Hunt, 2004; Takahashi et al., 2008). Sensitization of bone and disc peripheral
terminals occurs in an avascular environment and may require or involve fewer sensitizing
agents than inflammation of the skin and joints. DON efficacy in these clinical cases could
be due to GLS inhibition and decreased glutamate production in peripheral terminals.

15. Summary

The current review has focused on the glutamatergic nature of peripheral terminals of
primary afferents. These neurons are sensory transducers and transmitters, but they also
interact with the peripheral environment by releasing and reacting to glutamate under
various physiological and pathophysiological conditions. Intense noxious stimuli or
inflammatory conditions cause primary afferent terminals to release glutamate into
peripheral tissues. Many peripheral primary afferents have EAARs and respond to glutamate
by reducing threshold and increasing excitability. Considering our current understanding of
glutamatergic peripheral terminals, we envision several challenges in this field for the future.
For example, there appears to be an interaction of EAARs and TRPV1 at the peripheral
terminal, but it is unclear what intracellular events participate in this interaction. Interaction
of EAARs and other membrane bound proteins such as sodium channels and bradykinin
receptors still needs exploration. Likewise, glutamate interacts with a number of EAARS on
peripheral terminals, but interaction between EAARSs and the intracellular pathways required
for interaction is largely unknown. Furthermore, it is unclear what complement of EAARSs
occurs in various subtypes of DRG neurons. Clarification of this issue might help in
understanding interactions at the peripheral terminal. Further investigation of the roles of
EAARs and the release of glutamate and other substances, e.g., SP, is needed for a better
appreciation of neurogenic inflammation. Lastly, can our understanding of glutamate and the
peripheral afferent terminal be translated to pain relief for pain sufferers? Results from
animal studies show analgesic benefit by regulation of the peripheral glutamatergic system
and clinical studies show potential for relieving some aspects of chronic pain. A more
detailed understanding of glutamate metabolism and peripheral EAARs could provide new
targets or therapies for sufferers of acute and chronic pain.
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LY 367385 S-+-a-amino-4-carboxy-2-methylbenzeneacetic acid

UBP 302 (5)-1-(2-Amino-2-carboxyethyl)-3-(2-
carboxybenzyl)pyrimidine-2,4-dione

LY 341495 (2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-
(xanth-9-yl)propanoic acid

APV 2-amino-5-phosphonvalerate

DCG4 (2S, 2'R, 3’R)-2-(2’, 3’-dicarboxycyclo-propyl)glycine

MCCG (2S,3S,4S)-2-methyl-2-(carboxycyclopropyl)glycine

SIB1893 2-methyl-6-(2-phenylethenyl)pyridine

DON 6-diazo-5-oxo-L-norleucine

CPCCOEtC 7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate
ethyl ester

CPT 8-cyclopentyl-theophylline

DHPG 3,5-dihydroxyphenylglycine

MPEP 2-methyl-6-(phenylethynyl)-pyridine

CPP 3-(2-carboxypiperazine-4-yl)propyl-1-phosphonic acid

4-CPG (5)-4-carboxy-phenylglycine

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

EACPG (RS)-a-ethyl-4-carboxyphenylglycine

L-AP4 L-(1)-2-Amino-4-phosphonobutyric acid

L-NAME N®-nitro-L-arginine methyl ester

APDC (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate

AIDA (RS)-1-aminoindan-1, 5-dicarboxylic acid

MSOP (RS)-a-methylserine- O-phosphate

MPPG R, S-a-methyl-4-phosphonophenylglycine
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L-CCG-l

S-DHPG

CHPG

AlA

AMPAR

AAT

BV

BONTA

CGRP

CNS

CFA

DRG

EMG

ET-1

EAAR

ECRB

GAMS

GLS

EAAT

IR

KA

KAR

MAT

mGIuR

(2S,1’S,2’S)-2-(carboxycyclopropyl) glycine

(5)-3,5-dihydroxyphenylglycine
(S)-4-carboxy-phenylglycine
adjuvant-induced arthritis
AMPA receptors

aspartate aminotransferase

bee venom

botulinum neurotoxin type A
calcitonin gene-related peptide
central nervous system
complete Freud’s adjuvant
dorsal root ganglion
electromyographic

endothelin-1

excitatory amino acid receptor
extensor carpi radialis brevis
v-D-glutamylaminomethyl sulfonic acid
glutaminase

excitatory amino acid transporter
immunoreactive
immunoreactivity
interleukin-1p

intraperitoneal

intraplantar

intravenous

kainate

kainate receptors

mechanical activation threshold

metabotropic glutamate receptors

Pharmacol Ther. Author manuscript; available in PMC 2018 May 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller et al.

References

MO
NA-3,4,-DCM
NAAG
NMDAR
NOARG
NGF
NMDA
OA

PNS
SNAP
SNAT
S.C.

SP

T™™J
TCA
TG
TNFa
VGLUT
VAS
WBC
WDR

WT

Page 39

mustard oil

N-antipyrine-3, 4-dichloromaleimide
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Fig. 1.
Primary afferent neuron. Nociceptive and thermally responsive non-nociceptive neurons

have free nerve endings distributed in target tissue, e.g., skin. The neuronal soma resides in
the dorsal root ganglion or trigeminal ganglion. A primary sensory neuron is a pseudo-
unipolar cell with a single axon projecting from the periphery to the spinal cord or
brainstem. TG and DRG neurons store neurogenic substances, such as substance P,
calcitonin gene-related peptide, and glutamate, in vesicles (white circles) for release in the
periphery and spinal cord. Glutaminase, the synthetic enzyme for glutamate, is produced in
the cell body, translocated to mitochondria (yellow rectangles), and shipped to nerve
terminals. Glutamate, therefore, can be synthesized for neurotransmission at peripheral and
spinal nerve endings. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2.

GI?Jtamine cycle in peripheral nervous system. Glutamate (glu) can be taken up by neurons
or glia. In neurons, glu is taken up by excitatory amino acid transporter 3 (EAAT). Schwann
or satellite cells take up glu via glutamate-aspartate transporter (GLAST) and glutamate
transporter 1 (GLT-1) for conversion to glutamine (gIn) via glutamine synthetase (GS).
Sodium-coupled neutral amino acid transporters (SNAT) transport gln back to neurons for
conversion to glu by glutaminase (GLS) and packaging into vesicles by vesicular glutamate
transporters (VGLUT). Peripheral glia have glutamate dehydrogenase (GDH) for adding or
removing glu from the glutamine cycle. GDH is a bidirectional enzyme for the conversion of
2-oxoglutarate [2-OG] to glu. When 2-OG is removed from the tricarboxylic acid cycle
(TCA), pyruvate carboxylase (PC) adds to the glial TCA cycle by converting pyruvate to
oxaloacetate. Within neurons, the glutamine cycle interacts with the TCA cycle via aspartate
aminotransferase (AT). AT is a bidirectional enzyme for conversion of aspartate and 2-OG to
oxaloacetate and glu.
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Phosphate activated glutaminase. Glutamate is produced from the hydrolytic deamidation of
glutamine by phosphate-activated glutaminase (GLS; EC 3.5.1.2). GLS is a mitochondrial
enzyme that requires inorganic phosphate (P;) for activation, but also is regulated by its end
products, glutamate and ammonia, as well as other intracellular components, 2-oxoglutarate,
calcium (Ca?*), fatty acids, and fatty acyl-coenzyme A derivatives.
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Fig. 4.
Cat spinal cord glutaminase mRNA Northern blot and dorsal root ganglion in situ

hybridization. Northern blot analysis of cat spinal cord shows two glutaminase mMRNAs of
6.0 and 3.4 kb similar to what has been described for rat brain. Northern blot was first
evaluated using a 3°S-529bp cDNA and then stripped and reprobed with a 35S-1.1 kb cDNA
(GLS cDNA vectors supplied by C. Banner, NIH). Using 35S-529bp cDNA, all neuronal
profiles (arrows) are labeled with in situ hybridization under stringent conditions.
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Fig. 5.

Peripheral glutamate mechanisms. Nociceptive free nerve endings store glutamate in
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neurotransmitter vesicles (white circles) and release glutamate (glu) into peripheral tissue
following noxious stimulation (leftward going red arrows). Glu released from the same or a
nearby terminal can interact with excitatory amino acid receptors (EAAR; chevrons) to
activate or sensitize the terminal. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 6.

Dc?se response relationship of nociceptors to kainate using the in vitro rat glabrous skin—
nerve preparation. Ascending concentrations of kainate excite most C fiber nociceptors in
normal (naive) rats. In these studies, inflammation is created by injection (i.pl.) of CFA (25
ul) and animals evaluated at 48 h post-injection. An ascending concentration series (0.01-3
mM) of kainate excites most C fiber nociceptors (89%) in a dose dependent manner from
naive rats (open circles). Following 48 h of adjuvant induced arthritis, C fiber nociceptors
have elevated background activity, but kainate excites most fibers (75%; black circles) in a
dose dependent fashion. Used with permission from author; Du et al., Neuroscience, 2006.
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Fig. 7.

5 min

Comparison of differences in the responses in male and female rats to the injection of 0.5 M
glutamate into the temporomandibular joint capsule. Glutamate injection in female rats
causes a larger median response and longer afferent discharge in slow A8 afferent fibers than
in male rats. EMG activity in digastric and masseter muscles caused by glutamate injection
in the temporomandibular joint capsule is greater in female rats than in male rats.

Am Physiol Soc, used with permission; Cairns et al., J Neurophysiol, 2001b.
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Fig. 8.

Ar?tidromic electrical stimulation (ADES) of Tg dorsal rami causes increased activity in T1g
isolated cutaneous branches of Ap, A8, and C fibers (after ADES). Subcutaneous (sc)
infusion of MK-801, NMDAR antagonist, into the region of Ty cutaneous branches brings
Tg ADES evoked activity to control levels in T19 AB, A6 and C fibers (after sc
MK-801+ADES).

Used with permission from author; Cao et al, Brain Res Bull, 2007.
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Women

Men

A. Following injection of 1.0 M glutamate into the masseter muscle, women and men drew
their perceived areas of pain. Subjects describe a deep, aching pain that spread to the
temporomandibular joint and teeth. Women had a larger area of perceived pain on drawings
than men. B. The area of perceived pain was measured and illustrated in the histogram.
Women had a larger area of perceived pain than men after a single or two injections of

glutamate.

Am Physiol Soc, used with permission; Cairns et al., J Neurophysiol, 2001a.
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Table 1
Peripheral effects of glutamate: electrophysiology.
Drug Dose Route Reference
Agonist
L-glutamate 100-300 uM; EDs = 136 uM Superfusion — rat tail Ault & Hildebrand, 1993a
Kainate 10-300 uM; EC50=63 uM Superfusion — rat tail Ault & Hildebrand, 1993b
Domoate 0.1-10 pM; EC50=1 uM Superfusion — rat tail Ault & Hildebrand, 1993b
AMPA 0.1-1.0 mM Superfusion — rat tail Ault & Hildebrand, 1993b
Quisqualate 0.1-1.0 mM Superfusion — rat tail Ault & Hildebrand, 1993b
Glutamate 100-1000 uM; max. response=300 uM  Superfusion — rat hindpaw  Du et al., 2001
NMDA 0.01-3.0 mM Superfusion — rat hindpaw  Du et al., 2003
Kainate 0.01-3 mM Superfusion — rat hindpaw  Du et al., 2006
Glutamate 1.0 M, 10-100 pl Masseter injection — rat Cairns et al., 2001a, 2002a; 2003a, 2003b;
Gambarota et al., 2005
Glutamate 0.5M, 10 pul TMJ injection — rat Cairns et al., 2001b; 2002b; Lam et al., 2009b
NMDA 0.5-1600 mM, 10 pl Masseter injection — rat Cairns et al., 2003a; Dong et al., 2007, 2009
Glutamate 0.5M, 10 pl TMJ injection — rat Cairns et al., 2001b; Lam et al., 2009a,b
Glutamate 0.01-1.0 M, 10 pl s.c. injection — face —rat  Gazerani et al., 2010b
Antagonist
DNQX 0.1-30 uM Superfusion — rat tail Ault & Hildebrand, 1993c
CNQX 0.1-100 uM Superfusion — rat tail Ault & Hildebrand, 1993c
Kynurenate 1-300 uM Superfusion — rat tail Ault & Hildebrand, 1993c
DL-AP4 3-300 uM Superfusion — rat tail Ault & Hildebrand, 1993c
L-AP4 3-300 uM Superfusion — rat tail Ault & Hildebrand, 1993c
MK 801 0.03mM Superfusion — rat hindpaw  Du et al., 2003
CNQX 0.1 mM Superfusion — rat hindpaw  Du et al., 2006
LY382884 0.1mM Superfusion — rat hindpaw  Du et al., 2006
Kynurenate 0.1 M, 10 pl Masseter injection — rat Cairns et al., 2002a, 2003b
APV 1-100 mM, 10 pl Masseter injection — rat Cairns et al., 2003b; Hakim et al., 2011
Ketamine 1-20 mM, 10 pl Masseter injection — rat Cairns et al., 2003b
Dextromethorphan ~ 1-40 mM, 10 pl Masseter injection — rat Cairns et al., 2003b
Ifenprodil 100 mM, 10 pl Masseter injection — rat Cairns et al., 2003b
AP5 10 mM (200 pg/100 pl) i.pl. —cat Chen et al., 1999a
CNQX 357 mM (8.3 pg/100 pl) i.pl. —cat Chen et al., 1999a
AP5 10 mM, 50 pl i.pl. —rat You et al., 2002
MK 801 2 mM, 50 pl i.pl. —rat You et al., 2002
CHPG 20 mM (100 nmol/5 pl) i.pl. —rat Walker et al., 2001
MPEP 20 mM (100 nmol/5 pl) i.pl. —rat Walker et al., 2001
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Table 2
Peripheral effects of glutamate: biophysical.
Drug Dose Route Reference
Agonist
L-glutamate 0.6 mM-2.0 M (0.03-100 pmol/50 pl) i.pl. —rat IZ_(I)L(JJZt al., 2002; Aumeerally et al.,
Glutamate 1-3mM Superfusion of bovine dental pulp  Jackson & Hargreaves, 1999
NMDA 100-300 uM Superfusion of bovine dental pulp  Jackson & Hargreaves, 1999
AMPA 0.01-10 nM; ECsq = 0.27 nM Superfusion of bovine dental pulp  Jackson & Hargreaves, 1999
Kainate 1-100 uM; ECgp = 3.2 uM Superfusion of bovine dental pulp  Jackson & Hargreaves, 1999
Glutamate 0.015-1.5 M (0.3- 30 umol/20 pl); EDgg = 0.5  i.pl. — mouse Beirith et al., 2002, 2003
uMm
Glutamate 1.0 M, 10 pul Injection — masseter Cairns et al., 2002a, 2003a
Glutamate 100 mM (300 pg/20 ul) i.pl. —rat Lin et al., 2009
NMDA 50-250 mM (10— 50 umol/200 pl) i.pl. —rat Wang et al., 1997
NMDA 250 mM (25 umol/100 pl) i.pl. —rat Wang et al., 1999
Antagonist
MK801 1mM, 50 pl i.pl. —rat Jinet al., 2009
NBQX 5 mM, 50 pl i.pl. —rat Jin et al., 2009
CPCCOEtC 5mM, 50 pl i.pl. —rat Jinet al., 2009
MK 801 20, 200 uM (1, 10 nmol/50 pl) i.pl. —rat Liu et al., 2002
CNQX 200 pM (10 nmol/50 pl) i.pl. —rat Liu et al., 2002
CNQX 30 uM Superfusion of bovine dental pulp  Jackson & Hargreaves, 1999
NBQX 3.6-6.0 umol/paw i.pl. — mouse Beirith et al., 2002
DON 400 mM (10 umol/25 pl) i.pl. —rat Hoffman & Miller, 2010
lodowillardiine  5-20 mg/kg i.v. —rat Andreou et al., 2009
UBP 302 50 mg/kg i.v. —rat Andreou et al., 2009
Kynurenate 100 mM, 10 pl Injection — masseter Cairns et al., 2003a
MK 801 0.3 mg/kg/50 pl Injection — masseter Ro et al., 2004
MK 801 4-22 mM (25- 150 pg/20 pl) i.pl. —rat Wang et al., 1997
MK 801 0.1, 0.3 mg/kg Injection — intramuscular Ro et al., 2004, 2007
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Peripheral effects of glutamate: animal behavior.

Page 66

Drug Dose Route Reference
Mechanical hyperalgesia/allodynia
Agonist
KA Mice: 20 mg/kg, 100 pl; rats: 7 mg/kg, 500—  i.p. Giovengo et al., 1999
800 pl
L-glutamate 100 pg/paw; EDsq = 0.7 pg/paw i.pl. Egg;nfant & Nakamura-Craig,
Glutamate 0.1-10 mM (1-100 nmol/10 pl) i.pl. Walker et al., 2001
Glutamate 30 nmol/paw i.pl. Zanchet & Cury, 2003
L-glutamate 30 nM (3 pmol/100 pl) i.pl. Leem et al., 2001
Glutamate 0.01-0.3 mM i.pl. Carlton et al., 1995; Coggeshall et
al., 1997
KA 0.005-1.0 mM, 20 pl i.pl. Du et al., 2006
Glutamate, NMDA, AMPA, 0.1-10 mM (1-100 nmol/10 pl) i.pl. Walker et al., 2001
CHPG, DHPG
NMDA, AMPA, KA 0.001-5 mM, 20 pl i.pl. Zhou et al., 1996
Glutamate 0.1-10.0 mM, 20 pl Tail — injection Carlton et al., 1998
S-DHPG 0.01-1.0 mM, 20 pl i.pl. Zhou et al., 2001
Antagonist
AP-7 240 mg/kg s.C. Follenfant & Nakamura-Craig,
1992
MK 801 100 pmol/paw i.pl. Zanchet & Cury, 2003
AP5 40 pmol/paw i.pl. Zanchet & Cury, 2003
CNQX 100 nmol/paw i.pl. Zanchet & Cury, 2003
CNQX 1 mg/kg i.p. — mice Giovengo et al., 1999
CPP 10 mg/kg i.p. — mice Giovengo et al., 1999
CNQX 1-100 pM, 20 pl i.pl. Zhou et al., 1996
MK 801 1-10 uM, 20 pl i.pl. Zhou et al., 1996
MK 801 0.01 mM, 20 pl Tail — injection Carlton et al., 1998
CNQX 0.3 mM, 20 pl Tail — injection Carlton et al., 1998
MPEP 0.3-3 mM (0.03-.03 umol/10 pl) i.pl. Walker et al., 2001
AIDA 1.0 mM, 20 pl i.pl. Zhou et al., 2001
Thermal hyperalgesia
Agonist
L-glutamate 0.6 mM (30 nmol/50 pl) i.pl. Jackson et al., 1995; Peana et al.,
2004
Glutamate, NMDA, or 100 uM-100 mM, 50 pl i.pl. Jinetal., 2009
AMPA
S-DHPG 1-100 mM, 50 pl i.pl. Jin et al., 2009
Glutamate 100 mM (300 pg/20 pl) i.pl. Lin et al., 2009
NMDA 50 mM (150 pg/20 pl) i.pl. Linetal., 2009
CHPG 250 uM (1 pg/20 pl) i.pl. — mice Lin et al., 2009
Glutamate 5.0 mM, 20 pl Tail, s.c. Carlton et al., 1998
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Drug Dose Route Reference
RS-DHPG, S-DHPG 1-5 mM (10-50 nmol/10 pl) i.pl. — mice Bhave et al., 2001
Antagonist
CNQX 2 mM (100 nmol/50 pl) i.pl. Jackson et al., 1995
MK-801 0.01-0.1 mM, 20 pl Tail, s.c. Carlton et al., 1998
MPEP 3 mM (30 nmol/10 pl) i.pl. Bhave et al., 2001
CPCCOEt, LY367385 10 mM (100 nmol/10 pl) i.pl. Bhave et al., 2001

Motor activity
Agonist

L-glutamate

Domoate

KA

Quisqualate

AMPA

Glutamate

NMDA, KA, AMPA
Antagonists

AP5

CNQX

APV, CNQX

MK-801
Nocifensive responses
Agonists

Glutamate

Glutamate

NMDA

Glutamate

Glutamate
Antagonists
MK 801

NBQX

GAMS
E4ACPG
NA-3,4,-DCM

0.01-10 mM

0.1-10 pM; ECso = 1 uM
10-300 pM; ECs = 63 uM
0.1-1.0 mM; ECsp = 511 uM

0.1-1.0 mM

10-500 mM (0.1-5.0 pmol/10 pl)
10-100 mM (0.1-1.0 umol/10 pl)

10 mM, 50 pl
5mM, 50 pl

50 mM (0.5 umol/10 pl)

0.001-0.1 M, 10 pl

0.5 mM, 20 pl
100 mM (300 pug/20 pl)
50 mM (150 pg/20 pl)

0.015-3.0 M (0.3-60 umol/20 pl); EDsg =

0.13M
30 pmol/paw

0.5-50 mM (0.01-1.0 umol/20 pl); IDgg =3

mM

0.18-1.8 M (3.6-36.0 umol/20 pl; 1D =

1.7M

5-150 mM (0.1-3.0 pmol/20 ul)
50-500 mM; (1-10 pmol/20 pl)
2.8-85.2 umol/kg, i.p.; 28.4-284.1 pmol/kg,

oral

Tail — superfusion
Tail — superfusion
Tail — superfusion
Tail — superfusion
Tail — superfusion
Rat TMJ — injection
Rat TMJ — injection

Muscle — injection
Muscle — injection
Rat TMJ — injection
Rat TMJ — injection

Tail — injection
i.pl. — mice
i.pl. — mice
i.pl. — mice
i.pl. — mice
i.pl. — mice
i.pl. — mice
i.pl. — mice
i.pl. — mice

i.p., oral — mice

Ault & Hildebrand, 1993a
Ault & Hildebrand, 1993b
Ault & Hildebrand, 1993b
Ault & Hildebrand, 1993b

Ault & Hildebrand, 1993b
Cairns et al., 1998, 2001b

Cairns et al., 1998

You et al., 2002
You et al., 2002
Cairns et al., 1998
Lam et al., 2005

Carlton et al., 1998
Lin et al., 2009
Linetal., 2009

Beirith et al., 2002, 2003

Quintao et al., 2010

Beirith et al., 2002

Beirith et al., 2002

Beirith et al., 2003
Beirith et al., 2002
Quintao et al., 2010
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Table 4
Pain during acute inflammation: skin.
Drug Dose Route Reference
Capsaicin
Antagonists
MK-801 0.1-1.0 mM, 50 pl i.pl. Jin et al., 2009
CNQX 1-5 mM, 50 pl i.pl. Jinetal., 2009
CPCCOEt 5mM, 50 pl i.pl. Jin et al., 2009
MPEP 30 mM, 50 pl i.pl. Jin et al., 2009
Carrageenan
Antagonists
MK-801 200 pM (10 nmol/50 pl) i.pl. Jackson et al., 1995
CNQX 2 mM (100 nmol/50 pl) i.pl. Jackson et al., 1995
MPEP 3-30 mM (0.03-0.3 umol/10 pl) i.pl. Walker et al., 2001
NA-3,4,-DCM 0.85-8.52 umol/kg i.p. Quintao et al., 2010
Prostaglandin and interleukins
Agonists
APDC 11 UM (20 ng/10 pl) i.pl. Yang & Gereau, 2002
APDC 46 pM (200 ng/25 pl) s.c., orofacial Ahn et al., 2005; Jung et al., 2006
DCG4 39 uM (200 ng/25 pl) s.c., orofacial Ahn et al., 2005
Antagonists
AP-7 240 mg/kg s.C. Follenfant & Nakamura-Craig, 1992
DNQX 80 pg/kg s.C. Follenfant & Nakamura-Craig, 1992
LY341495 57 nM (0.2 ng/10 pl) i.pl. Yang & Gereau, 2002
DNQX 1mM, 20 ul s.c., orofacial Ahn etal., 2004
CPCCOEt 0.65 or 6.5 mM (4 or 40 pg/25 pl)  s.c., orofacial Ahn et al., 2005
LY367385 1.9 or 19 mM (10 or 100 pg/25 pl)  s.c., orofacial Ahn et al., 2005
MPEP 1.2 or 12 mM (7 or 70 pg/25 pl) s.c., orofacial Ahn et al., 2005
SIB1893 2 0r 20 mM (10 or 100 pg/25 pl) s.c., orofacial Ahn et al., 2005
Endothelin-1 (ET-1)
Antagonists
MK-801 100 pM, 10 pl i.pl. Khodorova et al., 2009
D-AP-5 5mM, 10 pl i.pl. Khodorova et al., 2009
Bee (Apis mellifera) venom
Agonists
APDC 2-100 pM (0.1-5 nmol/50 pl) i.pl. Chenetal., 2010
Antagonists
MK 801 0.01 mg/kg i.p. Chen & Chen, 2000
AIDA 10-500 uM (0.5-25 nmol/50 pl) i.pl. Chenetal., 2010
LY 341495 4 pM (0.2 nmol/50 pl) i.pl. Chenetal., 2010
L-AP4 2-200 UM (0.1-10 nmol/50 pl) i.pl. Chen et al., 2010
MSOP 200 pM (10 nmol/50 pl) i.pl. Chenetal., 2010
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Drug Dose Route Reference
AP-5 10 mM, 50 pl Muscle, injection  You et al., 2002

Phoneutria nigriventer spider venom

Antagonists
MK-801
CNQX
AP5

Formalin i.pl.

Agonists
S-DHPG

Antagonists
MK-801
CNQX
Dextrorphan
Memantine, ketamine
AIDA
MPEP
CPCCOEt
NA-3,4,-DCM

1 pM (100 pmol/100 pl)
1 mM (100 nmol/100 ul)
0.4 uM (40 pmol/100 ul)

1.0 pm, 20 pl

0.1-100 pM, 30 il

1-1000 pM, 30 pl
0.1-10 pM, 40 pl

1-10 pM, 40 pl

0.4-40 uM, 20 pl

3 mM (30 nmol/10 pl)

10 mM (100 nmol/10 ul)

14-140 mM (0.28-2.8 umol/20 ul)

i.pl.
i.pl.
i.pl.

i.pl.
i.pl.
i.pl.
i.pl.
i.pl.
i.pl. — mice
i.pl. — mice

i.pl. — mice

Zanchet & Cury, 2003
Zanchet & Cury, 2003
Zanchet & Cury, 2003

Zhou et al., 2001

Davidson et al., 1997
Davidson et al., 1997
Davidson & Carlton, 1998
Davidson & Carlton, 1998
Zhou et al., 2001

Bhave et al., 2001

Bhave et al., 2001
Quintao et al., 2010
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Table 5

Pain during acute inflammation: joint and muscle.

Page 70

Drug Dose Route Reference
Antagonist
AP7 0.2 mM, 100 pl Intra-articular — knee Lawand et al., 1997
CNQX, ketamine 0.1 mM, 100 pl Intra- articular — knee Lawand et al., 1997

MK-801
NBQX
APS5

Kynurenic acid

MK-801

0.3-1.5mM, 40 pl
0.25-2.5 mM, 40 pl
13-38 mM (0.1-0.3 mg/40 pl)

8-106 mM (30-400 pg/20 pl); ED3y = 54 mM; 204 ug/20 ul; EDsq
=87 mM; 330 pug/20 pl

0.3 mg/kg/50 pl

Intra- articular — knee
Intra- articular — knee
Intra- articular — knee

Intra- articular — tibiotarsal

Intramuscular

Zhang et al., 2003
Zhang et al., 2003
Zhang et al., 2009
Mecs et al., 2009

Ro, 2003
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Table 6

Pain during chronic inflammation.

Drug Dose Route Reference
CFA inflammation
Agonist
NMDA 0.01-0.5 mM, 20 pl i.pl. Du et al., 2003
Kainate 1mM, 20 pl i.pl. Du et al., 2006
Antagonist
DON 0.8-800 mM (0.02-20 pmol/25 pl)  i.pl. Miller et al., 2010b
MK 801 0.5 mM, 20 pl i.pl. Duetal., 2003
CNQX 0.1 mM, 20 pl i.pl. Du et al., 2006
MK 801 10 nM (1 pmol/100 pl) i.pl. Leem et al., 2001
MPEP 10-30 mM (100-300 nmol/10 pl) i.pl. Walker et al., 2001
Formalin
Agonist
Glutamate, NMDA, AMPA, or kainate 20 mM; (1 pmol/50 pl) i.pl. Aumeerally et al., 2004
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Table 7

Glutamate and human pain.
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Drug Dose Route Reference

Agonist

Glutamate 1-100 mM, 100 pl s.c., face Gazerani et al., 2006

Glutamate 1.0 M, 200 pl Intramuscular Cairns et al., 2001a, 2003a, 2003b,
2006; Wang et al., 2004, 2010;
Svensson et al., 2003, 2005, 2008;
Castrillon et al., 2008

Glutamate 05ml, 1M Intratendoninous ~ Gibson et al., 2009

Monosodium glutamate 75 or 150 mg/kg Oral Baad-Hansen et al., 2010

Antagonist

Ketamine 10 mM, 200 pl Intramuscular Cairns et al., 2003a, 2003b, 2006

Ketamine 0.83 mg/ml, 6 mi s.C. Warncke et al., 1997

Ketamine gel (Ketalar®) 20 mg/ml, 1 ml Topical Poyhid & Vainio, 2006

Ketamine gel 0.093 mg/kg-9.33 mg/kg Topical Gammaitoni et al., 2000

Ketamine gel 5 mg/ml Topical Quan et al., 2003

Ketamine 0.5%, 5 ml Topical Lynch et al., 2003

Ketamine/amitriptyline cream 1% ketamine/2% amitriptyline, 4 ml Topical Lynch et al., 2005a, b

DON 480 mg/m? (10- minute infusion daily for 3 i.v. Kovach et al., 1981

days)
DON 450 mg/m? (15- min infusion 2x weekly) iv. Sullivan et al, 1988
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