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Abstract
The possible involvement of spinal metabotropic glutamate receptors (mGluRs) were
examined in animal models of persistent and chronic pain. In Study 1, it was shown that
spinal administration of relatively selective group I mGluR antagonists, or a selective
group III mGluR agonist, but not a non-selective mGluR antagonist, slightly, but
significantly reduced nociceptive scores in the rat formalin test. Also, spinal
administration of a non-selective mGluR agonist, or a selective group I mGluR agonist,
but not a relatively selective group II agonist, enhanced formalin-induced nociception.
The pro-nociceptive effects of these agents were reversed by a non-selective mGluR
antagonist or by an N-methyl-p-aspartate receptor (NMDAR) antagonist. [n Study 2, it
was shown that intrathecal administration of two non-selective mGluR agonists or a
selective group I mGluR agonist, but not a selective group II or group III mGluR agonist,
produced spontaneous nociceptive behaviours (SNBs) in rats. Also, the SNBs induced by
these agents were reduced by a non-selective mGluR antagonist or by an NMDAR
antagonist. In Study 3, it was shown that intrathecal administration of a selective group I
mGluR agonist produced persistent mechanical allodynia, mechanical hyperalgesia and
heat hyperalgesia in rats. In Study 4, it was shown that early, but not late intrathecal
administration of a relatively selective group I mGluR antagonist reduced nociceptive
behaviours in a model of neuropathic pain. In Study 5, it was shown that intrathecal
administration of a selective group I mGluR antagonist reduced mechanical allodynia and
cold hyperalgesia, while a selective group II mGIuR agonist and a selective group III

mGIluR agonist only reduced mechanical allodynia and cold hyperalgesia, respectively, in



the neuropathic pain model. Results from these studies first suggest that spinal group I
mGluRs may be more critically involved in the development of chronic nociceptive
behaviours, compared to persistent nociceptive behaviours. Second, spinal administration
of group II or group III mGIuR agonists appear to be more effective in reducing certain
types of chronic nociceptive behaviours, than reducing persistent nociception. Third, the
development of nociceptive behaviours in models of pain may involve a group [

mGIuR/NMDAR interaction.
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Résumé
Nous avons étudié, sur des modéles animaux, le role que pourraient jouer les récepteurs
métabotropiques du glutamate de la moelle épiniére (mGluRs) dans la douleur
chronique et persistante. La premiére étude a permis de démontrer que 1'administration
spinale d'antagonistes des mGluRs relativement sélectifs du groupe I, ou d'un agoniste
sélectif du mGluR du groupe III, mais non d'un antagoniste non sélectif des mGluRs, se
traduit par une réduction légére mais significative des scores nociceptifs de rats soumis
au test du formaldéhyde. De plus, I'administration dans la moelle épiniére d'un agoniste
non sélectif des mGluRs ou d'un agoniste sélectif du groupe I de ce récepteur, mais non
d'un agoniste relativement sélectif du groupe II, a accru la nociception induite par le
formaldéhyde. L'administration d'un agoniste non sélectif des mGluRs ou d'un agoniste
du récepteur N-méthyl-D-aspartac (NMDAR) a inversé les effets pro-nociceptifs de ces
agents. Dans le cadre de la deuxiéme étude, nous avons démontré que 1'administration
intrathécale, 2 des rats, de deux agonistes non sélectifs de mGIluR ou d'un agoniste
sélectif dugroupe I, mais non d'un agoniste sélectif du groupe II ou d'un agoniste du
groupe [II, provoque des comportements nociceptifs spontanés (CNS). De plus,
1'administration d'un agoniste non sélectif des mGluRs ou d'un antagoniste du NMDA
a atténué les CNS provoqués par ces agents. Une troisiéme étude, également réalisée
sur des rats, a permis de démontrer que !'administration intrathécale d'un agoniste
sélectif du groupe I des mGluRs produit une allodynie mécanique, une hyperaigie
mécanique et une hyperalgie a la chaleur. Dans le cadre d'une quatriéme étude, nous
avons démontré que |'administration intrathécale précoce mais non tardive d'un

agoniste relativement sélectif des mGluRs atténue les comportements nociceptifs
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observés dans un modéle de douleur névropathique. Une cinquiéme étude a permis de
démontrer que l'administration intrathécale d'un agoniste sélectif du groupe I des
mGluRs atténue I'allodynie mécanique et I'hyperalgésie au froid, alors que
'administration d'un agoniste sélectif du groupe II ou d'un agoniste sélectif du
groupe IIT n'atténue respectivement que 1'allodynie mécanique et I'hyperalgésie au froid
observées avec le modele de la douleur névropathique. Les résultats de ces études
semblent indiquer que les mGluRs du groupe I spinaux pourraient jouer un role plus
critique dans !'apparition de comportements nociceptifs chroniques que dans
I'apparition de comportements nociceptifs persistants. De plus, 1'administration dans la
moelle épiniére d'agonistes des mGluRs du groupe II ou III semble atténuer davantage
certains types de comportements nociceptifs chroniques que la nociception persistante.
Enfin, |'apparition de comportements nociceptifs observés dans des modéles de douleur
pourrait étre due en partic 3 une interaction entre les mGluRs du groupe I et les

NMDARs.
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Statement of Original Contributions

Since 1991, a large number of studies have been published, which clearly
demonstrate that ionotropic glutamate receptors (iGluRs) play a critical role in a number
of different animal models of pain. However, when I started my Ph.D. training with Dr.
Coderre, in September of 1994, little was known about the contribution of metabotropic
glutamate receptors (mGluRs) to persistent and chronic nociception. Although the results
from two recently published electrophysiological studies implicated the involvement of
mGluRs in inflammation-related nociception (Neugebauer et al. 1994; Young et al.
1994), no behavioural studies had yet been published. Therefore, under the direction of
Dr. Coderre, I carried out a series of experiments to investigate the possible contribution
of mGluRs to persistent and chronic models of pain.

Study | represents the first attempt to investigate the possible contribution of
mGluRs to nociceptive responses in a model of pain, using relatively selective mGluR
compounds. Although the formalin test has been used extensively to demonstrate the role
of iGluRs in nociception, Study 1 is the first demonstration that spinal group [ mGluRs
play a role in the formalin model, and that activation of spinal group III mGluRs
produces antinocicepton in this model. This study also provides the first evidence that
selective activation of group I mGluRs enhances N-methyl-p-aspartate receptor
(NMDAR) function in the spinal cord, which mediates the facilitation of chemically-
induced nociception in rats.

Although Meller and colleagues (1993) first showed that spinal administration of
a non-selective mGluR compound produces nociception in rats, Study 2 of my thesis

represents the first attempt to determine specifically which mGluR subtype(s) is(are) pro-



nociceptive. Although a number of investigators have previously characterized the
spontaneous nociceptive behaviours (SNBs) induced by iGluR agonists, this study is the
first characterization of mGluR agonist-related SNBs. Also, this is the first demonstration
that selective activation of spinal group I mGluRs produces persistent nociception in rats,
and that a group I mGluR/NMDAR interaction mediates the development of persistent
nociception.

Although Meller and colleagues (1993) also showed that spinal co-administration
of AMPA and a non-selective mGIuR agonist produces acute mechanical hyperalgesia,
Study 3 represents the first attempt to thoroughly characterize the types of nociceptive
behaviours induced by spinal administration of a selective mGluR agonist. This is the
first demonstration that selective activation of spinal group | mGluRs produces persistent
mechanical allodynia, mechanical hyperalgesia and cold hyperalgesia in rats.

Study 4 represents the first attempt to determine the possible antinociceptive
effects of a spinally administered mGluR compound in a model of neuropathic pain.
Although Mao, Price, Hayes, Lu and Mayer (1992) had previously shown that iGluR
subtypes differentially influence the development and maintenance of heat hyperalgesia
associated with chronic constriction injury (CCI) of the sciatic nerve, Study 4 is the first
attempt to determine whether an mGluR compound influences the development and/or
maintenance of mechanical allodynia and cold hyperalgesia in the CCI model. This study
represents the first evidence that group I mGluRs contribute to the development, but not
the maintenance of CCl-related nociceptive responses.

Study 5 represents the first attempt to determine whether selective blockade of

spinal group I mGluRs, or selective activation of spinal group II or group III mGluRs



produces antinociception in the CCI model. Results from this study not only confirm that
spinal group I mGluRs contribute to the development of mechanical allodynia and cold
hyperalgesia in the neuropathic pain model, but it is also the first demonstration that
activation of spinal group II and group III mGluRs differentially modulate the
development of these nociceptive behaviours.

Together, these studies have made a significant contribution to our understanding

of how mGluRs in the spinal cord contribute to persistent and chronic nociception.
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CHAPTER 1: THESIS INTRODUCTION



Classification, Pharmacology, Signal Transduction Mechanisms, and Localization of
Glutamate Receptors (GluRs)

More than 30 years ago, neuroscientists discovered that application of the
excitatory amino acids (EAAs), L-glutamate (Glu) or L-aspartate (Asp), to various regions
of the mammalian central nervous system (CNS) strongly depolarizes the neuronal
membrane potential (Curtis & Watkins, 1963; Kmjevic & Phillis, 1963; Mclennan,
Huffman & Marshall, 1968). Since these first studies, research has made remarkable
progress in elucidating the mechanisms that mediate the action of these two major
excitatory neurotransmitters in the CNS. The use of novel electrophysiological and
neuroanatomical techniques, in conjunction with recently developed selective
pharmacological tools, has significantly contributed to our understanding of the diverse
functions of EAAs in the nervous system (NS).

[n an early review, Watkins and Evans (1981) cited evidence for the existence of
three distinct glutamate receptor (GluR) subtypes in the mammalian CNS. The GluR
subtypes, N-methyl-p-aspartate (NMDA), quisqualate (Quis), and kainate (KA) were
classified based on their preferred exogenous agonists. In 1984, Foster and Fagg noted
that a fourth GluR, which responds to L-2-amino-4-phosphonobutyric acid (L-AP4), had
been identified, and a few years later, Monaghan, Bridges and Cotman (1989) reported
that a fifth receptor, which was selectively activated by frans-1-aminocyclopenantane-
1,3-dicarboxylic acid (trans-ACPD or (1S,3R)-ACPD), had been added to the GluR

family.



Since the late 1980’s, the GIuR classification scheme has been modified
considerably. First, the term ‘quisqualate’ has been replaced with a-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid (AMPA). This revision is based on the demonstration
that AMPA is a more selective agonist at this receptor subtype, since Quis also stimulates
the production of inositol triphosphate (IP,) via the trans-ACPD-sensitive receptor (see
Lodge & Collingridge, 1991). Second, the iGluRs, AMPA and KA, are often collectively
referred to as non-NMDARSs, since the agonists, AMPA and KA display some activity at
each other’s receptor (Watkins, Krogsgaard-Larsen & Honoré, 1991). Third, the most
current classification system distinguishes between ionotropic glutamate receptors
(iGluRs), which form ion channels, and metabotropic glutamate receptors (mGluRs),
which are linked through guanosine 5’-triphosphate (GTP)-binding proteins (G-proteins)
to the production or inhibition of intracellular messengers (Watkins & Collingridge,
1994).

Ionotropic Glutamate Receptors (iGluRs)

The N-Methyl-p-Aspartate Receptor NMDAR). The NMDAR mediates the slow
component of excitatory postsynaptic currents (EPSCs) in the mammalian CNS (Forsythe
& Westbrook, 1988; MacDonald & Wojtowicz, 1980; Trussell & Fischbach, 1989;
Trussell, Thio, Zorumski & Fischbach, 1988). This iGluR subtype is characterized by a
voltage-dependent magnesium (Mg’ block (Mayer, Westbrook & Guthrie, 1984;
Nowak, Bregestovski, Ascher, Herbet & Prochiantz, 1984), and by a high permeability to
calcium (Ca®*") (MacDermott, Mayer, Westbrook, Smith & Barker, 1986; Mayer &

Westbrook, 1987).



The binding of ligands to different sites on the NMDAR complex negatively or
positively modulates NMDAR channel activity. The NMDAR complex is comprised of
the following binding sites:

1. The Glu recognition site: In addition to Glu, several other agonists, such as
NMDA and ibotenate bind at this site, as well as the competitive antagonists, p-2-amino-
5-phosphonopropionic acid (p-APS), p..-2-amino-7-phosphonopropionic acid (p..-AP7)
and 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP). The binding of Glu at
this site opens the channel if it is not blocked by Mg*".

2. The strychnine-insensitive glycine binding site: Binding of the natural ligand,
glycine, or of the selective agonists, p-serine or p-alanine, at this site, is mandatory for
activation of the NMDAR channel. Also, binding of ligands to this site facilitates the
action of ligands at the Glu recognition site. The action of glycine at this site is
selectively antagonized by 7-chlorokynurenate (7CK).

3. The voltage-dependent ion channel: This channel is blocked by extracellular
Mg’ when the neuronal membrane is at resting potential. The release of Glu into the
synaptic cleft rapidly activates non-NMDARs, which depolarizes the postsynaptic
membrane and removes the voltage-dependent Mg** blockade, allowing full activation of
the NMDAR.

4. The phencyclidine (PCP) binding site: The binding of the high affinity non-
competitive antagonists, PCP and dizocilpine maleate (MK-801), as well as the low
affinity non-competitive antagonists, ketamine, memantine, dextromethorphan and

dextrorphan to this site inhibits NMDAR activity.



5. The polyamine binding site: Several polyamines, such as spermidine and
spermine, act at this site and enhance the binding of ligands to the PCP site. Antagonists
at this site include ifenprodil and eliprodil.

6. The binding site for zinc and other cations: The binding of several cations to
this site inhibits NMDAR activity.

7. The redox modulatory site: Thiol-oxidizing (i.e. 3,5 -dithiobis-(2-nitro-benzoic
acid (DTNB) and nitric oxide) or disulfide-reducing (i.e. dithothreitol (DTT), cysteine,
and homocysteine) agents act at this site and have been shown to negatively or positively
modulate NMDAR activity, respectively.

8. The proton sensitive site: Protons acting at this site or near the face of the
receptor inhibit NMDAR activity.

(see Hollman & Heineman, 1994; Kemp & Leeson, 1993; Lodge & Johnson, 1991; Scott,
Sutton & Dolphin, 1993; Sucher, Awobuluyi, Choi & Lipton, 1996 for reviews).

Although several NMDAR subunits have been cloned (NRI (including eight
splice variants), NR2A-NR2D) (Ikeda et al. 1992; Ishii et al. 1993; Kutsuwada et al.
1992; Meguro et al. 1992; Monyer et al. 1992), NMDARs expressing different
combinations of these subunits are not yet pharmacologically distinguishable. However,
it is of general consensus that multiple types of NMDARs with slightly different
functional properties exist in the mammalian NS, and these properties are determined by
various combinations of subunits comprising the receptor. /n situ hybridization studies
have determined the mRNA expression patterns for each NMDAR subunit in the rat
CNS. These studies have demonstrated that although NRI1 subunit localization is

ubiquitous in the brain (Moriyoshi, Masu, Ishii, Shigemoto, Mizuno & Nakanishi, 1991;



Shigemoto, Nakanishi & Mizuno, 1992), each NR2 subunit is differentially expressed.
For example, high levels of the NR2A subunit are found in the cerebrocortex, cerebellar
cortex, hippocampus and olfactory bulb, whereas, NR2B, NR2C and NR2D mRNA are
most prominently expressed in the telencephalon, cerebellar cortex and
diencephalon/lower brain stem regions, respectively (Kutsuwada et al. 1992; Monyer et
al. 1992; Monyer, Burnashev, Laurie, Sakmann & Seeburg, 1994; Moriyoshi et al. 1991;
Watanabe, Inoe, Sakimura & Mishina, 1992). Details relating to the spinal cord
distribution of NMDAR subunits are discussed below (see Localization of EAAs and
GluRs in the Dorsal Horn and Primary Afferent Neurons).

Accumulating knowledge about NMDAR function has generated much
excitement in the neuroscience community. Evidence suggests that this iGluR subtype
mediates neurotoxicity, as well as several types of neuronal plasticity in the mammalian
CNS. For example, the NMDAR has been shown to play a critical role in the induction of
hippocampal long-term potentiation (LTP), the neural model of leaming and memory
(Collingridge, Kehl & McLennan, 1983; Harris, Ganong & Cotman, 1984; Morris,
Anderson, Lynch & Baudry, 1986); the formation of kindling, the experimental model of
epilepsy (Bowyer, 1982; Bowyer, Albertson, Winters & Baselt, 1983; Gilbert & Mack,
1990; Morimoto, Katayama, Inoue & Sato, 1991; see Loscher, 1998 for review); and the
initiation of ‘“‘wind-up”, the experimental model for injury-related sensitization of spinal
cord neurons (Davies & Lodge, 1987, Dickenson & Sullivan, 1987a). Moreover,
evidence suggests that excessive NMDAR activity may play a role in the etiology of

neuronal degenerative disorders (see Meldrum & Garthwaite, 1990, for review).



The non-NMDARSs. The a-amino-3-hydroxy-S-methylisoxazole-4-propionic acid
receptor (AMPAR) and kainate receptor (KAR) mediate the fast component of EPSCs in
the mammalian CNS (Tang, Dichter & Morad, 1989; Trussell et al. 1988). The ion
channels formed by these iGIuR subtypes are permeable to sodium (Na™) and potassium
(K") (Jahr & Stevens, 1987). Unlike KARs, most AMPARS in the NS are impermeable to
Ca™ (Geiger et al. 1995; Jonas & Bumashev, 1995; Kdhler, Burnashev, Sakmann &
Seeburg, 1993).

In addition to Glu, agonists that act at the non-NMDARs include Quis, AMPA
and KA. Although AMPA and KA are agonists at each of the non-NMDAR subtypes,
autoradiography studies have demonstrated that the distribution of high affinity ["H] KA
binding is distinct from that of [’H] AMPA in the mammalian CNS (see Monaghan et al.
1989 for review). With the advance of molecular biological techniques, a number of non-
NMDAR subunits have been cloned and categorized according to agonist selectivity.
These studies demonstrate that GluR1-GluR4 display a higher affinity for AMPA over
KA, whereas GluRS5-GluR7, KAl and KA2 show more selectivity for KA over AMPA
(Boulter et al. 1990; Hollmann, O’Shea-Greanfield, Rogers & Heinemann, 1989;
Keindnen et al. 1990). Therefore, combinations of GluR1-GluR4 subunits are thought to
form native AMPA-preferring receptors, whereas native KA-preferring receptors are
formed by combinations of the GluRS-GluR7, KA1 and KA2 subunits. Evidence suggests
that the GluR2 subunit determines the Ca** permeability of the ion channel, since an
AMPAR complex that includes this subunit displays very low permeability to this cation.

In contrast, AMPAR complexes, composed of GluRl, GluR3 and GluR4, form ion



channels that are permeable to Ca*" (Boutler et al. 1990; Hume, Dingledine &
Heinemann, 1991; Nakanishi, Schneider & Axel, 1990). Thus, it is believed that, in the
mammalian NS, most of the AMPA-preferring receptors include the GluR2 subunit, since
most native AMPARS are impermeable to Ca*".

The compounds, 6-cyano-7-nitro-quinoxalinedione (CNQX), 6,7-dinitro-
quinoxalinedione (DNQX) and 2,3-dihydroxy-6-nitro7-suifamoyl-benzo(f)quinoxaline
(NBQX) are competitive antagonists at both the AMPAR and KAR (Fletcher, Martin,
Aram, Honoré & Honoré, 1988; Sheardown, Neilsen, Hansen, Jacobsen & Honoré,
1990). However, GYKI 52466 (Donevan & Rogawski, 1993) and GYKI 53655
(Paternain, Morales & Lerma, 1995) have been used to discriminate between these two
non-NMDAR subtypes, since these compounds are selective, non-competitive
antagonists at the AMPAR. Also, evidence suggests that S-nitro-6,7,8,9-
tetrahydrobenzo[g]indol-2,3-dione-3-oxime (NS-102) is a selective antagonist for the
KAR (Johansen, Drejer, Watjen & Nielsen, 1993; Lerma, Paternain, Naranjo &
Mellstrim, 1993).

In situ hybridization studies have determined the expression patterns of the
mRNAs for each AMPAR subunit in the rat CNS (Boutler et al. 1990; Keininen et al.
1990; Sommer et al. 1990). These studies have demonstrated that GluR1-GluR4 are
highly expressed in various cell populations in the hippocampus and cerebellum, as well
as in different layers of the cerebrocortex. However, the expression pattern of each
AMPAR subunit varies across different cell populations in each of these brain areas. In
situ hybridization studies, examining the expression patterns of the mRNAs for each

KAR subunit, show that they are differentially distributed throughout the rat CNS (Bahn,



Volk & Wisden, 1994; Bettler et al. 1990, 1992; Wisden & Seeburg, 1993). For example,
KAR subunits are strongly expressed in the dentate gyrus (GluR6, KAl and KA2) and
CA3 region (GluR6, KA1, and KA2) of the hippocampus, as well as in the stellate/basket
(GluR7), granule (GluR6) and Purkinje (GIuRS) cells of the cerebellum. Also, two KAR
subunits are also strongly expressed in certain layers of the cingulate (GIuRS5,GluR7) and
piriform cortex (GIuRS), as well as in the septum (GIuRS), caudate-putamen, and
reticular thalamus (GluR7). Details relating to the spinal cord distribution of AMPAR and
KAR subunits are discussed below (see Localization of EAAs and GluRs in the Dorsal
Horn and Primary Afferent Neurons).

Evidence suggests that excessive non-NMDAR activity is involved in
pathological conditions involving neuronal degeneration. For example, a number of
studies have demonstrated that non-NMDAR antagonists reduce hippocampal neuronal
cell loss in animal models of ischemia (Buchan, Li, Cho & Pulsinelli, 1991; Diemer,
Joorensen, Johansen, Sheardown, & Honoré, 1992; Pulsinelli, Sarokin & Buchan, 1993;
Sheardown et al. 1990). Interestingly, it has recently been reported that following global
ischemia, the expression of GluR2 mRNA is reduced in hippocampal neurons (Pellegrini-
Giampietro, Pulsinelli & Zukin, 1994; Pellegrini-Giampietro, Zukin, Bennett, Con &
Pulsinelli, 1992). Since AMPARSs without the GluR2 subunit form ion channels that are
permeable to Ca®, it has been suggested that a change in the AMPAR subunit
composition contributes to the Glu-induced excessive Ca* influx, which is known to
mediate ischemia-related cell death (Pellegrini-Giampietro, Gorter, Bennett & Zukin,

1997).



Metabotropic Glutamate Receptors (mGluRs)

Group I mGluRs. The group I mGluRs, mGluR1 (cloned splice variants include a,
b and ¢) and mGIuRS (cloned splice variants include a and b) are linked by a G-protein to
phosphatidylinositol (PI) hydrolysis (Houamed et al. 1991; Joly, Gomeza, Brabet, Curry,
Bockaert & Pin, 1995; Masu, Tanabe, Tsuchida, Shigemoto & Nakanishi, 1991;
Pickering et al. 1993; Pin, Waeber, Prezeau, Bockaert & Heinemann, 1992). It is thought
that the binding of Glu to group [ mGluRs activates a stimulatory G-protein, which in
turn activates the enzyme, phospholipase C (PLC). Following activation, this enzyme
cleaves PI- 4,5-bisphosphate (PIP,) into two second messengers, IP, and diacylglycerol
(DAG). IP, diffuses into the cytoplasm, binds to a receptor on the endoplasmic reticulum
and releases Ca™ from internal stores. DAG remains in the plasma membrane, where it
has the potential to activate protein kinase C (PKC) or release arachidonic acid from the
cellular membrane. Studies have provided evidence that activation of native group I
mGIuRs in various regions of the mammalian CNS leads to PI hydrolysis (Aronica,
Condorelli, Nicoletti, Dell’ Albani, Amico & Balazs, 1993; Bedingfield, Kemp, Jane, Tse,
Roberts & Watkins, 1995; Birse et al. 1993; Brammer et al. 1991; Casabona et al. 1997;
Eaton et al. 1993; Klein, Reymann & Riedel, 1997; Littman et al. 1995; Littman, Munir,
Flagg & Robinson, 1992; Littman & Robinson, 1994; Lorenzini, Bisso, Fortuna &
Michalek, 1996; Manzoni et al. 1991; Manzoni, Fagni, Pin, Rassendren, Poulet,
Sladeczek & Bockaert, 1990; Mistry & Challiss, 1996; Mistry, Prabhu, Godwin &
Challiss, 1996; Neil, Kendall & Alexander, 1996; Patel, Moore, Thompson, Keith &

Salama, 1990; Pellegrini-Giampietro, Torregrossa & Moroni, 1996; Schoepp,
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Goldsworthy, Johnson, Salhoff & Baker, 1994; Schoepp, Johnson, Salhoff, McDonald &
Johnston, 1991; Sladeczek et al. 1992; Suzdak, Sheardown & Honoré, 1993; Toms, Jane,
Tse & Roberts, 1995; Weiss, Ellis, Hendley & Lenox, 1989), the mobilization of
intracellular Ca’>" (Brammer et al. 1991; Carmant, Woodhall, Ouardouz, Robitaille &
Lacaille, 1997; Courtney, Lambert & Nicholls, 1990; Guiramand, Vignes & Recasens,
1991; Liano, Dreesen, Kano & Konnerty, 1991; Murphy & Miller, 1988, 1989,
Netzeband, Parsons, Sweeney & Gruol, 1997; Phenna, Jane & Chad, 1995), the
translocation and/or activation of PKC (Angenstein, Hirschfelder & Staak, 1997,
Fukunaga, Soderling, & Miyamoto, 1992; Manzoni, Finiels-Marlier, Sassetti, Bockaert,
le Peuch & Sladczek, 1990; Vaccarino, Liljequist & Tallman, 1991), the production of
nitric oxide (Bhardwaj, Northington, Martin, Hanley, Traystman & Koehler, 1997,
Okada, 1992), and the release of arachidonic acid (Dumuis et al. 1993; Sladeczek et al.
1992).

The pharmacological profiles for the group I mGluR subtypes have been well
characterized. Table 1.1 shows the median half-maximum effective concentrations of
various agonists to induce PI hydrolysis (EC,,), and the median half-maximum effective
concentrations of various antagonists to block agonist-induced PI hydrolysis (IC,;) in
cells lines expressing cloned rat group I mGluRs. These values were calculated from the
EC,, and IC,, values reported in the cited studies. Table 1.1 also shows the potency rank

of each compound, which is based on its median EC,, or IC,, value.
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Table 1.1: Pharmacology of cloned rat mGluRs

mGluR mGluR1a mGluR1b | mGluR1c | mGluR5a mGluR5b | mGluR2 mGluR3 | mGluR4a mGluR6 | mGluR7 | mGluRS
compound
glutamate AG2,, AG3, AG2,, AG4,,,, AG3,, AGS,,, AG3,, AG2,, AG3,,,, AG3, 5, | AGI,,
ibotenate AG3,,, AG2,, AG3,,, AG3,, AG2,,, AG7,; AGS,,, AG3 ., AG4 ) | - -
quisqualate AGl,, AGl,;, AGl gy, AGlg,, AGlo, | AGY oy | AGT NE AG4..;, | NE -
ACPD® AGS,, AG4,;, | AG4,y, | AGS,q, AG4,,, AG4; AGY,;, NE NE NE AGd,,;
(RS)-DHPG | AGA,,,, -- - AG2,;, -- NE - NE -- NE NE
trans-ADA AGT 5 -- -- AG6,,,, -- -- -- -- -- -- --
(RS)-AIDA ANT3,,,, -- -- ANT . jp00) | -- AG, o0, -- - - -- -
4C3HPG" ANTI1,,, - -- AG,. 00 AG,, AG6,,,, - NE - - -
(8)-4CPG ANT2, - -- NE NE AGS;,, -- NE - - -
MCPG* ANTY,,,,, -- -- NE NE ANT s, -- NE - NE ANT2,;, |
(15.35)- AGS, ., - . AG7, on | AGS, on | - AG6., | - — - .
ACPD
1.-CCG-1 AG6,, -- -- -- -- AG2,, AG2,, AG3,, - -- AG2,
DCG-IV NE - - NE -- AGl,, AGl,,, NE - NE- NE
{2R4R)- NE - - -- - AG3,,, - -- -- - --
APDC!
MCCG NE - -- -- -- ANT,, -- - NE - -
MSPG NE -- - -- -- ANT2,5, | -- ANT . 000y | -- - --
MTPG ANT 1000 -- -- NE -- ANT3 5, - NE - - --
ADPD NE - -- NE -- ANTL -- -- -- -- -
1.-AP4 NE - NE NE -- NE NE AGl,, AGl,,, AG2,,, | AGl,,
L-SOP NE - -- -- -- -- -- AG2,, AG2,, AGly, |-
MAP4 NE -- - - -- ANT,, - ANT,;5, AG,, -- ANTI g,
References 1.2.3.4.5.6.7.8.9. 17 18 10.11.14, 14 456.789. | 623.24 6.7.89,12, | 4,27 19.28,29 | 30,31

10,11,12,13,14,15, 15.19.20, 10,19.21, 19,23,25,

16,32,33 32,33 22,3233 26,32,33

A(i#, relative potency rank of agonist; ANT#, relative potency rank of antagonist; numbers inside brackets are the median ICo/ECy, values (in pM) calculated from the cited references; ?, ICQE,., values
were not cited in reference; NE, compound was not effective at the maximum concentration tested; --. the compound was not tested: * (15,3R)-ACPD); *((S)-4C3HPG or {RS)-4C3HPG); © ((+)-MCPQ or (RS)-
MCPG): Y (1C o/ EC , values were obtained from cloned human mGluRs); References: | (Houamed et al. 1991); 2 (Masu et al. 1991);3 (Thomsen and Suzdak, 1993a); 4 (Sckiyama et al. 1996); S (Schoepp et
al. 1995); 6 (Hayashi ct al. 1993); 7 (Hayashi ct al. 1994).8 (Hayashi ¢t al. 1992); 9 (Thomsen ct al. 1994); 10 (Moroni et al. 1997); 11 (Manuhan-Vaughan ct al. 1996);12 {(Thomsen and Suzdak, 1993b):13
{Thomsen et al. 1993); 14 (Joly et al. 1995). 15 (Brabet et al. 1995) . 16 (Ito et al. 1992); 17 (Pickering ct al. 1993);18 (Pin ¢t al. 1992).; 19 (Cicreau and Conn, 1995); 20 (Abe ct al. 1992); 21 (Tanabe et al.
1992); 22 (Flor et al. 1995); 23 (Tanabe ¢t al. 1993); 24 {Pin et al. 1994); 25 (Thomsen et al. 1992); 26 (Johansen and Robinson, 1995); 27 (Nakajima ct al. 1993); 28 (Saugstad ¢t al. 1994); 29 (Okamoto ct al.

1994); 30 (Saugstad et al. 1997); 31 (Duvoisin et al. 1995); 32 (Gomeza et al. 1996); 33 (Wermuth et al. 1996)




The rank order of agonist potency for mGluR1a is the following: Quis > Glu >
ibotenate > (RS)-3,5-dihydroxyphenylglycine ((RS)-DHPG) > (1S,3R)-ACPD >
(25,1°S,2°S)-2-(carboxycyclopropyl)-glycine  (t-CCG-I) > trans-azetidine-2,4-
dicarboxylic acid (trans-ADA) > (15,35)-ACPD (Brabet, Bockaert & Pin, 1995; Hayashi
et al. 1992; Houamed et al. 1991; Ito et al. 1992; Joly et al. 1995; Manahan-Vaughan et
al. 1996; Masu et al. 1991; Thomsen, Mulvihill, Haldeman, Pickering, Hampson &
Suzdak, 1993; Thomsen & Suzdak, 1993a). Although the agonist profile for mGluR 1a is
best characterized, the rank order of potency, for the agonists that were tested, is similar
for all three splice variants (Pickering et al. 1993; Pin et al. 1992). The rank order of
agonist potency for mGluRSa is the following: Quis > (RS)-DHPG > ibotenate > Glu >
(1S,3R)-ACPD > trans-ADA > (1S5,35)-ACPD (Abe, Sugihara, Nawa, Shigemoto,
Mizuno & Nakanishi, 1992; Brabet et al. 1995; Joly et al. 1995; Manahan-Vaughan et al.
1996). The mGluR5b pharmacological profile, for the agonists that were tested, is
identical to that of mGluRSa (Joly et al. 1995).

Group I mGluRs are characterized by their high sensitivity to Quis; however,
(RS)-DHPG and trans-ADA appear to be the most selective agonists for this group of
mGluRs, given that these agonists have no effect at group II or group III mGluRs (Gereau
& Conn, 1995a; Manahan-Vaughan et al. 1996, Saugstad, Kinzie, Shinohara, Segerson &
Westbrook, 1997). Interestingly, (RS)-DHPG and trans-ADA have been shown to
activate mGluR5a with a higher potency, compared to mGluRla (Brabet et al. 1995;
Manahan-Vaughan et al. 1996). It should be noted that, although (15,35)-ACPD and (-
CCG-I display some activity at group [ mGluRs (Hayashi et al. 1992; Joly et al. 1995),

many investigators have used these compounds as selective group II mGIuR agonists.
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The rank order of antagonist potency for mGluR1a is as follows: (S)- or (RS)-4-
carboxy-3-hydroxyphenylglycine ((S)- or (RS)-4C3HPG) > (S)-4-carboxyphenylglycine
((S)-4CPQG) > (RS)-1-aminoindan-1,5-dicarboxylic acid ((RS)-AIDA) > (+)-a-methyl-4-
carboxyphenylglycine ((+)-MCPG) or (RS)-MCPG (Hayashi et al. 1994; Moroni et al.
1997; Thomsen, Boel & Suzdak, 1994; Thomsen & Suzdak, 1993a). The antagonist
profiles have not yet been determined for mGluR1b and mGluR1c. Interestingly, recent
evidence suggests that several phenylglycine derivatives may discriminate between
mGluR1a and mGluRS5a. For example, two studies have shown that (+)-MCPG and (S)-
4CPG display no activity at mGluR5a, and (S)-4C3HPG, at high concentrations, acts as a
partial agonist at this receptor subtype (Brabet et al. 1995; Joly et al. 1995). The most
selective group I mGluR antagonist currently available is (RS)-AIDA (Pellicciari et al.
1995); however, it should be noted that, recently, this compound has been shown to
activate group II mGluRs at high concentrations (1000 uM) (Moroni et al. 1997).

A number of studies have examined the distribution of the group [ mGluRs within
the rat CNS, using antibodies against, or mRNAs for, each receptor subtype. In the rat
brain, several studies have demonstrated that the highest distribution of mGluR1a is
found in the olfactory bulb, area CAl and the dentate gyrus of the hippocampus,
neostriatum, globus pallidus, substantia nigra, a number of nuclei in the thalamus and
hypothalamus, Purkinje cells of the cerebellum, superior colliculus and on interneurons of
the neocortex (Casabona et al. 1997; Fotuhi et al. 1993; Martin, Blackstone, Huganir &
Price, 1992; Petralia et al. 1997; Testa, Friberg, Weiss & Standaert, 1998; Testa,

Standaert, Young & Penny, 1994). Two studies, comparing the expression patterns of
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each splice variant of mGluR|1, reported some differences in the regional distribution
within the cerebellum, olfactory bulb and striatum (Grandes, Mateos, Riiegg, Kuhn, &
Kndpfel, 1994; Pin et al. 1992). Ultrastructural examination has revealed that mGluR 1a is
primarily localized on postsynaptic membranes (Martin et al. 1992; Petralia et al. 1997,
Shigemoto et al. 1997; Van den Pol, 1994), often in the periphery of the synapse (Baude,
Nusser, Roberts, Muivihill, Mcilhinney & Somegyi, 1993; Lujan, Nusser, Roberts,
Shigemoto & Somogyi, 1996; Nusser, Mulvihill, Streit & Somogyi, 1994; Petralia et al.
1997). It has been suggested that the perisynaptic localization of this mGIluR would
permit activation only during periods in which Glu concentrations were sufficiently high
to diffuse away from the release site (Baude et al. 1993). It is also of interest that
mGluR 1a, as well as mGluR1b, have been shown to be localized on presynaptic terminals
in the striatum (Fotuhi et al. 1993).

Studies have demonstrated that mGluR5a is highly expressed in the olfactory
tubercle, anterior olfactory nucleus, caudate/putamen, nucleus accumbens, lateral septum,
area CAl and dentate gyrus of the hippocampus, inferior colliculus and in regions of the
cerebrocortex (Casabona et al. 1997; Romano, Sesma, McDonald, O’Mailey, Van den Pol
& Olney, 1995; Shigemoto, Nomura, Ohishi, Sugihara, Nakanishi & Mizuno, 1993).
Although Shigemoto et al. (1993) reported that mGluRS5a is predominantly located in
postsynaptic membranes in the rat brain, Romano et al. (1995) found that this receptor
subtype shows some presynaptic localization in the CAl region and dentate gyrus of the
hippocampus, as well as in regions of the cerebrocortex. It has been suggested that
presynaptic group I mGluRs may function as autoreceptors, regulating transmitter release

in certain regions of the rat brain (Romano et al. 1995). Details relating to the spinal cord
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distribution of group I mGluRs are discussed below (see Localization of EAAs and
GluRs in the Dorsal Horn and Primary Afferent Neurons).

Group II mGluRs. Activation of the group II mGluRs, mGluR2 and mGluR3,
which are negatively linked through a G-protein to adenylate cyclase, leads to the
inhibition of cyclic adenosine 3°,5’-monophosphate (cAMP) accumulation (Tanabe,
Masu, Ishii, Shigemoto & Nakanishi, 1992; Tanabe, Nomura, Masu, Shigemoto, Mizuno
& Nakanishi, 1993).

The pharmacological profiles for the group II mGluR subtypes have been well
characterized. Table 1.1 shows the median half-maximum effective concentrations of
various agonists to inhibit forskolin-stimulated cAMP (IC,;), and the median half-
maximum effective concentrations of various antagonists to block agonist-induced
inhibition of forskolin-stimulated cAMP (IC,;) in cells lines expressing cloned rat group
[I mGluRs. The rank order of agonist potency for mGluR2 is the following:
(2S,1°R,2’R,3’R)-2-(2,3-dicarboxycyclopropyl)glycine (DCG-IV) 2 L-CCG-I > (2R,4R)-
4-aminopyrrolidine-2,4-dicarboxylate ((2R,4R)-APDC) > (15,3R)-ACPD > Glu > (S)- or
(RS)-4C3HPG > ibotenate > (S5)-4CPG > Quis (Flor et al. 1995; Hayashi et al. 1992,
1993, 1994; Schoepp et al. 1995; Tanabe et al. 1992; Thomsen et al. 1994). The mGluR3
pharmacological profile, for the agonists that were tested, is similar to that of mGluR2
(Hayashi et al. 1993; Pin, Joly, Heinemann & Bockaert, 1994; Tanabe et al. 1993).
Although DCG-IV and .-CCG-I are the most potent agonists at group II mGluRs,

(2R,4R)-APDC is the most selective agonist currently available. It should be noted that
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DCG-IV also activates the NMDAR at high concentrations (Hayashi et al. 1992), and that
1-CCG-I is also an agonist at mGluR1a, mGluR4a and mGluR8 (Saugstad et al. 1997).
For several years, (+)- or (RS)-MCPG was the only group II mGluR antagonist
available (Hayashi et al. 1994; Thomsen et al. 1994). More recently, however, several
antagonists, such as (25,45)-2-amino-4-(4,4-diphenylbut-1-yl)-pentane-1,5-dioic acid
(ADPD) (Wermuth et al. 1996), a-methyl-4-sulfono-phenylglycine (MSPG), a-methyl-4-
tetrazoylphenylglycine (MTPG)), and (2§,35,45)-methyl-2-(2-carboxycyclopropyl)
glycine (MCCG) (Gomeza, Brabet, Parmentier, Restituito, Bockaert & Pin, 1996) have
been synthesized and shown to be selective for cloned group II mGluRs (see Table 1.1).
A number of studies have examined the distribution of the group II mGluRs
within the rat CNS, using antibodies against, or mRNAs for, the receptor subtypes.
Evidence suggests that mGluR2 and mGIluR3 have overlapping, but distinct expression
patterns in the rat brain. The highest expression of mGluR2 is found in golgi cells of the
cerebellum, whereas mGluR3 is most prominently expressed in the reticular nucleus of
the thalamus (Ohishi, Shigemoto, Nakanishi & Mizuno, 1993a). Although mGluR3 is
also expressed in cerebellar golgi cells, but with moderate intensity, mGluR2 and
mGluR3 show distinct regional distribution patterns in other cerebellar cells, as well as in
neurons of the olfactory bulb and in different nuclei of the thalamus (Ohishi et al. 1993a).
A number of studies have demonstrated that both group II mGIluR subtypes are localized
pre- and postsynaptically in the hippocampus, olfactory bulb, cerebellum and
cerebrocortex (Neki, Ohishi, Kaneko, Shigemoto, Nakanishi & Mizuno, 1996; Ohishi,

Ogawa-Meguro, Shigemoto, Kaneko, Nakanishi & Mizuno, 1994; Petralia, Wang,
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Niedzielski & Wenthold, 1996; Shigemoto et al. 1997). The presynaptic localization of
group II mGluRs suggest that these receptor subtypes function as autoreceptors,
modulating transmitter release in the rat brain. Details relating to the spinal cord
distribution of group II mGluRs are discussed below (see Localization of EAAs and
GluRs in the Dorsal Horn and Primary Afferent Neurons).

Group III mGluRs. The group Il mGluRs, mGluR4 (cloned splice variants
include a and b), mGluR6, mGluR7 and mGluR8, are also linked to the inhibition of
cAMP formation (Duvoisin, Zhang & Ramonell, 1995; Nakajima et al. 1993; Okamoto et
al. 1994; Saugstad, Kinzie, Mulvihill, Segerson & Westbrook, 1994; Tanabe et al. 1992,
1993; Thomsen, Pekhletski, Haldeman, Gilbert, O’'Hara & Hampson, 1997), but they are
pharmacologically distinct from group II mGluRs. Specifically, group III mGluRs are
insensitive to (15,3R)-ACPD (with the exception of mGluR8), and are preferentially
activated by L-AP4. The rank order of agonist potency for mGluR4 and mGluRé6 are the
following: L-AP4 > L-serine-O-phosphate (L.-SOP) = Glu > L-CCG-I (Hayashi et al. 1992;
Tanabe et al. 1993; Thomsen, Kristensen, Mulvihill, Haldeman & Suzdak, 1992;
Thomsen & Suzdak, 1993b) and L.-AP4 > L-SOP > Glu > Quis = ibotenate (Nakajima et
al. 1993), respectively. mGluR7 has been reported to have a slightly different
pharmacological profile, such that it has a lower affinity for .-AP4 and L-SOP, compared
to mGluR4 and mGluR6 (Okamoto et al. 1994; Saugstad et al. 1994). mGluRS8 is also
different from the other group III mGluRs, since it has been shown to be more sensitive
to L-CCG-I than the other group III mGluRs, and it is activated by (1S5,3R)-ACPD
(Saugstad et al. 1997). The rank order of agonist potency for mGluR7 and mGIuR8 are

the following: L-SOP > L-AP4 > Glu (Okamoto et al. 1994; Saugstad et al. 1994) and -
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AP4 > 1-CCG-I > Glu > (18,3R)-ACPD (Duvoisin et al. 1995; Saugstad et al. 1997),
respectively. See Table 1.1 for the calculated median IC,, value for inhibiting forskolin-
stimulated cAMP and potency rank for each agonist.

The compound, (S)-2-amino-2-methyl-4-phosphonobutanoic acid (MAP4), is the
most selective group III mGluR antagonist currently available (Johansen & Robinson,
1995; Saugstad et al. 1997). It should be noted, however, that this compound displays
partial agonist activity at mGIluR6 (Sekiyama et al. 1996). It is interesting to note that,
although (+)-MCPG produces no effect at mGluR4a (Hayashi et al. 1994; Thomsen et al.
1994), this phenylglycine derivative has recently been shown to be an antagonist at
mGIluR8 (Saugstad et al. 1997).

A number of studies have examined the distribution of the group III mGluRs
within the rat CNS, using antibodies against, or mRNAs for, the receptor subtypes.
Evidence suggests that the group III mGIuR subtypes have distinct distribution patterns in
the rat brain. Interestingly, the expression of mGIuR6 is restricted to the inner nuclear
layer of the retina (Nakajima et al. 1993). Studies have demonstrated that the expression
of mGIuR8 is concentrated in the main and accessory olfactory bulb (Duvoisin et al.
1995; Kinoshita, Ohishi, Nomura, Shigemoto, Nakanishi & Mizuno, 1996), whereas
mGluR4 and mGluR7 are expressed widely, but differentially, throughout the rat brain
(Bradley, Levey, Hersch & Conn, 1996; Ohishi, Akazawa, Shigemoto, Nakanishi &
Mizuno, 1995). Specifically, the highest expression of mGluR4 is found in the granule
cells of the cerebellum and olfactory bulb, whereas mGIuR7 expression is most
prominent in tufted and mitral cells of the main olfactory bulb, mitral cells of the

accessory olfactory bulb, medial septal nucleus and neurons in the locus coeruleus
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(Ohishi, Akazawa, Shigemoto, Nakanishi & Mizuno, 1995). Furthermore, mGluR7 is
expressed with moderate intensity in most regions in the rat brain, including the
neocortex, basal ganglia, amygdala, preoptic region, hypothalamus, thalamus and lower
brainstem (Ohishi, Akazawa, Shigemoto, Nakanishi & Mizuno, 1995). Studies have
provided convincing evidence that mGluR7 and mGIuR8 are predominantly localized
presynaptically, whereas mGluR4 is found both pre- and postsynaptically in the rat CNS
(Bradley et al. 1996; Duvoisin et al. 1995; Kinoshita, Ohishi, Neki, Nomura, Shigemoto,
Takada, Nakanishi & Mizuno, 1996; Kinoshita, Ohishi, Nomura, Shigemoto, Nakanishi
& Mizuno, 1996; Shigemoto et al. 1996, 1997). These studies suggest that presynaptic
group III mGluRs also act as autoreceptors, modulating the release of transmitters.
Details relating to the spinal cord distribution of group III mGluRs are discussed below
(see Localization of EAAs and GluRs in the Dorsal Horn and Primary Afferent Neurons).
Glutamate Receptors: An Overview

After 35 years of research, and with the application of molecular biological
technology, neuroscientists now understand that the diverse and complex actions of Glu
in the mammalian are subserved by different members of a large family of GluRs.
Twenty-two genes have been identified, 14 are iGluR subunits (NR1, NR2A-NR2D
(NMDAR subunits), GluR1-GluR4 (AMPAR subunits), GluR5-GluR7, KA1, and KA2
(KAR subunits)) and eight are mGluR subtypes (mGluR1, mGIluRS5 (group I), mGluR2,
mGluR3 (group II), mGluR4, mGluR6-mGluR8 (group [II)). Furthermore, a number of
splice variants have also been included in the GluR family. It is likely that combinations
of subunits produce subtypes of the NMDA, AMPA and KA receptors in the mammalian

CNS; however, they are not yet pharmacologically distinguishable. The availability of
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selective NMDAR antagonists, and the more recent synthesis of antagonists that
discriminate between the AMPA or KA receptors have allowed neuroscientists to explore
the functions of iGluRs in the mammalian NS. Only very recently, however, have
compounds been developed that are selective for each of the three groups of mGluRs.
Unfortunately, most of the currently available agonists and antagonists act at more than
one group, therefore, neuroscientists have had to speculate about the involvement of a
specific group of mGluRs in the CNS, based on the differences or similarities between
the effects of two or more compounds. For example, the effects of (5)-4CPG (the group I
mGiuR antagonist/group II mGluR agonist) may be compared to the effects of (+)-MCPG
(the group I and II mGluR antagonist). See Figure 1.1, which summarizes the details
relating to the classification, pharmacology, and signal transduction mechanisms of

GluRs.
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Fig. 1.1
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Physiological Roles of mGluRs

Excitatory effects

Early evidence that suggested mGluRs contribute to excitatory synaptic
transmission was provided by the demonstration that application of (15,3R)-ACPD or
Quis (but not AMPA) to the rat hippocampus depolarizes neurons, reduces the
afterhyperpolarization that follows a train of action potentials, and decreases the
accommodation of cell firing, in vitro (Charpak, Gahwiler, Do & Knépfel, 1990; Stratton,
Worley & Baraban, 1989). Since these early reports, studies have shown that Quis or
(1S,3R)-ACPD produces a variety of excitatory responses in numerous regions of the
mammalian brain, including slow depolarization of neurons in the guinea-pig olfactory
cortex (Libri, Constanti, Zibetti & Postlethwaite, 1997), and in the rat ventrobasal
thalamus (Eaton et al. 1993; Jane, Jones, Pook, Salt, Sunter & Watkins, 1993; Salt &
Eaton, 1995a), dorsolateral septal nucleus (Zheng & Gallagher, 1992; Zheng, Gallagher
& Connor, 1996; Zheng, Hasuo & Gallagher, 1995), hippocampus (Desai, Smith & Conn,
1992) nucleus of the solitary tract (Glaum & Miller, 1992), ventral tegmental area (Shen
& Johnson, 1997), and cerebellum (Glaum, Slater, Rossi, & Miller, 1992). Also, others
have reported that Quis or (15,3R)-ACPD application induces a slow afterdepolarization
followed by an increase in the frequency of spontaneous action potentials or miniature
excitatory postsynaptic potentials (EPSPs) in neurons from the guinea-pig olfactory
cortex (Libri et al. 1997) or from the rat hippocampus (Ito et al. 1992), neocortex (Burke
& Hablitz, 1996; Greene, Schwindt, & Crill, 1992, 1994), dorsolateral septal nucleus
(Zheng & Gallagher, 1992), subthalamic nucleus (Abbott, Wigmore & Lacey, 1997),

cerebellum (Netzeband et al. 1997), olfactory bulb (Schoppa & Westbrook, 1997), and
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hypothalamus (Schrader & Tasker, 1997), in vitro. Furthermore, application of (15,3R)-
ACPD to the hippocampus (Bortolotto & Collingridge, 1992, 1993, 1995; Breakwell,
Rowan & Anwyl, 1996; Chinestra, Diabira, Urban, Barrioneuvo & Ben-Ari, 1994;
Collins, Scollon, Russell & Davies, 1995; O’Connor, Rowan & Anwyl, 1995) or
intracerebroventricular administration of (1S,3R)-ACPD (Manahan-Vaughan &
Reymann, 1995) produces a slow-onset, long-lasting potentiation of hippocampal field
EPSPs in the rat (in vivo).

In the spinal cord, (1S,3R)-ACPD also produces excitatory responses. For
example, (1S,3R)-ACPD application depolarizes rat motoneurons in spinal cord slices
(Eaton et al. 1993; Jane et al. 1993; Thompson, Jones & Kilpatrick, 1995) and increases
the excitability of deep dorsal horn neurons in rat (Morisset & Nagy, 1996) and turtle
(Russo, Nagy & Hounsgaard, 1997) spinal cord slices, in vitro. In rat sympathetic
preganglion neurons, application of Quis or (15,3R)-ACPD depolarizes the neurons and
increases the width of the action potential, in vitro (Spanswick, Pickering, Gibson &
Logan, 1995).

It is likely that Quis or (15,3R)-ACPD increases neuronal excitability by
activating group I mGluRs, given that the selective group I mGluR agonist, (RS)-DHPG,
mimics the effects of the less selective mGluR compounds (Abbott et al. 1997; Ito et al.
1992; Libri et al. 1997; Netzeband et al. 1997; Russo et al. 1997; Schoppa & Westbrook,
1997; Schrader & Tasker, 1997). Also, application of (S)-DHPG to the rat hippocampus
(O’Leary & O’Connor, 1997) or intracerebroventricular administration of (RS)-DHPG
(Davis & Laroche, 1996; Manahan-Vaughan & Reymann, 1996) or trans-ADA

(Manahan-Vaughan et al. 1996; Manahan-Vaughan & Reymann, 1996; Riedel, Manahan-
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Vaughan, Kozikowski & Reyman, 1995), produces the slow-onset, long-lasting
potentiation of hippocampal field EPSPs that is characteristic of (15,3R)-ACPD.

The mGluR agonist-related increases in neuronal excitability may be mediated by
a number of transduction signals. For example, evidence suggests that the excitatory
effects of Quis, (1S,3R)-ACPD or selective group I mGIuR agonists in the rat
hippocampus (Baskys, Bernstein, Barolet & Carlen, 1990; Charpak et al. 1990; Charpak
& Gahwiler, 1991; Chinestra et al. 1994; Guerineau, Gahwiler & Gerber, 1994; Ito et al.
1992; Luthi, Gahwiler & Gerber, 1997; Stratton et al. 1989), neocortex (Greene et al.
1994), dorsolateral geniculate nucleus (McCormick & von Krosigk, 1992) and
sympathetic preganglionic neurons (Spanswick et al. 1995) are associated with an
inhibition of K™ currents. Also, mGluR agonists may influence neuronal excitability by
regulating other cation channels. For example, studies have demonstrated that Quis,
(1S,3R)-ACPD or selective group I mGluR agonists increase intracellular Ca®
concentrations ([Ca™]) by activating voltage-gated Ca** channels (VGCCs) in the rat
cerebellum (Chavis, Fagni, Bockaert & Lansman, 1995; Chavis, Nooney, Bockaert,
Fagni, Feltz & Bossu, 1995), dorsolateral septal nucleus (Zheng et al. 1996),
hippocampus (Jaffe & Brown, 1994) and dorsal horn of the spinal cord (Bleakman,
Rusin, Chard, Glaum & Miller, 1992). Studies have also reported an mGIluR agonist-
related activation of a Ca**-dependent nonspecific cation current in the rat hippocampus
(Congar, Leinekugel, Ben-Ari & Crepel, 1997; Crepel, Aniksztejn, Ben-Ari &

Hammond, 1994).
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Inhibitory effects

A number of studies have demonstrated that activation of group II or group III
mGluRs inhibit excitatory transmission in the rat CNS. For example, application of
(18,3R)-ACPD, the group II mGluR agonists (DCG-IV, L-CCG-I, (1S5,35)-ACPD or
(2R,4R)-APDC) or the group III mGluR agonists (L-AP4 or L-SOP) reduces excitatory
transmission in cultured olfactory bulb mitral cells (Schoppa & Westbrook, 1997),
magnocellular neurons of the hypothalamic supraoptic nucleus (Schrader & Tasker,
1997), in neurons in the locus coeruleus (Dube & Marshall, 1997), nucleus accumbens
(Manzoni, Michel & Bockaert, 1997), striatum (Lovinger & McCool, 1995; Pisani,
Calabresi, Centonze & Bemnardi, 1997a; Tyler & Lovinger, 1995), hippocampus (Baskys
& Malenka, 1991; Gereau & Conn, 1995b; Jouvenceau, Dutar & Billard, 1995; Kamiya,
Shinozaki & Yamamoto, 1996; Macek, Winder, Gereau, Ladd & Conn, 1996; Vignes et
al. 1995) and ventral spinal cord (Cao, Evans, Headley & Udvarhelyi, 1995; Jane, Jones,
Pook, Tse & Watkins, 1994; Jane, Pittway, Sunter, Thomas & Watkins, 1995; Jane,
Thomas, Tse & Watkins, 1996; Thomas, Jane, Tse & Watkins, 1996).

The group II mGIuR agonist-related inhibitory effects were shown to be
preferentially blocked by application of the antagonists, (RS)-MCPG (Dube & Marshall,
1997; Lovinger & McCool, 1995), (+)-MCPG (Kamiya et al. 1996; Vignes et al. 1995),
ethyl Glu (EGlu) (Dube & Marshall, 1997; Jane et al. 1996), MCCG (Jane et al. 1994,
Macek et al. 1996; Vignes et al. 1995), (RS)-a-methylserine-O-phosphate monophenyl-
phoryl ester (MSOPPE) (Thomas et al. 1996), or MTPG (Jane et al. 1995). In contrast,

the inhibitory effects of group III mGluR agonists are preferentially blocked by the
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antagonists, MAP4 (Dube & Marshall, 1997; Macek et al. 1996; Pisani et al. 1997a;
Vignes et al. 1995) as well as by the novel group III mGluR antagonists, MPPG and
MSOP (Cao et al. 1995; Jane et al. 1994, 1995). Together, these studies provide
convincing evidence that mGluR-mediated depression of excitatory synaptic transmission
in the CNS is attributable to activation of two pharmacologically distinct groups of
receptors. The authors of these studies have proposed that presynaptic group II and group
III mGluRs act as ‘autoreceptors’ that modulate excitatory synaptic transmission by
decreasing the release of EAAs.

Several studies have investigated the possible transduction signals that mediate
the group II and group III mGluR agonist-related depression of synaptic transmission.
Evidence suggests that activation of these two groups of mGluRs reduce [Ca’}, by
inhibiting VGCCs. For example, studies have demonstrated that application of (15,3R)-
ACPD or the group II mGluR agonists, L-CCG-1 or (S)-4C3HPG, reduces Ca™
conductance through VGCCs in the rat cerebellum (Chavis, Fagni, Bockaert & Lansman,
1995; Chavis, Shinoaki, Bockaert & Fagni, 1994) and striatum (Stefani, Pisani, Mercuri,
Bernardi & Calabrasi, 1994). Also, application of the group Il mGluR agonist, L-AP4, to
the rat cerebrocortex (Herrero, Vazquez, Miras-Portugal & Sanchez-Prieto, 1996; Stefani,
Spadoni & Bernardi, 1996; Vazquez, Budd, Herrero, Nicholls & Sanchez-Prieto, 1995;
Vazquez, Herrero, Miras-Portugal & Sanchez-Prieto, 1995), hippocampus (Sahara &
Westbrook, 1993; Swartz & Bean, 1992), or olfactory bulb (Trombley & Westbrook,

1992) has also been shown to produce the same inhibitory effect on VGCCs.
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mGluR-Mediated Regulation of EAA Release

Evidence suggests that activation of mGluRs positively regulates the release of
EAAs in the rat CNS. For example, application of (15,3R)-ACPD to cerebrocortical slices
(Lombardi, Leonardi & Moroni, 1996; Lombardi, Pellegrini-Giampietro, Leonard,
Cherici, Pellicciari & Moroni, 1994; Moroni et al. 1997) potentiates depolarization-
induced output of [*H]-Asp and/or [*H]-Glu. Also, perfusion of cerebrocortical (Herrero,
Castro, Miras-Portugal & Sanchez-Prieto, 1996; Herrero, Miras-Portugal & Sanchez-
Prieto, 1992a; Herrero, Miras-Portugal & Sanchez-Prieto, 1992b; Herrero, Miras-Portugal
& Sanchez-Prieto, 1994; Vazquez, Budd, Herrero, Nicholls & Sanchez-Prieto, 1995;
Vazquez, Herrero, Miras-Portugal & Sanchez-Prieto, 1994; Vazquez, Herrero, Miras-
Portugal & Sanchez-Prieto, 1995) or hippocampal (McGahon & Lynch, 1994)
synaptosomes with (15,3R)-ACPD, in the presence of arachidonic acid, potentiates the
release of Glu. Moreover, Jones, Lawrence and Beart (1998) demonstrated that micro-
dialysis of (1S5,3R)-ACPD into the rat nucleus of the solitary tract increases the basal
release of Glu and Asp, in vivo.

The notion that group I mGluRs are responsible for these effects is first supported
by the demonstration that the (15,3R)-ACPD-related increase in EAA release is
attenuated by the selective group I mGluR antagonist, (RS)-AIDA (Moroni et al. 1997) or
by the phenylglycine derivatives, (+)-MCPG or (5)-4CPG (Jones et al. 1998). Second,
perfusion of synaptosomes with the PKC activator, 48-phorbol dibutyrate, in the presence

of arachidonic acid, mimics the effects of (15,3R)-ACPD (Herrero et al. 1992a,b; Coffey,
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Herrero, Sihra, Sanchez-Prieto & Nicholls, 1994). Third, perfusion of synaptosomes with
the PKC inhibitor, staurosporine, blocks the effects of (15,3R)-ACPD (Vazquez, Herrero,
Miras-Portugal & Sanchez-Prieto, 1995).

Studies have also provided evidence that activation of mGluRs inhibits the release
of EAAs in the rat CNS. For example, application of (15,3R)-ACPD to striatal slices
reduces the depolarization-induced output of [’H]-Asp and/or [*H]-Glu (Lombardi et al.
1994, 1996; Lombardi, Alesiani, Leonardi, Cherici, Pellicciari & Moroni, 1993). The
proposal that the inhibitory effects of the non-selective mGluR agonist on EAA release
are attributable to activation of group II mGluRs is supported by the demonstration that
systemic (Battaglia, Monn & Schoepp, 1997) or local administration (Cozzi et al. 1997)
of more selective group II mGluR agonists to rats reduces veratridine-evoked or tonic Glu
release, respectively, in vivo. Also, application of the group II mGluR agonist, L-CCG-I,
to rat striatal slices (Lombardi et al. 1993, 1994) or perfusion of rat striatal synaptosomes
with the group II mGluR agonist, (15,35)-ACPD (East, Hill & Brotchie, 1995), reduces
depolarization- or 4-aminopyridine-induced EAA release. Although East et al. (1995)
provided evidence that activation of group III mGluRs inhibits the release of Glu in the
striatum, others have demonstrated that application of L.-AP4 to rat striatal slices does not
modulate the release of EAAs (Lombardi et al. 1993, 1994). Evidence suggests that group
II and group III mGluRs regulate the release of EAAs in the rat cerebrocortex. For
example, application of L-AP4 to cerebrocortical slices (Lombardi et al. 1994), or
perfusion of cerebrocortical synaptosomes with (15,35)-ACPD (Attwell et al. 1995) or L-

AP4 (Herrero, Véazquez, Miras-Portugal & Sanchez-Prieto, 1996; Véizquez, Budd,
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Herrero, Nicholls & Sanchez-Prieto, 1995; Vazquez, Herrero, Miras-Portugal & Sanchez-
Prieto, 1995) reduces depolarization- or 4-aminopyridine-induced EAA release.

It is of particular interest that neuroanatomical, electrophysiological and EAA
release studies have provided evidence that a subset of each group of mGluRs function as
autoreceptors. Specifically, activation of presynaptic group I mGluRs may increase
neuronal excitability in various regions of the mammalian NS by facilitating the release
of EAAs, while activation of group II or group III mGluRs likely decrease excitatory
synaptic transmission by attenuating the release of EAAs. This concept has attracted
much attention within the scientific community. It is likely that novel therapeutic
strategies will be developed to target presynaptic mGluRs in an effort to prevent or
reduce pathological changes in neuronal function, which are associated with excessive
Glu release. This mechanism is thought to contribute to various conditions in the clinical
population (i.e. epilepsy, stroke and neuronal degenerative disorders).
mGluR-Mediated Regulation of iGluR Function

A number of studies have also demonstrated that activation of mGluRs enhance
iGluR function in the rat CNS. For example, application of the non-selective mGluR
compound, (1S5,3R)-ACPD, potentiates NMDAR- and/or non-NMDAR-mediated
responses in the hippocampus (Aniksztejn, Bregestovski & Ben-Ari, 1991; Fitzjohn,
Irving, Palmer, Harvey, Lodge & Collingridge, 1996; O’Connor et al. 1995; O’Connor,
Rowan & Anwyl, 1994), neocortex (Rahman & Neuman, 1996), nucleus of the solitary
tract (Glaum & Miller, 1993; Glaum, Sunter, Udvarhelyi, Watkins & Miller, 1993),
cerebellum (Rossi, D’Angelo & Taglietti, 1996), and in the ventral (Ugolini, Corsi &

Bordi, 1997) or dorsal (Bleakman et al. 1992; Bond & Lodge, 1995; Ceme & Randic,
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1992; Jones & Headley, 1995) spinal cord. It is likely that (15,3R)-ACPD potentiates
iGIuR function by activating group I mGluRs, since selective group I mGluR agonists
mimic the effects of the less selective mGluR agonist in the rat hippocampus (Doherty,
Palmer, Henley, Collingridge, & Jane, 1997, Fitzjohn et al. 1996), striatum (Pisani,
Calabresi, Centonze & Bernardi, 1997b) and spinal cord (Bond & Lodge, 1995; Jones &
Headley, 1995; Ugolini et al. 1997). Also, the excitatory effects of (RS)-DHPG or
(15,3R)-ACPD are blocked by application of phenylglycine derivatives (Bond & Lodge,
1995; Fitzjohn et al. 1996; Glaum et al. 1993; Harvey, Palmer, Irving, Clarke &
Collingridge, 1996; O’Connor et al. 1994, Rossi et al. 1996; Ugolini et al. 1997) or by
PKC inhibitors (Aniksztejn et al. 1991; O’Connor et al. 1995; Ugolini et al. 1997).

Other evidence suggesting that mGluRs interact with iGluRs has been provided
by the demonstration that (15,3R)-ACPD-induced LTP of hippocampal field EPSPs is
blocked by application of NMDAR (Breakwell et al. 1996; Collins et al. 1995) or non-
NMDAR (Bortolotto & Coilingridge, 1995) antagonists. Also, it has been reported that
application of selective group I mGluR agonists potentiate NMDA-induced neuronal
degeneration in cultured murine cortical neurons (Bruno, Copani, Kndpfel, Kuhn,
Casabona, Dell’ Albani, Condorelli & Nicoletti, 1995).

Studies have also demonstrated that activation of mGluRs reduce iGIluR function
in the rat CNS. For example, in the CAl region of the neonatal rat hippocampus,
application of (15,3R)-ACPD or the selective group III mGIuR agonist, L-AP4, depresses
the NMDA -, but not the AMPA-mediated component of the EPSC induced by electrical
stimulation (Baskys & Malenka, 1991). Also, in the rat striatum, application of (15,3R)-

ACPD depresses the NMDAR- or AMPAR-mediated components of the EPSPs
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(Lovinger, 1991). It has been suggested that activation of presynaptic group II and group
IIT mGluRs are responsible for the inhibition of iGluR-mediated synaptic transmission
(Baskys & Malenka, 1991; Lovinger, 1991). Additional evidence that mGluRs modulate
iGIuR function has been provided with the demonstration that application of the group II
mGIluR agonists, DCG-IV (Bruno et al. 1997; Bruno, Battaglia, Copani, Giffard, Raciti,
Raffaele, Shinozaki & Nicoletti, 1995; Bruno, Copani, Battaglia, Raffaele, Shinozaki &
Nicoletti, 1994; Buisson, Yu & Choi 1996), L-CCG-I (Bruno et al. 1994, 1997) or (S)-
4C3HPG (Bruno et al. 1997; Buisson & Choi, 1995), or application of group III mGluR
agonists, L-AP4 or L-SOP (Bruno et al. 1996), attenuates NMDA-induced excitotoxicity

in cultured neurons.

GluR-Mediated Transmission of Sensory and Nociceptive Information

in the Rat Spinal Cord

Several lines of research support the notion that EAAs mediate synaptic
transmission in the rat spinal cord. First, Glu and Asp, as well as the GluR subtypes are
localized within the spinal sensory/nociceptive pathways. Second, application of GluR
antagonists to the rat spinal cord reduces dorsal horn neuronal responses to primary
afferent stimulation and to cutaneous innocuous/noxious stimulation. Third, application
of EAAs to the spinal cord produces an increase in the spontaneous activity of dorsal
horn neurons, as well as dorsal horn neuronal responses to cutaneous innocuous/noxious
stimulation. Fourth, intrathecal administration of EAAs produces acute nociception in
rats. Fifth, treatment with GluR antagonists reduce nociception in animal models of
persistent and chronic pain. These points will be discussed in detail below.

Localization of EAAs and GluRs in the Dorsal Horn and Primary Afferent Neurons
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A number of studies have provided neuroanatomical evidence that GluRs mediate
synaptic transmission in the rat spinal cord. This notion is first supported by the
demonstrated that high levels of Glu and Asp are found in large- and small- diameter
primary afferent fibers, as well as in dorsal horn interneurons and projection neurons (De
Biasi & Rustioni, 1988; Lekan & Carlton, 1995; Miller, Clements, Larson & Beitz, 1988;
Tracey, De Biasi, Phend & Rustioni, 1991; Wanaka et al. 1987, Westiund, McNeill,
Coggeshall, 1989; Westlund, McNeil, Patterson, Coggeshall, 1989).

Second, a number of studies have also demonstrated that multiple GluR subtypes
are localized within the sensory/nociceptive pathways of the rat spinal cord. For example,
several of these studies have examined the expression patterns of the mRNAs for the
iGluR subunits in the dorsal horn of the rat spinal cord. For example, Furuyama et al.
(1993) found that the NMDAR subunit, NR1, is moderately and evenly distributed
throughout the laminae of the dorsal homn. Others have examined the distribution of the
subunits NR2A-NR2D. One report showed that NR2A is expressed in every laminae in
the dorsal horn, except lamina II, whereas NR2B is expressed only in lamina II in the
dorsal horn of the mouse spinal cord (Watanabe, Mishina & Inoue, 1994). Another study
showed that NR2C is expressed with low intensity and restricted to lamina II, whereas
NR2D is expressed with low intensity diffusely throughout the dorsal horn of the rat
spinal cord (Tdlle, Berthele, Zieglgansberger, Seeburg & Wisden, 1993). Furuyama et al.
(1993) demonstrated that the mRNAs for the AMPAR subunits each show slightly
different expression patterns in the rat. For example, high expression of GluR2 is found
in lamina II and the superficial part of lamina III. GluR3 expression is somewhat

concentrated in these laminae, but labeling is not as intense as for GluR2. Also, the
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expression of GluR3 is dispersed throughout laminae II-VI with moderate intensity,
whereas the expression of GluR4 is very low in the dorsal hom. These investigators also
found that the KAR subunit, KAl, is weakly and diffusely expressed throughout the
dorsal horn. Tdlle et al. (1993) also examined the expression patterns of the mRNAs for
the KAR subunits, GluR5-GluR7, KA1 and KA2. These investigators found that GluRS
is only expressed with weak intensity in lamina I, whereas low levels of GluR7 are found
throughout the dorsal horn. GluR6 is not expressed in the rat spinal cord, and contrary to
the finding of Furuyama et al. (1993), Télle et al. (1993) did not find that KAl is
expressed in the dorsal horn. Tolle et al. (1993) also reported that KA2 is moderately
expressed in lamina II. [n summary, since the mRNAs for the iGluR subunits display
different expression patterns in the dorsal horn, it is likely that distinct NMDAR,
AMPAR and KAR subtypes mediate dorsal horn neuronal responses to different types of
primary afferent input.

A few studies have also examined the expression patterns of the mRNAs for the
mGluR subtypes in the dorsal horn of the rat spinal cord. The group [ mGluR, mGluRS,
shows the strongest expression in the dorsal horn compared to all other mGluR subtypes
(Boxall et al. 1998). These investigators reported that this receptor subtype shows the
highest expression in laminae I-IV. Vidnayanszky et al. (1994) demonstrated that intense
labeling of an anti-mGluR5a antibody was concentrated in laminae I and II. Interestingly,
at the electron microscopy level, these investigators showed that the antibody staining
was localized on postsynaptic cell bodies and dendrites, and that the immunoreactive
dendrites appeared to be targeted by presumed primary afferent C-fiber terminals. The

group [II mGluR, mGluR7, is the second most strongly expressed mGluR in the dorsal
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horn (Boxall et al. 1998). Evidence suggests that mGluR7 is most prominently expressed
in the superficial laminae of the rat dorsal horn (Boxall et al. 1998; Li et al. 1997; Ohishi,
Akazawa, Shigemoto, Nakanishi and Mizuno, 1995; Ohishi, Nomura, Ding, Shigemoto,
Wada, Kinoshita, Li, Neki, Nakanishi & Mizuno, 1995. Interestingly, at the electron
microscopic level, Ohishi, Nomura, Ding, Shigemoto, Wada, Kinoshita, Li, Neki,
Nakanishi and Mizuno (1995) reported that an anti-mGluR7 antibody intensely labels
axon terminals of presumed primary afferent fibers. Boxall et al. (1998) demonstrated
that mRNA for the group [ mGluR, mGluR! is mainly distributed in the deeper laminae
(I1I-VII) and lower levels are found in laminae I and II. Evidence suggests that the group
II mGluR, mGluR3, is expressed with low to moderate intensity in laminae II-V (Boxall
et al. 1998; Ohishi et al. 1993a). Moreover, Ohishi et al. (1993a) reported that mGIuR3 is
expressed on cell bodies in the dorsal horn. Boxall et al. (1998) also found low expression
of the group III mGluR, mGluR4, in laminae [ and II, as well as dispersed, intense
expression in the rest of the grey matter of the spinal cord, especially in the interneurons
of the dorsal horn. Several studies have reported that the group [I mGIluR, mGIluR2, and
the group III mGluRs, mGluR6 and mGluR8, are undetectable in the rat spinal cord
(Boxall et al. 1998; Nakajima et al. 1993).

In summary, several mGluR subtypes (nGluR 1, mGluR3, mGluR4 and mGluRS5)
are localized on postsynaptic neurons in laminae I and II of the dorsal horn. These data
suggest that these mGluRs may either enhance (mGluR1 and mGluRS) or inhibit
(mGluR3 and mGluR4) primary afferent nociceptive transmission, since AS- and C-fibers

are known to preferentially terminate in lamina I and lamina II, respectively. Also,
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evidence that mGIuR7 is localized presynaptically on primary afferent terminals suggests
that it may act as an autoreceptor and modulate A8- and C-fiber/dorsal horn neuronal
transmission by reducing the release of neurotransmitters (Ohishi, Nomura, Ding,
Shigemoto, Wada, Kinoshita, Li, Neki, Nakanishi and Mizuno, 1995). Studies have also
demonstrated that several mGluR subtypes (mGluRl and mGluR3) are localized on
postsynaptic neurons in deeper lamina of the dorsal horn (laminae III-IV), which suggests
that these mGluR subtypes may enhance (mGluR1) or inhibit (mGluR3) AP primary
afferent transmission, since these fibers are known to preferentially terminate in the
deeper layers of the dorsal horn.
GluR-Mediated Synaptic Transmission in the Spinal Cord

In 1991, Kangra and Randic demonstrated that selective electrical activation of
low-threshold (AB) or high-threshold (A8 + C) primary afferent fibers increases the
release of Glu and Asp in the dorsal horn of the rat spinal cord. This report, in
conjunction with electrophysiological studies, demonstrating that GluR antagonists block
primary afferent-dorsal hom neuronal responses, provides evidence that GluRs mediate
the transmission of tactile and nociceptive information in the rat spinal cord. More
specifically, results from these electrophysiological studies suggest that non-NMDARs
mediate dorsal horn neuronal responses to acute innocuous and noxious cutaneous
stimulation, whereas the NMDAR appears to be activated only after prolonged noxious
stimulation of the cutaneous receptive field. This proposal is supported by the
demonstration that application of the non-selective iGIuR antagonist, y-p-glutamyglycine

(DGG), but not the selective NMDAR antagonist, p-APS, to the rat spinal cord, reduces
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dorsal horn neuronal responses to brief AB- and C-fiber stimulation (Dickenson &
Sullivan, 1990). Also, application of the competitive non-NMDA antagonist, NBQX or
CNQX, or the non-competitive AMPA antagonists, GYKI 52466 or GYKI 53655, to the
rat spinal cord reduces dorsal horn neuronal responses to noxious cutaneous thermal
stimulation (Cumberbatch, Herrero & Headley, 1994), or to innocuous (Budai & Larson,
1994; Cumberbatch et al. 1994; King & Lopez-Garcia, 1993) and noxious (Budai &
Larson, 1994; King & Lopez-Garcia, 1993) mechanical stimulation. Neugebauer, Liicke
& Schaible (1993) reported that iontophoretic application of the non-NMDAR antagonist,
CNQX, but not the NMDAR antagonists, ketamine or p,.L-APS5, retiably reduces dorsal
horn neuronal responses to innocuous pressure of the rat knee joint. King and Lopez-
Garcia (1993) also found that application of p-APS, reduces the EPSPs, but does not
affect the neuronal firing evoked by cutaneous innocuous and noxious stimulation.

In contrast, evidence suggests that the NMDAR mediates spinal cord neuronal
responses elicited by repeated C-fiber stimulation. Repeated C-fiber stimulation produces
a progressive increase in post-stimulus action potentials in dorsal (Mendell, 1966) and
ventral (Woolf & Swett, 1984) horn neurons. This phenomenon, called “wind-up”, is a
simple model of injury-induced sensitization of spinal cord neurons. The proposal that the
NMDAR plays a critical role in wind-up, is supported by the demonstration that
application of the NMDAR antagonists, o-APS, ketamine, or 7CK to the rat spinal cord
blocks the C-fiber evoked increases in dorsal horn neuronal activity (Chapman &
Dickenson, 1992; Chizh, Cumberbatch, Herrero, Stirk & Headley, 1997; Davies &

Lodge, 1987; Dickenson & Aydar, 1991; Dickenson & Sullivan, 1987a, 1990).
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Comparatively few studies have examined the role of mGluRs in excitatory
synaptic transmission in the mammalian spinal dorsal horn. Young et al. (1997)
demonstrated that application of the group I mGluR antagonist, cyclothiazide (CTZ), to
the rat spinal cord does not reduce dorsal horn neuronal activity evoked by innocuous
cutaneous mechanical stimulation. In contrast, Budai and Larson (1998) showed that
iontophoretic application of the group | mGluR antagonist/group 2 mGluR agonist, (S)-
4C3HPG, blocks C-fiber-evoked potentiation of the dorsal horn neuronal responses.
These data and data from other studies (Young et al. 1994, 1995, 1997) suggest that
group I mGluRs are not involved in the processing of acute innocuous and noxious
cutaneous information, but may mediate dorsal homn neuronal responses following
prolonged noxious stimulation of the cutaneous field. Moreover, Boxall, Thompson,
Dray, Dickenson and Urban (1996) showed that superfusion with (+)-MCPG reduces the
amplitude of ventral root responses evoked by low frequency high intensity stimulation
of the dorsal root, and blocked ventral root depolarization evoked by capsaicin
application, which suggests that mGluRs contribute to nociceptive reflex activity evoked
by high-intensity stimulation.

Dorsal Horn Neuronal Responses to the Application of GluR Agonists

Several studies have examined the effects of iGluR agonists on spontaneous and
evoked spinal cord neuronal activity. For example, intrathecal administration of NMDA
(Sher & Mitchell, 1990), iontophoretic application of NMDA, AMPA or KA to the spinal
cord (Cumberbatch et al. 1994), or intraspinal injection of Quis (Yezierski & Park, 1993)
increases the background firing rate of rat dorsal horn neurons. Also, intrathecal

administration of NMDA (Sher & Mitchell, 1990), iontophoretic application of NMDA,
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AMPA (Aanonsen, Lei, Wilcox, 1990; Cumberbatch et al. 1994) or KA (Cumberbatch et
al. 1994), or intraspinal injection of Quis (Yezierski & Park, 1993) increases dorsal horn
neuronal responses to innocuous and noxious cutaneous mechanical stimulation. In the
monkey, Dougherty and Willis (1991) demonstrated that iontophoretic application of
NMDA or Quis to the spinal cord increases spinothalamic tract neuronal responses to
innocuous cutaneous mechanical stimulation. Although, Aanonsen et al. (1990) reported
that NMDA, but not AMPA or KA application to the rat spinal cord facilitates neuronal
responses to noxious cutaneous thermal stimulation, Cumberbatch et al. (1994) found that
all three iGIuR agonists equally enhanced dorsal horn neuronal responses to this type of
stimulation.

Comparatively few studies have examined the effects of mGIluR compounds on
spinal cord neuronal activity. In 1994, Palecek, Paleckova, Dougherty and Willis
demonstrated that iontophoretic application of low doses of (1S,3R)-ACPD, to the
primate spinal cord increases spinothalamic tract neuronal responses to innocuous
mechanical stimulation. Recently, Budai and Larson (1998) demonstrated that
iontophoretic application of the non-selective mGluR agonist, (15,3R)-ACPD, to the rat
spinal cord significantly increases dorsal horn neuronal responses to innocuous
mechanical stimulation and to high frequency C-fiber stimulation, and that pretreatment
with (S)-4C3HPG blocks these responses, in vitro. These data suggest that group 1
mGluRs are involved in the processing of nociceptive information in the dorsal horn and
that activation of this group of mGluRs increases the sensitivity of dorsal horn neurons to
tactile stimulation. Also, Boxall et al. (1996) demonstrated that superfusion of the rat

spinal cord with (15,3R)-ACPD induces ventral root depolarization, which is attenuated
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by the non-selective mGluR antagonist, (+)-MCPG, in vitro. These data suggest that
mGluRs contribute to the nociceptive reflex in rats.
Behavioural Nociceptive Responses to Intrathecal Administration of GluR Agonists

A number of studies have demonstrated that spinal administration of GluR
agonists induces various types of acute nociceptive behaviours in rodents. For example,
intrathecal treatment with the iGluR agonists, NMDA, AMPA or KA, the non-
NMDAR/mGIuR agonist, Quis (Aanonsen & Wilcox, 1987, 1989; Brambilla, Prudentino,
Grippa & Borsini, 1996; Kolhekar & Gebhart, 1994; Kolhekar, Meller & Gebhart, 1993,
Mjellem-Joly, Lund, Berge & Hole, 1991; Okano, Kuraishi & Satoh, 1995; Raigorodsky
& Urca, 1987, 1990; Sun & Larson, 1991), or the non-selective mGluR agonist, (1.5,3R)-
ACPD (Meller, Dystra & Gebhart, 1996), produces spontaneous nociceptive behaviours
in rats or mice. Also, low doses of intrathecal NMDA produce acute thermal hyperalgesia
(Aanonsen & Wilcox, 1987; Advokat, Ghorpade & Wolfe, 1994; Kolhekar et al. 1993,
Malmberg & Yaksh, 1993; Meller et al. 1996; Meller, Gebhart, Maves, 1992;
Raigorodsky & Urca, 1987), mechanical hyperalgesia (Ferreira & Lorenzetti, 1994) and
touch-evoked allodynia (Raigorodsky & Urca, 1987). Furthermore, Ma and Woolf (1995)
showed that intrathecal NMDA administration enhances the flexion withdrawal reflex to
innocuous and noxious mechanical stimulation in the decerebrate-spinal rats, suggesting
that the agonist produces touch-evoked allodynia and mechanical hyperalgesia in these
animals.

Interestingly, two reports have suggested that intrathecal treatment with AMPA,
KA, Quis, or (15,3R)-ACPD, does not induce heat hyperalgesia in rodents (Aanonsen &

Wilcox, 1987; Meller et al. 1996). However, intrathecal administration of AMPA
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(Brambilla et al. 1996; Ferreira & Lorenzetti, 1994), Quis (Meller, Dystra & Gebhart,
1993) or co-administration of AMPA and trans-ACPD (Meller et al. 1993) produces
acute mechanical hyperalgesia in rats, suggesting that activation of the AMPAR or co-
activation of the AMPAR and mGluRs may contribute to the spinal mechanisms
mediating the development of mechanical hyperalgesia in persistent and chronic pain
conditions.
GluR-Mediated Spinal Cord Plasticity and its Role in Persistent and Chronic Pain

Several lines of research support the notion that GluRs mediate injury-related
spinal cord plasticity, as well as the nociceptive responses of rats in models of persistent
and chronic pain. First, studies have demonstrated an increase in the release of EAAs in
models of persistent and chronic pain. Second, GluR antagonists reduce injury-related
increases in dorsal horn neuronal responses. Third, GluR antagonists attenuate
nociceptive responses of rats in models of persistent and chronic nociception. These
points will be discussed in more detail below.
GluR-Mediated Spinal Cord Plasticity

Peripheral tissue or nerve injury produces an initial barrage of primary afferent
fiber activity, followed by a persistent, less intense level of activity. The consequential
release of primary afferent fiber neurochemicals, including EAAs, induce and contribute
to the maintenance of prolonged increases in dorsal horn neuronal sensitivity, thought to
contribute to persistent and chronic pain conditions. Tissue inflammation- or nerve
injury-induced central sensitization in the spinal cord may be characterized by an increase

in spontaneous activity; an increase in responsiveness, or a decrease in response
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threshold, to cutaneous stimulation or to primary afferent electrical stimulation; and an
expansion of cutaneous receptive fields.

The hypothesis that peripheral tissue or nerve injury produces a persistent activity
of primary afferent fibers and a subsequent release of EAAs is supported by the
demonstration that EAA levels in the dorsal horn are increased following peripheral
inflammation (Sluka & Westlund, 1992), nerve injury (Kawamata & Omote, 1996), and
chemical-induced injury (Skilling, Smullin, Beitz & Larson, 1988) in animal models.
Also, electrophysiological studies have demonstrated that persistent spinal cord neuronal
sensitization occurs in response to tissue inflammation produced by ultraviolet (UV)
irradiation of the hindpaw (Chapman & Dickenson, 1994), intradermal injection of
complete Freund’s adjuvant (Calvino, Villanueva & Le Bars, 1987; Hylden, Nahin, Traub
& Dubner, 1989; Menétrey & Besson, 1982; Ren, Hylden, Williams, Ruda & Dubner,
1992) or capsaicin (Dougherty, Palecek, Paleckova, Sorkin & Willis, 1992), intra-
articular injection of kaolin and carrageenan (Neugebauer, Liicke & Schaible, 1993;
Neugebauer, Liicke & Schaible, 1994), or cutaneous application of mustard oil (Munro,
Fleetwood-Walker & Mitchell, 1994; Woolf & Thompson, 1991), as well as chemically-
induced injury (Chapman & Dickenson, 1995; Dickenson & Aydar, 1991; Dickenson &
Sullivan, 1987a, Haley, Sullivan & Dickenson, 1990), nerve injury (Devor & Wall, 1978;
Laird & Bennett, 1993; Palecek et al. 1992; Sotgui, Biella & Riva, 1994, 1995; Takaishi,
Eisele & Carstens, 1996) and thermal injury (Kenshalo, Leonard, Chung & Willis, 1982;
Price, Hayes, Ruda & Dubner, 1978; Woolf, 1983).

Evidence suggests that injury-related increases in dorsal horn neuronal sensitivity

are mediated, in part, by GluRs. For example, a number of studies have shown that
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iGluRs contribute significantly to chemically-induced sensitization of spinal cord neurons
in the rat. Specifically, the hyperexcitability of dorsal horn neurons induced by a
subcutaneous injection of formalin is reduced by intrathecal administration of the
NMDAR antagonists, APS (Haley et al. 1990) or 7CK (Chapman & Dickenson, 1995;
Dickenson & Aydar, 1991), intravenous administration of the NMDAR antagonists, MK-
801 or ketamine (Haley et al. 1990), or intrathecal administration of the non-NMDAR
antagonist, CNQX (Chapman & Dickenson, 1995). Studies have shown that iGluRs
contribute significantly to inflammation-related sensitization of spinal cord neurons in the
rat. Also, iontophoretic application of APS, ketamine, or CNQX (Neugebauer et al. 1994;
Neugebauer, Lilcke & Schaible, 1993) to the spinal cord, or intravenous administration of
the non-competitive NMDAR antagonist, memantine (Neugebauer, Komhuber, Liicke &
Schaible, 1993) reduces the enhanced dorsal hom neuronal responses to innocuous and
noxious cutaneous mechanical stimulation in rats with knee joint inflammation.
Furthermore, intravenous administration of the NMDAR antagonist, MK-801, prevents
the expansion of peripheral receptive fields, reduces the spontaneous activity of dorsal
horn neurons, as well as the enhanced responses to noxious cutaneous thermal and
mechanical following an intradermal injection of complete Freund’s adjuvant (Ren,
Hylden, Williams, Ruda & Dubner, 1992). Chapman and Dickenson (1994) demonstrated
that intrathecal administration of 7CK significantly reduces the spontaneous activity of
dorsal horn neurons, as well as the enhanced responses to Ap- and C-fiber stimulation

following UV irradiation of the hindpaw.
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Comparatively few studies have examined the role of mGluRs in injury-related
spinal cord plasticity. These studies have provided evidence suggesting that mGluRs
contribute to inflammation-related enhancement of spinal cord neuronal function. For
example, iontophoretic application of the non-selective mGluR antagonists, L-AP3, or
(RS)-4C3HPG attenuates the dorsal horn neuronal responses to repeated cutaneous
application of mustard oil (Young et al. 1994, 1995) and to innocuous and noxious
mechanical stimulation following inflammation of the knee joint (Neugebauer et al.
1994) in the rat. Recently, Young et al. (1997) provided evidence that group I mGluRs
are involved in the inflammation-related dorsal horn sensitization with the demonstration
that application of the group I mGluR antagonist, CTZ, reduced the increases in dorsal
horn neuronal activity evoked by cutaneous application of mustard oil.

GluR-Mediated Nociception in Models of Pain

It has been well established that iGluRs contribute significantly to chemically-
induced nociception. For example, in the formalin model, intrathecal, intraperitoneal or
subcutaneous treatment with the non-competitive NMDAR antagonists, MK-801
(Coderre, 1993; Coderre & Melzack, 1992a; Yamamoto & Yaksh, 1992a),
dextromethorphan (Elliott, Brodsky, Hynansky, Foley & Inturrisi, 1995), ketamine
(Millan & Sequin, 1994; Nisstrém, Karlsson & Post, 1992) or memantine (Eisenberg,
Vos & Strassman, 1993; Millan & Sequin, 1994), or intrathecal treatment with the
competitive NMDAR antagonists, APS (Coderre, 1993; Coderre & Melzack, 1992a;
Nisstrdm et al. 1992), AP7 (Nisstrom et al. 1992), CGS 19755 (Hunter & Singh, 1994),
CPP (Kristensen, Karlsten, Gordh & Berg, 1994; Nisstrdm et al. 1992) to rats or mice,

significantly reduces nociceptive scores. Interestingly, Chaplan, Malmberg and Yaksh,
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(1997) reported that different NMDAR antagonists are not equally effective in this test.
These investigators showed that intrathecal administration of the NMDAR antagonists
produced the following rank order of potency for attenuating formalin-induced
nociception: APS > memantine 2 MK-801 > dextrorphan > dextromethorphan >
ketamine. Evidence also suggests that the non-NMDAR contributes to nociceptive
responses in the formalin model. For example, studies have demonstrated that
intraperitoneal or intrathecal administration of the non-NMDAR antagonists, NBQX
(Hunter & Singh, 1994), DNQX or CNQX (Nisstrom et al. 1992) significantly attenuates
formalin-induced nociception in rats or mice.

It has also been well established that iGluRs contribute significantly to
inflammation-related nociception. For example, heat hyperalgesia associated with a
subcutaneous injection of carrageenan into the rat hindpaw is significantly reduced by
intrathecal treatment with MK-801 (Ren, Hylden, Williams, Ruda & Dubner, 1992; Ren,
Williams, Hylden, Ruda & Dubner, 1992; Yamamoto, Shimoyana & Mizuguchi, 1993a),
ketamine (Klimscha, Hovéath, Szikszay, Dobos & Benedek, 1998; Ren, Williams, Hylden,
Ruda & Dubner, 1992), (+/-)-APS or CPP (Ren, Williams, Hylden, Ruda & Dubner,
1992). Also, intraperitoneal administration of L-687,414 or L-701,324, which are
antagonists at the NMDAR glycine modulatory site, have also been shown to attenuate
carrageenan-induced mechanical hyperalgesia in rats (Laird, Mason, Webb, Hill &
Hargreaves, 1996). Mechanical hyperalgesia associated with a subcutaneous injection of
complete Freund’s adjuvant into the rat hindpaw is also reduced by intrathecal treatment

with (+/-)-AP5 or MK-801 (Ren & Dubner, 1993). The involvement of non-NMDARs
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have also been implicated to play a role in inflammation-related nociception. This is
supported by the demonstration that intrathecal administration of CNQX to rats reduces
thermal hyperalgesia associated with subcutaneous carrageenan injection (Ren, Williams,
Hylden, Ruda & Dubner, 1992).

Only one recent study has examined the role of mGluRs in inflammation-related
nociception. Specifically, Young et al. (1997) reported that intrathecal administration of
(8)-4C3HPG reduces mechanical and thermal hyperalgesia in rats with carrageenan-
induced inflammation.

It has been well established that the NMDAR contributes significantly to models
of neuropathic pain. For example, the earliest studies demonstrated that intraperitoneal or
intrathecal administration of the non-competitive NMDAR antagonists, MK-801 (Davar,
Hama, Deykin, Vos & Maciewicz, 1991; Mao, Price, Hayes, Lu & Mayer, 1992; Mao
Price, Mayer, Lu & Hayes, 1992; Yamamoto & Yaksh, 1992b), dextrorphan (Mao,
Hayes, Lu, Mayer & Frenk, 1993; Tal & Bennett, 1993) or ketamine (Mao et al. 1993)
attenuates heat hyperalgesia associated with loose ligation of the rats’ sciatic nerve. In
1994, Tal and Bennett reported that heat hyperalgesia, but not mechanical allodynia, is
sensitive to treatment with dextrorphan in this model. This finding, in part, led to the
proposal that heat hyperalgesia, but not mechanical allodynia in models of pain is
mediated by the NMDAR (Meller, 1994). Since then, however, it has been demonstrated
that intrathecal administration of ketamine attenuates mechanical hyperalgesia and
mechanical allodynia in the sciatic nerve constriction injury model (Hartrick, Wise &
Patterson, 1997). Also, in another neuropathic pain model, Kim, Na, Yoon, Han, Ko and

Hong (1997) reported that intraperitoneal administration of MK-801 to rats reduces both
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mechanical allodynia and thermal allodynia associated with unilateral transection of the
inferior caudal trunk.

Others have demonstrated that a number of different types of neuropathic pain-
related behaviours are sensitive to NMDAR antagonist treatment in a model that involves
tight ligation of the rats’ 5" and 6" lumbar spinal nerves. Specifically, intraperitoneal
administration of ketamine or memantine to rats reduces mechanical hyperalgesia and
mechanical allodynia (Carlton & Hargett, 1995; Qian, Brown & Carlton, 1996), as well
as cold allodynia and spontaneous nociceptive behaviours (Qian et al. 1996) in this
model. Interestingly, Chaplan et al. (1997) reported that different types of NMDAR
antagonists are not equally effective in reducing mechanical allodynia associated with
ligation of the two lumbar spinal nerves. These investigators showed that, although all of
the NMDAR antagonists that were tested attenuated mechanical allodynia in the spinal
nerve-injured rats, intrathecal administration of the compounds produced the following
rank order of antinociceptive potency: memantine = p-AP5 > dextrorphan =
dextromethorphan > MK-801 > ketamine. In summary, these studies clearly demonstrate
that the NMDAR makes a significant contribution to different types of neuropathic pain-
related behaviours.

Only one study has shown that non-NMDAR play a role in neuropathic pain
models. Specifically, Mao, Hayes, Lu and Mayer (1992) showed that intrathecal
administration of the AMPA /kainate antagonist, CNQX, attenuates heat hyperalgesia in

rats following sciatic nerve constriction injury.
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I have reviewed the large body of literature that clearly demonstrates that iGluRs
play a critical role in persistent and chronic nociceptive processes in the spinal cord. In
contrast, little is known about the contribution of spinal mGluRs to nociception;
therefore, I carried out a series of experiments to explore the possible role(s) of mGluRs
in animal models of persistent and chronic pain. Linking chapters, which precede each of
the five studies, provide a more detailed discussion of the rationale for each experiment

that was carried out.
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CHAPTER 2: THE ROLE OF mGluRs IN THE FORMALIN MODEL
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The Formalin Test

In 1977, Dubuisson and Dennis characterized the formalin test and described a
number of advantages to using this model compared to other nociceptive tests that were
commonly used at the time (i.e. tail-flick and hot-plate tests). For example, the formalin
test produces prolonged nociceptive responses in animals, which creates a more valid
model for continuous pain in the clinical population. Also, in contrast to other tests, the
formalin model requires no restraint during the testing period and does not restrict the
behavioural responses of the animals (Dubuisson & Dennis, 1977).

In addition to the above mentioned advantages, the formalin paradigm includes an
objective method for measuring the intensity of nociceptive behaviours, which was
developed by Dubuisson and Dennis (1977). Following a subcutanteous injection of
dilute formalin into the forepaw of rats, each animal is scored according to a four point
scale. The categories of the scale include the following criteria: 0, full weight on injected
paw; 1, reduced weight on injected paw; 2, elevation of injected paw; 3, licking, biting
and shaking of injected paw. A weighted average nociceptive intensity score, based on
the time spent in each behavioural category, is calculated for each observation interval
according to the following formula:

[T1 +(2)T2 + (3)T3}/total T
T1, T2, and T3 is the time (seconds) spent exhibiting behaviours in categories 1, 2, and 3;
total T is the total time for the observation interval. This weighted score method has since
been validated as an accurate measure of pain intensity (Coderre, Fundytus, McKenna,
Dalal & Melzack, 1993). One revision of the 1977 methodology requires injecting the

hindpaw with dilute formalin instead of the forepaw, since licking of the hindpaw rarely
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occurs during normal grooming behaviour. This revision reduces the possibility that
grooming will be incorrectly included as a nociceptive behaviour.

A characteristic feature of the formalin test is a biphasic nociceptive response.
Immediately following the formalin injection, the animal expresses intense nociceptive
behaviours (i.e. licking, biting and shaking of the hindpaw) for a three to five minute
period (early phase). Subsequently, the rat shows few or no nociceptive behaviours for
the next 10 to 15 minutes (intermediate phase), and then shows moderately intense
nociceptive behaviours for the next 20 to 60 minutes (late phase).

Investigators have suggested that the early and late phases have distinct
mechanisms. The early phase appears to be mediated by dorsal horn neuronal responses
evoked by primary afferent C-fiber activity, since agents that inhibit C-fiber activity,
reduce first phase neuronal responses (Dickenson & Sullivan, 1987a,b). It has also been
suggested that the occurrence of the first phase is essential for the development of the
later tonic phase. This is supported by the demonstration that second phase nociceptive
responses are reduced if lidocaine is administered, intrathecally, prior to, but not after the
first phase is over (Coderre, Vaccarino & Melzack, 1990). It has been suggested that
increases in C-fiber activity evoked by subcutaneous formalin produces a sensitization of
dorsal horn neurons, which is mediated by the NMDAR and significantly contributes to
late phase nociceptive responses. This proposal is supported by the demonstration that
intrathecal pre-treatment with NMDAR antagonists reduces second, but not first phase
dorsal horn neuronal (Haley et al. 1990; Chapman & Dickenson, 1995) and nociceptive
behavioural (Coderre & Melzack, 1992a; Yamamoto & Yaksh, 1992a; Hunter & Singh,

1994) responses in rats.
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Rationale for Experiments

Although it had been clearly established that iGluRs play a critical role in the
development and/or maintenance of persistent and chronic nociception, prior to the
publication of this manuscript little was known about the possible involvement of
mGluRs in models of pain. This was likely due to the fact that compounds, selective for
the mGIluR subtypes, were just becoming available.

In 1992, Coderre and Melzack used two non-selective mGIluR compounds to
explore the possible role of mGluRs in formalin-induced nociception. Although these
investigators did not find that intrathecal administration of the non-selective mGluR
antagonist, L.-AP3, attenuates formalin-induced nociception, they found that intrathecal
administration of the non-selective mGluR agonist, (15,3R)-ACPD is pro-nociceptive in
this model. Unfortunately, more selective mGIluR compounds were not available at the
time, which prevented a more detailed investigation.

By 1995, relatively selective mGluR antagonists and agonists had become
available, and results from three electrophysiological studies strongly suggested that
mGluRs (likely group [ mGluRs) are involved in models of inflammation-related
nociception (Neugebauer et al. 1994; Young et al. 1994, 1995). However, we were not
aware of any behavioural studies demonstrating the antinociceptive effects of mGluR
compounds in models of pain. Thus, we performed a series of experiments in an effort to
thoroughly investigate the effects of the most recently developed mGIuR compounds. For
this investigation, we specifically chose the formalin model, since this test has been used

extensively to implicate EAAs and GluRs in nociception.
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Given that the literature had extensively demonstrated that activation of group [
mGluRs increases neuronal excitability and that activation of group II or group [II
mGluRs decreases neuronal excitability in the CNS, we explored the possibility that
group I mGluRs may contribute to the development of nociceptive behaviours and that
activation of group II or group IIl mGluRs may attenuate nociceptive behaviours in
models of pain. Therefore, in the first experiment, the following mGluR compounds were
administered intrathecally to rats 10 min prior to a subcutaneous injection of dilute
formalin (2.5% (50 pl)) into the plantar surface of the rat hindpaw: ((+)-MCPG) (non-
selective mGluR antagonist), (S)-4CPG, (5)-4C3HPG (group I mGluR antagonist/ group
II mGluR agonists), (.-AP4) (group I[II mGIuR agonist). Preliminary experiments
indicated that intrathecal administration of the group I mGluR agonist, (RS)-DHPG or the
group II mGluR agonists, (15,35)-ACPD (= 25 nmol) and DCG-IV (> 2.0 nmol)
produced excitatory responses in the rats (i.c. produced spontaneous nociceptive
behaviours). Therefore, we explored the possibility that lower doses of these compounds
may produce pro-nociceptive effects in the formalin test.

The main findings from this study are the following:

1. Intrathecal pretreatment with L-AP4, (5)-4CPG, or (5)-4C3HPG, but not (+)-
MCPG slightly reduces second phase formalin-induced nociception, suggesting that
group I mGluRs play a minor role in formalin-induced nociception and that activation of
group II or group Il mGluRs produces a slight reduction in nociceptive responses in this

model.
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2. Intrathecal pretreatment with (RS)-DHPG (1S,35)-ACPD, but not DCG-IV
facilitates second phase formalin nociceptive scores, suggesting that group I mGluRs are
localized within the nociceptive pathways mediating formalin-induced nociception. Also,
it is likely that the pro-nociceptive effects of (15,35)-ACPD are attributable to activation
of spinal group I mGluRs, since it has been demonstrated that this agonist displays some
activity at this group of mGluRs (Joly et al. 1995).

3. Intrathecal administration of the NMDAR antagonist, p-AP5, or the mGluR
compounds, ($)-4CPG or (+)-MCPG, attenuates the mGluR agonist-related facilitation of
formalin nociceptive scores, verifying that the pro-nociceptive effects are mediated by
mGluRs (likely, group [ mGluRs), and suggesting that the agonist-induced facilitation of

formalin nociceptive scores involves a group I mGluR/NMDAR interaction.
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Fisher, K. and Coderre, T.J. (1996). The contribution of mGluRs to formalin-

induced nociception. Pain, 68:255-263.
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Summary

The present study examined the role of mGluRs in nociceptive responses of male Long-
Evans rats following a 50 pl subcutaneous (s.c.) injection of 1% (30 ul) or 2.5% (50 pl)
formalin to the plantar surface of the hindpaw. Intrathecal (i.t.) administration of the
mGIluR4/mGluR6-mGIluR8 agonist, L(+)-2-amino-4-phosphonobutyric acid (L-AP4), the
mGIuR 1/mGIuRS antagonists, (S)-4-carboxyphenylglycine ((S)-4CPG) or (S8)-4-carboxy-
3-hydroxyphenylglycine (($)-4C3HPG), but not the non-selective antagonist, (+)-a-
methyi-4-carboxyphenylglycine ((+)-MCPG), to the lumbar spinal cord slightly reduced
second phase nociceptive responses. An i.t. injection of the mGluR1/mGluRS agonist,
(RS)-3,5-dihydroxyphenylglycine ((RS)-DHPG) or the mGluR2/mGluR3 agonist,
(1S8,35)-1-aminocyclopentane-1,3-dicarboxylic  acid  ((1S5,3S)-ACPD), but not
(28,1'R,2’R,3’R)-2-(2°3 -dicarboxy-cyclopropyl)-glycine (DCG-IV), dose-dependently
enhanced formalin-induced nociception in the second phase. In addition, the facilitation
of nociceptive responses induced by (15,35)-ACPD or (RS)-DHPG was reduced by prior
i.t. administration of the mGIuR antagonists, (+)-MCPG or (S)-4C3HPG, respectively, as
well as by the N-methyl-p-aspartate (NMDA) receptor antagonist, p(-)-2-amino-5-
phosphonopentanoic acid (p-APS). These results indicate that although mGluRs may play
a minor role in formalin-induced nociception, mGluR agonist-related facilitation of

formalin scores may reflect an interaction with the NMDA receptor.

Key words: Nociception; Metabotropic glutamate receptors; mGluR; Excitatory amino

acids; N-methyl-p-aspartate; Formalin test
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The formalin test has been used as a model of persistent pain and central nervous
system (CNS) plasticity (Coderre et al. 1990). A subcutaneous (s.c.) injection of formalin
into the hindpaw of the rat produces a biphasic nociceptive response. Formalin-induced
nociception includes a 5 min early phase of intense nociceptive behaviour, followed by a
10-15 min period of reduced nociceptive activity. The animal subsequently expresses a
late phase of moderate nociceptive activity for a duration of 20-60 min post injection
(Dubuisson and Dennis 1977). Dickenson and Sullivan (1987b) reported a biphasic
increase in neuronal excitation in the dorsal horn of the lumbar spinal cord that parallels
the behavioural response in the formalin test. It has been proposed that nociceptor
activation during the early phase produces dorsal horn neuronal sensitization, which
contributes to nociception in the late phase of the formalin test (Dickenson and Sullivan
1987c¢; Coderre et al. 1990).

Recent evidence suggests that excitatory amino acids (EAAs), such as glutamate
and aspartate, play a role in various types of spinal cord plasticity that have been
proposed to mediate nociception. For example, iontophoretic application of EAAs
increases cutaneous receptive field size (Zieglginsberger and Herz 1971) and produces
‘windup’ (King et al. 1988; Gerber and Randic 1989), a form of central sensitization that
is expressed as a cumulative increase in postsynaptic depolarization and a consequent
prolongation of dorsal horn neuronal discharge (Mendell 1966; Schouenbourg and
Dickenson 1985). In addition, EAA antagonists reduce windup in both dorsal (Davies and
Lodge 1987; Dickenson and Sullivan 1987a) and ventral (Woolf and Tompson 1991)
homn neurons, and prevent sensitization of dorsal horn neurons elicited by noxious
stimulation (Dougherty et al. 1992).

Investigators have also demonstrated the involvement of EAAs in formalin-
induced nociception. For example, Skilling et al. (1988) reported that a s.c. injection of
formalin produces an increase in glutamate and aspartate release in dorsal horn neurons.

In addition, Haley et al. (1990) showed that pretreatment with b(-)-2-amino-5-
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phosphonopentanoic acid (p-AP5) (intrathecal (i.t.)) or intravenous (i.v.) MK-80!
attenuates formalin-induced changes in dorsal horn neuronal activity in the late phase.
The late phase behavioural response is also reduced by N-methyl-p-aspartate (NMDA)
antagonist pretreatment. For example, in the rat, i.t. administration of MK-801 (Coderre
and Melzack 1992; Yamamoto and Yaksh 1992), CPP (Kristensen et al. 1994) or p-AP3S
(Coderre and Melzack 1992) effectively reduces nociceptive scores. In the mouse,
administration of the NMDA antagonists, o-APS, 2-amino-7-phosphonopropionic acid
(AP7), CPP (Nisstrom et al. 1992) and pL-APS, but not the kainate antagonist, urethane
(Murray et al. 1991), had antinociceptive effects in the formalin test. Furthermore,
Coderre and Melzack (1992) found that an i.t. injection of the agonists, L-glutamate, -
aspartate or NMDA enhances formalin-induced nociceptive behaviour during the
intermediate and late phases of the test. Others have also suggested the involvement of
the a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA) receptor in
formalin-induced nociception (Nésstrdm et al. 1992; Hunter and Singh 1994). Thus,
Nisstrom et al. (1992) demonstrated that i.t. pretreatment with the AMPA antagonists,
6,7-dinitro-quinoxalinedione (DNQX) or 6-cyano-7-nitro-quinoxalinedione (CNQX),
attenuates late phase nociceptive scores of mice in the formalin test. Also, Hunter and
Singh (1994) found that an i.p. injection of the AMPA antagonist, 6-nitro-7-sulphamoyl-
benzo(f)- quinoxaline-2,3-dione (NBQX), reduces early and late phase formalin scores of
rats. However, others have found that the AMPA receptor does not play a significant role
in formalin-induced nociception (Coderre and Melzack 1992).

A group of metabotropic glutamate receptors (mGluRl to mGluRS8) that are
linked to intracellular second messenger systems have recently been identified and
distinguished from the ionotropic glutamate receptors (iGluRs), NMDA, AMPA and
kainate. For example, activation of mGluR1 or mGluRS leads to phosphoinositide
hydrolysis (Abe et al. 1992), increases in cyclic adenosine 3°,5’-monophosphate (cAMP)
accumulation (Aramori and Nakanishi 1992), and intracellular Ca?* mobilization (Masu
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et al. 1991; Aramori and Nakanishi 1992). The remaining mGluRs are linked to cAMP
inhibition, but are distinguished by a differential agonist and antagonist selectivity (Jane
et al. 1994). For example, (185,35)-ACPD stimulates mGluR2 and mGluR3 (Watkins and
Collingridge 1994), while mGluR4, mGluR6-mGluR8 are activated selectively by L-AP4
(Nakanishi et al. 1992; Thomsen et al. 1992; Nakajima et al. 1993; Tanabe et al. 1993;
Okamoto et al. 1994).

Although application of the mGluR antagonist, L-2-amino-3-phosphonopropionic
acid (L-AP3), has been shown to attenuate rat dorsal horn neuronal activity associated
with repeated mustard oil application (Young et al. 1995) and knee joint inflammation
(Neugebauer et al. 1994), the compound did not influence nociceptive scores in the
formalin test (Coderre and Melzack 1992). However, the non-selective mGIuR agonist,
trans-ACPD, has been shown to facilitate formalin-induced nociception (Coderre and
Melzack 1992). In addition, a combination of trans-ACPD and NMDA produced a
greater increase in formalin scores than administration of either agonist alone, suggesting
a possible interactive effect between the two receptors. It is of interest that several
laboratories have provided evidence that mGluR activity may potentiate AMPA or
NMDA responses (Bleakman et al. 1992; Ceme and Randic 1992; Bond and Lodge
1995).

In the present study, the contribution of mGluRs in formalin-induced nociception
was further assessed by examining the effects of pretreatment with the following
compounds: the non-selective mGluR antagonist, (+)-a-methyl-4-carboxyphenylglycine
((+)-MCPG) (Hayashi et al. 1994; Kemp et al. 1994); the relatively selective
mGluR1/mGIuRS agonist, (RS)-3,5-dihydroxyphenylglycine ((RS)-DHPG) (Ito et al.
1992; Schoepp et al. 1994) and antagonists, (S)-4-carboxy-3-hydroxyphenylglycine ((S)-
4C3HPG) and (S)-4-carboxyphenylglycine ((S)-4CPG) (Thomsen and Suzdak 1993;
Hayashi et al. 1994); and the selective mGluR2/mGIuR3 agonists, (25,1’R,2’R,3’R)-2-
(2°3’-dicarboxy-cyclopropyl)-glycine (DCG-IV) (Ishida et al. 1993; Ohfune et al. 1993)
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and (1S5,35)-1-aminocyclopentane-1,3-dicarboxylic ((15,35)-ACPD) (Jane et al. 1994,
Watkins and Collingridge 1994) and the mGluR4/mGluR6-mGIuR8 agonist, L(+)-2-
amino-4-phosphonobutyric acid L-AP4 (Nakanishi 1992; Thomsen et al. 1992; Nakajima
et al. 1993; Tanabe et al. 1993; Okamoto et al. 1994) (drug actions are summarized in
Table I). In addition, the present study further examined the possibility of a
NMDA/mGIuR interaction in the formalin test by administering the NMDA antagonist,
p-APS, prior to the mGluR agonists, (15,35)-ACPD or (RS)-DHPG.
Methods

Long-Evans male rats (220-457 g; Charles River) were randomly assigned to one
of 21 groups. In the first experiment, 56 animals received one of the following drug
treatments: vehicle, L-AP4, (+)-MCPG, (8)-4CPG or (S)-4C3HPG. Ten minutes
following an i.t. injection of either vehicle or one of the mGluR compounds (100 or 500
nmol), each rat was given a s.c. injection of 2.5% formalin (50 pl) into the plantar surface
of one hindpaw and immediately observed for nociceptive testing. The formalin test was
performed in a 30 x 30 x 30 cm Plexiglas® box, under which a mirror was placed at a 45°
angle to allow full view of the hindpaws. At 5 min intervals during a 50 min period, a
weighted nociceptive score was calculated based on the time spent in each of the
following behavioural categories: 0 = full weight on injected paw; 1 = reduced weight on
injected paw; 2 = elevation of injected paw; 3 = licking, biting and shaking of injected
paw. A weighted average nociceptive score was calculated by multiplying the total time
spent in each category by its category weight, summing these products and dividing the
total time for each block (see Coderre, Fundytus, McKenna, Dalal & Melzack, 1993 for a

validation of this method).
Since preliminary studies indicated that the agonists, (15,35)-ACPD and (RS)-

DHPG, enhanced formalin scores, 1.0% formalin (30 ul) was used in the second

experiment to avoid a ceiling effect of nociceptive scores. Forty-four animals were tested
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according to the above protocol 10 min after an i.t. injection of either vehicle or one dose
(0.2, 2.0 or 20 nmol) of (15,35)-ACPD or (RS)-DHPG. In addition, several rats were
treated with the highest dose of each agonist, without the formalin injection, and although
some tail licking was observed, no nociceptive behaviours involving the hindpaws were
evident. A single dose of DCG-IV (0.2 nmol) was administered to a group of eight rats;
the higher doses were not used since they produced nociceptive effects that interfered
with the formalin test.

In the last experiment, 13 rats were treated with the NMDA receptor antagonist, b-
AP5 (5 nmol), 10 min prior to a 20 nmol injection of either (15,35)-ACPD or (RS)-
DHPG. In addition, 13 animals received 100 nmol of either (+)-MCPG or (S)-4C3HPG,
10 min before an injection of (15,35)-ACPD or (RS)-DHPG, respectively. Each rat was
then injected with 1.0% formalin (s.c.; 30 ul) to the hindpaw 10 min after the agonist
injection, and was immediately scored for nociceptive responses. b-APS (5 nmol) was
selected, since a pilot study indicated that this dose does not influence formalin scores.
Also, nociceptive behaviours are not significantly reduced by 100 nmol of (+)-MCPG or
(5)-4C3HPG (Fig. 1B, ID).

All drugs and vehicle (dilute NaOH/saline solution) were administered i.t. by
lumbar puncture, in a volume of 30 pl, between the L2 and L3 vertebrae, while rats were
under brief halothane anesthesia. The compounds were dissolved in either 0.9% saline (o-
APS, (RS)-DHPG, DCG-IV) or a dilute NaOH/saline solution (L-AP4, (+)-MCPG, (S)-
4C3HPG, (S5)-4CPG, (15,35)-ACPD). All drugs were obtained from Tocris Cookson, St.

Louis, MO, USA, except b-APS (Research Biochemicals Int., Natick, MA, USA).
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Results

Fig. 1A-D illustrate formalin nociceptive scores for rats pretreated with 100 or
500 nmol of L-AP4, (+)-MCPG, (5)-4CPG, and (S)-4C3HPG, respectively, in comparison
to vehicle animals.

Analysis of variance (ANOVA) for experiment | revealed a significant main
etfect of Time (£(9,423) = 61.52, P<0.001) and Drug x Time interaction (£(72,423) =
1.67, P<0.001). The main effect of Drug (F(8,47) = 1.52, P>0.05), however, was not
statistically significant. Post hoc analyses (Dunnett's r-test) for the Drug x Time
interaction indicated that the 100 nmol dose of L-AP4 significantly decreased scores
between 10-15 and 40-50 min post formalin injection, and animals treated with the higher
dose (500 nmol) showed reduced responses between 15-20, 30-35 and 40-45 min
compared to vehicle controls. The lower 100 nmol dose of (S)-4CPG also reduced
nociceptive scores between 10-20 and 40-50 min of the test, although 500 nmol of the
compound decreased nociception in the last 5 min only. In addition, rats treated with 100
nmol of (S)-4C3HPG had lower scores only in the last 5 min compared to vehicle
animals, while administration of 500 nmol of the drug decreased nociceptive scores
during the last 5 min of the test. (S)-4C3HPG (500 nmol), however, produced an
unexpected increase in nociceptive responses between 15-20 min following the formalin
injection. In contrast, (+)-MCPG did not significantly influence formalin-induced
nociception.

Fig. 2 illustrates the dose-response curves for pretreatment with the agonists,
(18,35)-ACPD and (RS)-DHPG in the early (A) and late (B) phases of the formalin test.

The graphs also include data for the single dose of DCG-IV (0.2 nmol).
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Although there was no significant main effect of Drug (F(6,37) = 1.91, P>0.05) in
the early phase, ANOVA revealed significant main effects of Drug (F(7,44) = 5.15,
P<0.001) and Time (F(8,352) = 11.17, P<0.001) in the late phase. The Drug x Time
interaction (F(56,352) = 0.98, P>0.05), however, was not significant. Dunnett's t-tests for
the main effect of Drug indicated that administration of 20 and 2, but not 0.2 nmol of
(18,38)-ACPD and (RS)-DHPG significantly enhanced formalin-induced nociception
compared to the vehicle control group. Also, rats treated with DCG-IV (0.2 nmol) did not
significantly differ in nociception from vehicle control rats.

Fig. 3A illustrates formalin nociceptive responses for animals that received
vehicle or an antagonist treatment ((+)-MCPG or p-APS) prior to an injection of (15,3S)-
ACPD. Fig. 3B illustrates formalin nociceptive scores for rats injected with vehicle or an
antagonist treatment ((S)-4C3HPG or o-APS) prior to an injection of (RS)-DHPG. In
experiment 3, ANOVA revealed significant main effects of Drug (F(6,43) = 7.47,
P<0.001) and Time (F(9,387) = 11.59, P<0.001), but no significant Drug x Time
interaction (F(54,387) = 1.29, P>0.05). Dunnett's post hoc tests for the main effect of
Drug indicated that, although the (15,35)-ACPD- and (RS)-DHPG-treated rats showed
enhanced nociceptive responses, the rats given agonist treatments preceded by mGluR
and NMDA antagonist pretreatment did not differ significantly from vehicle.

Discussion

Although it has been well established that NMDA receptors are involved in
formalin-induced nociception (Haley et al. 1990; Coderre and Melzack 1992; Nisstrom et
al. 1992; Yamamoto and Yaksh 1992; Kristensen et al. 1994), little is known about the

role of mGluRs. The present study examined the contribution of mGluRs in the formalin
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model, since i.t. administration of the mGluR agonist, trans-ACPD, has been found to
facilitate formalin-induced nociception (Coderre and Melzack 1992), and iontophoretic
application of mGluR antagonists inhibit thalamic (Eaton et al. 1993) and dorsal horn
(Young et al. 1994, 1995) neuronal excitation induced by noxious stimulation. In
addition, the mGluR antagonist, L.-AP3, attenuates spinal cord neuronal hyperexcitability
associated with acute inflammation of the knee joint in the rat (Neugebauer et al. 1994).
Furthermore, the involvement of mGluRs has been demonstrated in various animal
models of plasticity (Aronica et al. 1991; [zumi et al. 1991; Daniel et al. 1992; Bortolotto
and Collingridge 1993; Iversen et al. 1994; Riedel et al. 1994).

The most significant finding obtained in the first experiment was that the
mGluR4/mGluR6-mGluR8 agonist, L.-AP4, significantly decreased responses both early
and late in the second phase of the formalin test. Although somewhat limited, the
consistent antinociceptive effects of L-AP4 compare with its ability to induce presynaptic-
mediated depression of CNS responses (Baskys and Malenka 1991; Jane et ai. 1994;
Kemp et al. 1994; Jane et al. 1995) and inhibit Ca*-dependent glutamate release in
synaptosomes (Vazquez et al. 1995). These effects of L-AP4 may influence formalin-
induced nociception, since s.c. formalin elicits both an increase in glutamate release
(Skilling et al. 1988), and a biphasic increase in dorsal horn neuron activity that parallels
the behavioural response (Dickenson and Sullivan 1987b).

In contrast to the consistent antinociceptive effects of the agonist, L-AP4, the
present study showed that administration of several mGluR antagonists produced either
no effect, or minor inconsistent reductions, in nociceptive scores in the formalin test.

Although antinociceptive effects of (+)-MCPG have been demonstrated in other models
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(Eaton et al. 1993; Young et al. 1994), the non-selective mGluR antagonist did not
influence nociceptive scores in this study. Evidence indicates that (+)-MCPG is an
antagonist at several mGIuR subtypes (Pook et al. 1993; Hayashi et al. 1994; Kemp et al.
1994), therefore, it is possible that a potential attenuation of the formalin response via the
mGluR1/mGluRS5 antagonism may have been negated by excitatory effects produced by
antagonism of L-AP4-type receptors negatively linked to cAMP.

Both (S)-4CPG and (S)-4C3HPG, which are potent mGIuR 1/mGluRS antagonists
and mGluR2/mGluR3 agonists (Hayashi et al. 1994), decreased nociceptive responses
later in the second phase of the formalin test. Also, (5)-4CPG significantly reduced
formalin scores early in the second phase of the test. Interestingly, a greater degree of
antinociception was produced by the lower dose of (S)-4CPG, with the higher dose
producing little antinociceptive activity. Since (S)-4CPG is a relatively selective
mGIluR 1/mGluRS antagonist with a lower potency at mGluR2/mGluR3 (Hayashi et al.
1994), we propose that it may produce antinociception at low doses by antagonizing
mGIuR1/mGIuRS, but that this effect is negated by mGluR2/mGluR3 agonism as the
dose is increased. This hypothesis is further supported by the observation that (S)-
4C3HPG, which is a less selective mGIluR1/mGIuRS antagonist with relatively greater
mGIluR2/mGluR3 agonism than (5)-4CPG (Hayashi, et al. 1994), is a less effective
antinociceptive agent even at low doses.

The second series of experiments demonstrated that administration of the
agonists, (RS)-DHPG and (15,35)-ACPD dose-dependently enhanced nociceptive scores.
It is not surprising that (RS)-DHPG increased nociceptive scores since administration of

the agonist has been shown to produce excitatory effects in various neuronal systems

66



(Bond and Lodge 1995; Tizzano et al. 1995). Furthermore, (RS)-DHPG has been shown
to increase phosphoinositide hydrolysis (Schoepp et al. 1994), which stimulates the
production of the intraceilular messengers, inositol triphosphate (IP,) and diacylglycerol
(DAG), and DAG, in turn, activates protein kinase C (PKC). PKC has been found to
potentiate NMDA-induced currents (Chen and Huang 1992), and PKC activators increase
the release of glutamate and aspartate in the spinal cord (Gerber et al. 1989). Furthermore,
formalin injury has been shown to increase translocation and activation of PKC in dorsal
horn neurons, and i.t. administration of PKC inhibitors attenuate formalin-induced
nociception (Yashpal et al. 1995).

The effects of (15,35)-ACPD in the formalin test and its ability to produce
spontaneous nociceptive behaviours at higher doses was unexpected, since the agonist has
been shown to depress excitation in the rat spinal cord (Pook et al. 1992; Jane et al. 1994;
Kemp et al. 1994). However, the hyperalgesic actions of (15,35)-ACPD are consistent
with the poor antinociceptive activity of (S)-4C3HPG and (S)-4CPG, which as we
previously suggested, may be related to their mGluR2/mGluR3 agonism. Alternatively,
the observed excitatory actions of (15,35)-ACPD may be due to a non-selective effect at
another mGIuR subtype, since (15,35)-ACPD has been found to stimulate
phosphoinositide hydrolysis in the guinea pig cerebral cortex (Cartmell et al. 1993; Jones
and Roberts 1993).

Only one dose of DCG-IV was used in the study, since administration of higher
doses produced side effects, such as freezing, occasional jumping and vocalizing, as well
as other spontaneous nociceptive behaviours. Administration of the lowest dose also

produced some nociceptive side effects (i.e. freezing) that may have interfered with the
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formalin response, which would explain why DCG-IV-treated rats had slightly lower
scores in the second phase compared to the other groups. Given that (1S,35)-ACPD
produced hyperalgesia in the formalin test and DCG-IV produced spontaneous
nociceptive behaviours, it is possible that the spinal activation of mGluR2/mGluR3
produces unanticipated pro-nociceptive effects. This effect may be due to a
presynaptically-mediated reduction in inhibition due to modulation of the GABAergic
system, which has been shown in the thalamus following application of the
mGIluR2/mGIluR3 agonist, (25,35,4S)ac-(carboxycyclopropyl)-glycine (L-CCG-I; Salt and
Eaton 1995). However, DCG-IV is also an agonist at NMDA receptors (Hayashi et al.
1993; Ishida et al. 1993), therefore, since i.t. administration of the agonist, NMDA,
produces spontaneous nociceptive behaviours (Raigorodsky and Urca 1987; Aanonsen
and Wilcox 1989; Kolhekar et al. 1993; Kolhekar and Gebhart 1994; Zochodne et al.
1994) it is possible that the DCG-IV-related side effects are due to this action.

The third series of experiments showed that when the mGluR antagonists, (S)-
4C3HPG or (+)-MCPG, are injected prior to the agonists, (RS)-DHPG or (15,35)-ACPD,
respectively, the facilitation of formalin-induced nociception is attenuated. These data
provide evidence that the agonist-induced enhancement of formalin scores is mediated, at
least in part, by mGluRs. In addition, the NMDA antagonist, p-APS, reduced the
facilitation of nociceptive scores by (RS)-DHPG or (15,35)-ACPD. These data are
consistent with the demonstration that mGluRs influence the iGluR-mediated responses.
For example, investigators have reported that perfusion with trans-ACPD, (15,3R)-ACPD

or (1R,35)-ACPD potentiates responses elicited by AMPA or NMDA (Cerne and Randic
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1992) and application of (15,3R)-ACPD enhances AMPA- or NMDA-mediated increases
in intracellular Ca®* levels (Bleakman et al. 1992) in rat dorsal horn neurons. Also, Bond
and Lodge (1995) demonstrated that microelectrophoresis of mGluR1/mGluRS ((RS)-
DHPG, (S)-homoquisqualate, quisqualate) or mGluR2/mGIluR3 (L-CCG-I, (1S8,35)-
ACPD), but not mGluR4/mGluR6-mGIluR8 (L-AP4, L-serine-O-phosphate (L-SOP))
agonists, enhance NMDA- and AMPA-mediated increases in dorsal horn neuronal
excitability. In addition, these investigators found that (15,3R)-ACPD-mediated responses
are reduced by (+)-MCPG and (5)-4C3HPG, but not (5)-4CPG. In contrast, Baskys and
Malenka (1991) showed that iontophoretic application of trans-ACPD or L-AP4
depresses NMDA- and AMPA-mediated responses in rat hippocampal slices. It is also of
interest that modulation of NMDA or AMPA receptor activity via mGluRs may be
involved in models of plasticity, such as long term potentiation (LTP; Bashir et al. 1993;
Sergueeva et al. 1993) and neurotoxicity (Koh et al. 1991; Bruno et al. 1995).

In conclusion, although mGluRs play a minor role in formalin-induced
nociception, as demonstrated by only a partial reduction in nociceptive scores with
several mGluR compounds, the present study provides additional evidence for a possible
pro-nociceptive effect of mGIuR2/mGIuR3 agonists, and an excitatory interaction
between NMDA and mGluRs. The failure of (5)-4CPG and 4C3HPG to dramatically
reduce formalin-induced nociception, combined with the pro-nociceptive effects of
(15,35)-ACPD and DCG-IV, suggest that agonist activity at spinal mGluR2/mGluR3 may
produce unexpected excitatory effects. In contrast, the consistent antinociceptive effects
of L-AP4 suggests that agonist activity at presynaptic L-AP4-type receptors

(mGluR4/mGluR6-mGluR8) produces a significant inhibitory influence. It is expected
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that activation of L-AP4 receptors negatively linked to cAMP may produce a decrease in
glutamate release and a consequent reduction of postsynaptic NMDA receptor activity.
Finally, we propose that since (RS)-DHPG-induced facilitation of nociceptive scores is
reduced by the NMDA antagonist, p-AP5, it is possible that stimulation of
phosphoinositide hydrolysis via mGluR1/mGIluRS activation leads to increases in
mGluR-mediated glutamate or aspartate release, which may consequently enhance
postsynaptic NMDA receptor activity in the dorsal horn. However, the (RS)-DHPG-
induced increase in formalin scores during the second phase may aiso reflect a direct
enhancement of postsynaptic NMDA receptor activity.
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TABLEI

ACTION OF mGluR COMPOUNDS

Compound Mechanism of action

(S)-4CPG mGluR 1/5 antagonist
mGluR2/3 agonist

(5)-4C3HPG mGluR 1/5 antagonist
mGluR2/3 agonist

(+)-MCPG nonselective mGluR
antagonist

L-AP4 mGluR4/6-8 agonist

(15,38)-ACPD mGluR2/3 agonist

(RS)-DHPG mGluR 1/5 agonist

DCG-IV mGluR2/3 agonist
NMDA agonist
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Figure Captions

Fig. 1. Nociceptive scores (:SEM) of rats treated with vehicle, 100 or 500 nmol of
mGluR compounds (A, L-AP4; B, (+)-MCPG; C, (5)-4CPG; and D, (5)-4C3HPG) prior
to 50 pl of 2.5% formalin. N = 6 for each group, except for 100 nmol of .-AP4 (N = 8).
The asterisks indicate significant differences between the experimental and vehicle

conditions (** P<0.01, * P<0.05, Dunnett’s ¢-test).

Fig. 2. Nociceptive scores (+SEM) for early (A: 0-5 min) and late (B: 5-50 min) phases
following 30 ul of 1.0% formalin in rats pre-treated with vehicle; 0.2 nmol of DCG-IV;
0.2, 2.0 or 20 nmol of (15,35)-ACPD or (RS)-DHPG. N = 6 for each group, except for
vehicle and DCG-IV (N = 8). The asterisks indicate significant differences between the

experimental and vehicle conditions (** P<0.01, * P<0.05, Dunnett’s t test).

Fig. 3. Nociceptive scores (+SEM) in response to 30 ul of 1.0% formalin for the
following drug conditions: A, (15,35)-ACPD (N = 10), (+)-MCPG + (15,35)-ACPD (N =
6), o-AP5 + (15,35)-ACPD (N = 7) or vehicle (N = 8); B, (RS)-DHPG (N = 6), (S)-
4C3HPG + (RS)-DHPG (N = 7), p-APS + (RS)-DHPG (N = 6) or vehicle. Post hoc
analyses (Dunnett’s t) of the main effect of Drug indicate that there were significantly
greater nociceptive scores in the groups that received (15,35)-ACPD or (RS)-DHPG, but

not in groups that received prior treatment with (+)-MCPG, (S)-4C3HPG or p-APS.
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CHAPTER 3: mGluR AGONIST-INDUCED SPONTANEOUS

NOCICEPTIVE BEHAVIOURS
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Rationale for Experiments

While performing preliminary experiments for Study 1, I discovered that
intrathecal administration of (15,3R)-ACPD (the non-selective mGluR agonist), (RS)-
DHPG (the selective group I mGluR agonist) or (15,35)-ACPD (the presumed group [I
mGIluR agonist), at doses of > 25 nmol, reliably produces spontaneous behaviours that
appear to be nociceptive in nature (i.e. elevation or licking of the hindpaws or tail). We
presumed that the mGluR agonist-induced behaviours were nociceptive-related, since the
same kinds of spontaneous behaviours are commonly observed in models of persistent
and chronic pain.

The observation that spinal administration of mGIluR agonists produces
nociceptive behaviours was interesting, since it suggested that functional mGluRs are
localized within certain spinal nociceptive pathways in the spinal cord, and that these
mGluRs may play a role in the development of spontaneous nociceptive behaviours
(SNBs) in models of pain. Therefore, we performed a series of experiments in order to
fully characterize the mGIluR agonist-induced SNBs in rats. Although we suspected that
the (1S,3R)-ACPD- or (15,35)-ACPD-related behaviours were attributable to their
activity at group I mGluRs, we couldn’t be absolutely certain. Therefore, we performed a
thorough investigation of the possible pro-nociceptive spinal mGIuR subtype(s), by
treating rats intrathecally with the following selective mGluR compounds, as well as the
non-selective agonists (1S,3R)-ACPD and (18,3S)-ACPD, and quantifying all mGluR
agonist-related SNBs: (RS)-DHPG, trans-ADA (group I mGluR agonists), (2R,4R)-

APDC (group II mGluR agonist) and L-AP4 (group III mGluR agonist).



The main findings from this study are the following:

L. Although intrathecal administration of (RS)-DHPG, (15,3R)-ACPD or (15,35)-
ACPD reliably produced SNBs, intrathecal administration with the selective group II
mGIuR agonist, (2R,4R)-APDC, or the selective group [II mGluR agonist, L-AP4, did
not, suggesting that (15,3R)-ACPD- or (15,35)-ACPD-related SNBs are attributable to
their activity at group I mGluRs.

2. The SNBs induced by intrathecal (RS)-DHPG were evident for a significantly
longer duration (> 10 hrs) compared to those induced by an equivalent dose of (15,3R)-
ACPD or (15,35)-ACPD. These data suggest long-lasting nociceptive behaviours are
produced only when spinal group I mGluRs are selectively activated, and suggest that
these mGluRs may contribute to the development of nociceptive behaviours in models of
chronic pain.

3. Intraperitoneal pretreatment with morphine significantly reduced the time that
rats spent exhibiting the (RS)-DHPG-induced behaviours, which supports the notion that
these behaviours are nociceptive in nature.

4. Intrathecal pretreatment with the NMDAR antagonist, b-APS, significantly
reduced the time that rats spent exhibiting the (RS)-DHPG-induced SNBs, suggesting that
a group I mGIUR/NMDAR interaction mediates the development of persistent
nociception in rats.

It should be noted that, at the time, the pharmaceutical company, Tocris Cookson,
listed trans-ADA as a selective mGluRS agonist. Therefore, in the manuscript we
concluded that mGluR1 mediates the mGluR agonist-induced SNBs, since intrathecal

trans-ADA did not produce any of these behaviours. However, soon after the publication
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of this manuscript, Manahan-Vaughan et al. 1996 demonstrated that trans-ADA also
activates mGluR1, although with a lower potency than (RS)-DHPG (5.7 times lower).
Considering the high dose of trans-ADA used in this study (up to 500 nmol), it is
conceivable that the compound acted at mGluR1; therefore, it is unknown why no
observable SNBs were observed in the animals. It should be noted, however, that Young
and colleagues (1997) recently demonstrated that iontophoretic application of rans-ADA
produces minor increases in dorsal horn neuronal activity relative to (RS)-DHPG, which

is consistent with our behavioural data.
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Abstract

The present study examined the mGIuR subtypes involved in (1S,3R)-ACPD-induced
spontaneous nociceptive behaviours (SNB) by administering i.t. the following selective
agonists: (RS)-DHPG, trans-ADA (Group I; mGiuR1/5 and mGluRS, respectively),
(18,35)-ACPD, (2R,4R)-APDC (Group II), and L-AP4 (Group III). Results indicated that
(RS)-DHPG administration induced SNB that were of significantly greater intensity and
longer duration than those induced by an equal dose of (15,3R)-ACPD. No other agonists
produced SNB, except (15,35)-ACPD, which may be attributable to a non-selective
action at mGluR1. Also, i.t. treatment with the mGluR antagonist, (+)-MCPG, or the
NMDA antagonist, p-AP5, prior to (RS)-DHPG administration, dose-dependently
reduced SNB. It is suggested that a possible interaction between NMDA and mGluR1 is a

critical event in the maintenance of persistent pain.

Key words: Excitatory amino acids; mGluR; Metabotropic glutamate receptors; NMDA;

Nociception
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Introduction

Endogenous excitatory amino acids, such as glutamate and aspartate, activate the
ionotropic glutamate receptors (iGluR), N-methyl-p-aspartate (NMDA), a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and kainate, as well as the recently
identified group of metabotropic glutamate receptors (mGluR1-8) that are linked to
intracellular second messenger systems.

It is well known that iGluRs play a significant role in nociceptive processes. For
example, intrathecal (i.t.) administration of NMDA antagonists attenuate nociceptive
responses in the formalin test'’, and hyperalgesia associated with peripheral nerve
ligation®, as well as, with carrageenan®- and Freund’s adjuvant’-induced inflammation. In
addition, i.t. administration of NMDA to the lumbar spinal cord produces hyperalgesia
and SNB in rats and mice®’.

Recent evidence suggests that mGluRs may also play a role in nociception.
Specifically, research has demonstrated that iontophoretic application of the mGluR
antagonist, L-2-amino-3-phosphonopropionic acid (L-AP3), attenuates rat dorsal horn
neuronal activity associated with repeated mustard oil application® and knee joint
inflammation’. In addition, i.t. administration of quisqualate, an agonist at both AMPA
and mGluRs, produces mechanical' and visceral'' hyperalgesia, as well as spontaneous
nociceptive behaviours (SNB)?. The non-selective mGIluR agonist, trans-1-
aminocyclopentane-1,3-dicarboxylic acid (trans-ACPD) also produces SNB" and

enhances formalin-induced nociception' when administered it. Furthermore,
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iontophoretic application of the agonist increases primate dorsal horn neuronal responses
to innocuous and noxious mechanical stimuli'.

An interaction between iGluRs and mGluRs has also been implicated in
nociception. Specifically, i.t. coadministration of AMPA and trans-ACPD produces
mechanical hyperalgesia’. In the formalin test, i.t. coadministration of NMDA and trans-
ACPD, produces a greater increase in nociceptive scores than administration of either
agonist alone', and i.t. pretreatment with the NMDA antagonist, p(-)-2-amino-5-
phosphono-pentanoic acid (p-APS5), attenuates the enhancement of nociceptive scores
produced by low doses of the mGluR agonists, (1S5,35)-ACPD and (RS)-3,5-
dihydroxyphenyl-glycine ((RS)-DHPG)'®.

Since trans-ACPD is a non-selective mGIuR agonist, it is not known which
mGluR(s) is/are critical for its nociceptive effects. The present study examined the
specific mGluRs involved in trans-ACPD-induced SNB by administering the following
selective mGluR agonists: (RS)-DHPG, trans-ADA (Group I; mGluR1/5 and mGluRS,
respectively), (15,35)-ACPD, (2R,4R)-APDC (Group II), and 1-AP4 (Group III). Since
(RS)-DHPG administration produced SNB that were of considerably greater intensity and
longer duration compared to (15,3R)-ACPD, the possible mechanisms underlying the
action of (RS)-DHPG were investigated by pre-administering the mGluR antagonist, (+)-
a-methyl-4-carboxyphenyl-glycine ((+)-MCPG), or the NMDA antagonist, o-AP5. Also,
in order to verify that the observed behaviours associated with (RS)-DHPG administration
are specifically nociceptive, the present study investigated whether morphine treatment

reduces (RS)-DHPG-related behaviours.
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Material and Methods

Long-Evans male rats (230-400g; Charles River) were randomly assigned to one
of 19 groups. In the first experiment, 39 animals were injected i.t. with either 25 or 50
nmol (18,35)-ACPD, (15,3R)-ACPD or (RS)-DHPG. Also, nine rats were injected i.t.
with 50 nmol of trans-ADA, (2R,4R)-APDC, or L-AP4, with additional rats receiving up
to 500 nmol of these agonists. Five min later, each rat was placed in a 30 x 30 x 30 cm
Plexiglas® box and the following SNB were timed for two consecutive 30 min periods:
clevating, shaking or stamping of the hindpaw (HE), licking or biting of the hindpaw
(HL), elevating or whipping of the tail (TE) and licking or biting of the tail (TL). In the
second experiment, 49 rats were administered i.t. 0.9% saline, dilute NaOH/saline vehicle
(pH=8.0), (+)-MCPG (1, 10 or 100 nmol) or o-AP5 (1, S or 25 nmol), 10 min prior to
(RS)-DHPG treatment (50 nmol). Each rat was then tested over a 60 min period using the
same protocol described above. In the third experiment, 13 rats were administered
subcutaneously (s.c.) 0.9% saline or morphine (2 mg/kg) immediately following i.t. (RS)-
DHPG treatment (50 nmol). Each rat was then tested using the same protocol describe
above.

Agonists and antagonists were administered i.t. in a volume of 30 and 50 pl,
respectively, by lumbar puncture between L2 and L3 vertebrae while rats were under
brief halothane anesthesia. Compounds were dissolved in either 0.9% saline (p-APS,
(RS)-DHPG, (2R,4R)-APDC) or a 42 mM NaOH/saline solution ((+)-MCPG, (1S,35)-

ACPD, (1S,3R)-ACPD, trans-ADA). All the mGluR compounds were obtained from
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Tocris Cookson, St. Louis, MO, while p-APS was supplied by Research Biochemicals,
Natick, MA.
Results

In experiment 1, only data from the (1S,35)-ACPD, (1S,3R)-ACPD and (RS)-
DHPG groups were included in the analyses, since administration of trans-ADA,
(2R,4R)-APDC and L-AP4 did not produce any SNB, even with doses up to 500 nmol. A
Kruskal-Wallis ANOVA for non-parametric data indicated a significant effect of drug
treatment for time spent in three of the nociceptive categories (HE (H(5,39)=24.1,
P<0.01), TE (H(5,39)=10.9, P<0.05) and TL (H(5,39)=22.2, P<0.01)) during the first 30
min of testing (Fig. 1A). During the second 30 min of testing, Kruskal-Wallis ANOVA
also indicated a significant effect of drug treatment for HE (H(5,39)=29.3, P<0.01), TE
(H(5,39)=29.5, P<0.01), HL (H(5,39)=21.3, P<0.01) and TL (H(5,39)=24.6, P<0.0l)
(Fig. 1B).

Post hoc comparisons (Mann-Whitney U test) revealed that animals that received
50 nmot of (RS)-DHPG exhibited significantly more HE during the first 30 min period
and HE, TE and HL during the second 30 min period than did animals that received an
equal dose of (15,35)-ACPD or (1S,3R)-ACPD. Administration of 50 nmol of (RS)-
DHPG also resulted in more HE and TE during the second testing period than did 25
nmol of the drug. However, animals that received 25 nmol of (RS)-DHPG exhibited
significantly more HE during the first 30 min, and HL during the second 30 min, than
those that received an equal dose of (15,35)-ACPD or (1S5,3R)-ACPD. Administration of
25 nmol of (RS)-DHPG also resulted in more TE during both the first and second 30 min

periods than did 25 nmol of (15,3S)-ACPD.
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Administration of 25 or 50 nmol of (15,3R)-ACPD to rats resulted in more HE
during the first 30 min period, as well as HE and TE during the second 30 min period
than did equal doses of (1S5,3S)-ACPD. Also, administration of 25 nmol of (15,3R)-
ACPD to rats resulted in more TE compared to the same dose of (15,35)-ACPD.

Interestingly, animals that received 25 nmol of (RS)-DHPG spent more time TL
than those that received a higher dose of the drug, or an equal dose of (15,35)-ACPD or
(1S,3R)-ACPD during either testing period. In addition, animals that received 50 nmol of
(18,3R)-ACPD spent more time TL in the first 30 min period than rats that received 25
nmol of the drug, or 50 nmol of either (15,35)-ACPD or (RS)-DHPG. During the second
30 min period, administration of 50 nmol of (15,3R)-ACPD resulted in more time TL
than did 25 nmol of the drug. Lastly, animals that received a higher dose of (1S,35)-
ACPD spent significantly more time TL compared to those that received a lower dose of
the drug.

I[n experiment 2 assessing the effects of (+)-MCPG and D-APS on (RS)-DHPG-
induced behaviours, Kruskal-Wallis ANOVA indicated a significant dose effect of (+)-
MCPG for HE (H(3,26)=9.3, P<0.05), TE (H(3,26)=12.8, P<0.01) and TL (H(3,26)=8.9,
P<0.05). Post hoc comparisons (Mann-Whitney U test) revealed that rats pretreated with
10 or 100 nmol of (+)-MCPG exhibited significantly less HE or TE compared to the
vehicle group (Fig. 2A). In contrast, animals treated with 1 or 10 nmol of the mGluR
antagonist spent significantly more time TL than vehicle treated animals (Fig. 2B).
Administration of (+)-MCPG of did not significantly influence the time spent HL.

The Kruskal-Wallis ANOVA also indicated a significant dose effect of o-APS for

HE (H(3,23)=14.2, P<0.01) and TE (H(3,23)=13.3, P<0.01). Post hoc comparisons
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revealed that rats pretreated with 5 or 25 nmol of p-APS5 exhibited significantly less HE
and TE. Pretreatment with 1 nmol of b-APS also produced a significant reduction in TE
(Fig. 2C). In contrast, there were no significant differences between the p-APS5 and
vehicle groups for HL or TL (Fig. 2D).

The results from experiment 3 indicated that, compared to the saline treatment,
morphine substantially reduced (RS)-DHPG-induced HE (median = 648.0 vs. 29.5 sec),
TE (median = 669.0 vs. 12.0 sec) and HL (median = 337.0 vs. 7.0 sec), but did not
influence TL (median = 18.0 vs 27.0 sec) of rats.

Discussion

First, the present study demonstrated that i.t. administration of the selective
mGluR 1/mGIluRS agonist, (RS)-DHPG, reliably produced intense SNB, which persisted
for a remarkably longer duration than those following (15,3R)-ACPD administration. No
other agonist produced nociceptive effects, except (15,35)-ACPD. The SNB induced by
(18,35)-ACPD- and (15,3R)-ACPD administration decreased progressively over the 60
min, with very few behaviours exhibited in the second 30 min period. On the other hand,
administration of the highest dose of (RS)-DHPG produced a striking increase in the
expression of SNB, particularly HE, in the second testing period. In fact, by the end of the
second testing period, most of these animals were persistently positioned with the
hindpaws and tail elevated, and maintained this posture for several hours after the
injection. The study also provides strong evidence that these behaviours are nociceptive
in nature, since, s.c. administration of morphine almost completely abolished the (RS)-

DHPG-induced effects.



Interestingly, HE and TE appeared to be indicative of greater nociceptive intensity
since these behaviours occurred more frequently following administration of the higher
dose of the agonists compared to the lower dose. Also, animals that received 50 nmol of
(RS)-DHPG were more likely to express these nociceptive behaviours compared to those
that received the same dose of (15,35)-ACPD or (15,3R)-ACPD. In contrast, TL appeared
to be indicative of milder intensity nociception, and was more likely to occur when
animals spent less time HE and TE. For example, administration of the lower dose of
(RS)-DHPG to rats produced more TL than the higher dose. However, the frequency of
TL decreased if the animals showed few nociceptive behaviours in general during the
testing period, as in the case of treatment with the lower dose of (15,35)-ACPD or
(18,3R)-ACPD. HL was not a particularly salient nociceptive behaviour, and occurred
only during the second 30 min period in animals that received 25 or 50 nmol of (RS)-
DHPG.

Second, the present study demonstrated that (RS)-DHPG-induced HE and TE
were significantly reduced by a pretreatment with either the mGluR antagonist, (+)-
MCPG, or the NMDA antagonist, -APS. Although an increase in TL occurred following
administration of 1 or 10 nmol of (+)-MCPG, the highest dose (100 nmol) of the mGluR
antagonist and each dose of p-AP5, effectively reduced this nociceptive behaviour. These
data demonstrate a link between NMDA and mGluRs in response to i.t. (RS)-DHPG. This
proposal is supported by the fact that NMDA receptors are not tonically active, since the
dose of D-APS used in the present study does not produce analgesia in the absence of
intense nociceptive stimuli’. Therefore, since D-APS attenuates (RS)-DHPG-induced

SNB, it is suggested that the selective activation of mGluR 1/5 leads to activity at NMDA
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receptors, via an unknown mechanism. This proposal is consistent with research
demonstrating that microelectrophoresis of (RS)-DHPG, as well as (1S,3R)-ACPD and
(15,35)-ACPD'" enhances NMDA-mediated increases in spinal cord neuronal
excitability.

The data from this study provide evidence that activation of phosphoinositide
hydrolysis-linked mGluRs are responsible for the nociceptive effects of the non-selective
mGluR agonist, (15,3R)-ACPD. It is known that (RS)-DHPG selectively and potently
activates mGluR| and mGluRS5" and that this agonist is more potent than (15,3R)-ACPD
in stimulating phosphoinositide hydrolysis'’. This may explain why administration of
(RS)-DHPG produced much greater nociceptive effects than (15,3R)-ACPD. Furthermore,
although (1S,3R)-ACPD is also an agonist at negatively-linked cAMP mGluRs®, the
selective Group II and Group [II agonists, (2R,4R)-ACPD and L-AP4, respectively, did
not produce SNB even when 10 times the dose of (RS)-DHPG was administered.
However, a transient excitatory action of the Group II agonist, (15,35)-ACPD, was
observed in this study, which may be attributable to a non-selective effect at Group I
receptors. This hypothesis is supported by the demonstration that application of (15,35)-
ACPD stimulates phosphoinositide hydrolysis in the guinea pig cerebral cortex”'.

Results from the present study also provides evidence that the nociceptive effects
of (15,3R)-ACPD are attributable specifically to mGluR1 activation. This is supported by
the fact that administration of the selective mGIuRS agonist, trans-ADA%, did not
produce any SNB, even when 10 times the dose of (RS)-DHPG was administered.

It is possible that stimulation of phosphoinositide hydrolysis via mGluR1 leads to

an increase in either glutamate/aspartate release or NMDA channel activity, which may
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produce a persistent facilitation of NMDA-mediated dorsal horn neuronal responses, and
a resultant expression of SNB. It has been suggested that presynaptic phosphoinositide
hydrolysis-linked mGluRs facilitate glutamate release”. Also, it is known that
phosphoinositide hydrolysis stimulates production of the intracellular messengers,
inositol triphosphate (IP3) and diacylglycerol (DAG) and DAG, in turn, activates protein
kinase C (PKC). It has been demonstrated that PKC potentiates NMDA-induced
currents® and PKC activators increase the release of glutamate and aspartate in the spinal
cord®.
Conclusion

Administration of the mGluR1/mGIluRS agonist, (RS)-DHPG, but not the more
selective mGIuRS agonist, trans-ADA, produces long lasting SNB. These behaviours are
not only reduced by pretreatment with the mGluR antagonist, (+)-MCPG, but also by the
NMDA antagonist, o-APS. Therefore, it is suggested that an interaction between the
NMDA and mGluR1 may contribute to the maintenance of persistent pain phenomena,
such as allodynia and spontaneous pain.
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Figure Captions

FIG.1. Median time (sec) spent by rats in the four nociceptive behaviours (HE, HL, TE,
TL) from 5-35 (A) and 35-65 (B) min post i.t. treatment with 25 or 50 nmol of (15,35)-
ACPD, (15,3R)-ACPD or (RS)-DHPG. N=6 for each group, except for 25 nmol of
(15,35)-ACPD (N=8) and (15,3R)-ACPD (N=7).

FIG.2. Median time (sec) spent in the four nociceptive behaviours (HE, TE, HL, TL),
over a 60 min testing period, for rats pretreated i.t. with 0 (dilute sodium hydroxide
(Na/OH) vehicle), 1, 10 or 100 nmol of (+)-MCPG (A,B) or 0 (saline vehicle), 1, 5 or 25
nmol of D-APS (C,D), 10 min prior to the (RS)-DHPG (50 nmol) injection. N=6 for each
group, except for 100 nmol of (+)-MCPG (N=8) and 25 nmol of D-AP5 (N=5). The post
hoc analyses (Mann-Whitney U tests) indicate significant differences between the vehicle

and experimental conditions (** P<0.01, * P<0.05).
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General summary

The present study examined the intensity and duration of spontaneous pain
behaviours following spinal treatment with various metabotropic glutamate receptor
agonists in rats. The possible mechanisms underlying the action of one of these agonists,
(RS)-DHPG, were further investigated, since the pain producing effects of the compound
were of considerably greater intensity and longer duration than those observed with the
other agents tested. Results showed that blocking metabotropic glutamate or N-methyl-p-
aspartate (NMDA) receptors with spinal (+)-MCPG or p-APS pretreatment, respectively,
reduced the spontaneous pain behaviours produced by the (RS)-DHPG injection. These
data suggest that an NMDA/metabotropic glutamate receptor interaction may contribute
to the maintenance of persistent pain phenomenon, such as allodynia (noxious response to

innocuous stimuli) and spontaneous pain.
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CHAPTER 4: (RS)-DHPG-INDUCED HYPERALGESIA AND ALLODYNIA
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Rationale for Experiments

Prior to the publication of this manuscript, only two behavioural studies had
shown that intrathecal administration of an mGIuR agonist produces nociceptive
behaviours (Meller et al. 1993, 1996), yet a relatively large number of studies had clearly
demonstrated that intrathecal administration of iGluRs to rats or mice produces
hyperalgesia and allodynia in rodents (Aanonsen & Wilcox, 1987; Raigorodsky & Urca,
1987; Malmberg & Yaksh, 1992, 1993; Meller et al. 1992; Kolhekar et al. 1993; Advokat
et al. 1994; Ferreira & Lorenzetti, 1994; Brambilla et al. 1996; Meller et al. 1996). Given
that Meller et al. (1993, 1996) had examined the behavioural effects of a non-selective
mGluR agonist ((15,3R)-ACPD) only, and that we had previously shown that intrathecal
administration of the selective group I mGluR agonist, (RS)-DHPG, is pro-nociceptive in
rats (Studies 1 and 2), we decided to perform a series of experiments to fully characterize
all nociceptive behaviours associated with intrathecal (RS)-DHPG.

The main finding from this study is that intrathecal administration of (RS)-DHPG
produces persistent heat hyperalgesia, mechanical allodynia and mechanical hyperalgesia
in rats, suggesting that group I mGluRs may contribute to the development of these types
of nociceptive behaviours in models of pain. These findings are in contrast to those
obtained by Meller and colleagues (1993, 1996). These investigators reported that
intrathecal administration of (15,3R)-ACPD does not produce heat hyperalgesia and that
(1S,3R)-ACPD must be co-administered with AMPA in order to produce mechanical
hyperalgesia. However, it should be noted that, although (15,3R)-ACPD is an agonist at
group I mGluRs, it is also a potent agonist at group I mGluRs. Therefore, it is difficult to

compare the effects of (RS)-DHPG with (15,3R)-ACPD especially since we later found
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that intrathecal administration of a selective group II mGluR agonist is antinociceptive in
a model of chronic pain (Study 5).

We also found that rats treated intrathecally with (RS)-DHPG showed an
increased sensitivity in the cold water test. However, the differences between the
experimental and control animals were not statistically significant. This may be
attributable to an overlap in the scores between the two groups, since several (RS)-
DHPG-treated animals showed a tendency to freeze during the post-injection testing
periods, and, consequently, exhibited few behaviours that fit the response criteria. It is
likely that intrathecal administration of (RS)-DHPG produces cold hyperalgesia, since
piloerection was observed in the majority of (RS)-DHPG-, but in none of the saline-
treated animals. Since piloerection and freezing behaviour are indicative of increased
stress levels in the rat, it may be that this test was too noxious for many of the (RS)-

DHPG-treated animals
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Abstract

To investigate the role of Group I mGluRs in allodynia and hyperalgesia, we examined
the behavioural responses of rats to noxious and non-noxious mechanical and thermal
stimuli following intrathecal (i.t.) treatment (25 nmol) with the selective mGluR,
agonist, (RS)-dihydroxyphenylglycine ((RS)-DHPG). (RS)-DHPG administration
produced: a persistent decrease in response latency on a 48°C hotplate, a reduction in the
50% response threshold to von Frey hairs, and an increase in responses to a tail pinch.
These data suggest that activation of spinal mGluR,; receptors plays a role in the

development of persistent allodynia and hyperalgesia associated with tissue or nerve

injury.

Key words: Allodynia; Dihydroxyphenylglycine; DHPG; Hyperalgesia; Metabotropic

glutamate receptors; mGluR;. Nociception
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Introduction
Endogenous excitatory amino acids in the central nervous system, such as glutamate and
aspartate, activate the ionotropic glutamate receptors (iGluRs), for NMDA, AMPA, and
kainate, as well as a group of recently identified metabotropic giutamate receptors
(mGluR,-mGluR,). Although it is well established that the iGluRs are involved in
nociceptive processes' ~, little is known about the role of metabotropic glutamate
receptors (mGluRs). We have previously reported that i.t. administration of the non-
selective mGluR agonist, trans-p,L-1-amino-1,3-cyclopentane-dicarboxylic acid (¢rans-
ACPD), or the selective mGluR,,; agonist (RS)-dihydroxyphenylglycine ((RS)-DHPG),
produces spontaneous nociceptive behaviours in rats®. Coadministration of trans-ACPD
and AMPA by the i.t. route also produces mechanical hyperalgesia in rats’. In addition,
iontophoretic application of trans-ACPD to the spinal cord facilitates spinal thalamic
tract neuronal responses to innocuous mechanical stimuli in monkeys®. Furthermore,
iontophoretic application of the mGluR antagonists, L-1-amino-3-phosphonopropanoic
acid (L-AP3) or (RS)-4-carboxy-3-hydroxyphenylglycine ((RS)-4C3HPG), reduces dorsal
horn neuronal responses associated with repeated mustard oil application’ or knee joint
inflammation'® in rats.

The aim of the present study was to investigate the possible role of mGluR,
receptors in hyperalgesia and allodynia, by examining the behavioural responses of rats to
noxious and non-noxious mechanical and thermal (hot and cold) stimuli following i.t.

(RS)-DHPG treatment.
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Materials and Methods
Drug administration: Male Long-Evans rats (225-325 g; Charles River) were injected i.t
with either 25 nmol (30 ul) of (RS)-DHPG (Tocris Cookson, St. Louis, MO), or an
equivalent volume of vehicle (0.9% saline). Injections were performed by lumbar
puncture, rostral to the L3 vertebra, while rats were under brief halothane anaesthesia.
Behavioural testing: Prior to baseline testing for mechanical allodynia, each rat was
habituated to a testing box (27 x 16 x 21 c¢m) with a wire-mesh grid floor, for 1 h. For
baseline and post injection testing, a series of von Frey hairs (0.41, 0.70, 1.20, 2.00, 3.63,
5.50, 8.50, and 15.10 g) were applied through the grid floor to the ventral surface of the
left hindpaw of each rat. Each hair was applied for 7 s or until the animal withdrew the
hindpaw without ambulating. During each testing trial, the series of hairs were presented
following an up-down procedure, described and validated by Chaplan et al. (1994)"', and
the 50% response threshold was calculated for each rat. Following two baseline trials,
eight (RS)-DHPG- and eight saline-treated animals were tested 30, 60, 90, 120, 150, 180
and 210 min post injection.

Each testing trial for mechanical hyperalgesia involved applying a clip, with a 300
g force, to the tail of the rat (6.0 cm from the tip) for 5 s. The quality of the response (i.e.
vocalization, tail licking) elicited by the animal was recorded for each trial. After the
baseline trial was performed for each rat, 10 DHPG-treated and five saline-treated
animals were tested 30, 60, 90 and 120 min post injection

Prior to baseline testing for heat hyperalgesia, each rat was habituated to a

hotplate at room temperature for 15 - 30 min. For baseline and post-injection testing, each
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rat was placed on the hotplate at 48°C and the latency was recorded until the rat licked,
shook or showed a prolonged lift of one of the hindpaws. The trial was terminated after
25 s if no response was observed. Following a single baseline trial, 12 (RS)-DHPG- and
11 saline-treated animals were tested 90, 180, 270, 360 and 450 min post-injection.

Prior to baseline testing for cold hyperalgesia, each rat was habituated to standing
in a room temperature, 1| cm deep, water bath for 15 - 30 min. For baseline and post-
injection testing, each rat was placed in a 1 cm deep, 1°C water bath for 75 s, during
which it was noted if the rat licked, shook, or showed a prolonged lift of one of the
hindpaws when not ambulating. [n addition to the first response latency, the frequency of
responses for both hindpaws, and the cumulative duration of all responses were recorded.
If the animal jumped before making a specific response with one of the hindpaws, the
jump was considered the first response and the latency was recorded. Following a
baseline trial, 14 (RS)-DHPG- and seven saline-treated animals were tested 90, 180 and
270 min post-injection.

Results

Mechanical allodynia: Figure 1A shows the mean 50% von Frey withdrawal thresholds
for (RS)-DHPG- and saline-treated rats, at baseline and the post-injection time intervals.
Friedman analysis of variance (ANOVA) for repeated, non-parametric data indicated a
significant main effect of Time () (7) = 22.63, P<0.01) for the (RS)-DHPG, but not the
saline condition. Post hoc analyses with the Wilcoxon rank sum test revealed that (RS)-
DHPG-treated rats had significantly lower 50 % von Frey withdrawal thresholds, 30, 60,

90, 120, 150 and 180 min post-injection, compared to baseline. Analyses with the Mann-
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Whitney U-test indicated that compared to saline-treated rats, (RS)-DHPG-treated
animals had significantly lower S0 % von Frey withdrawal thresholds at the 30, 60, 90,
120, 150 and 180 min time intervals.

Mechanical hyperalgesia: Prior to (RS)-DHPG treatment, a tail pinch elicited only
orienting behaviours (not nociceptive responses) in the rats, but at 30, 60, 90 and 120 min
post-injection, a tail pinch elicited vigorous nociceptive responses in 90%, 80%, 70% and
70% of the animals, respectively (see Table I). Responses included vocalization, licking
the tail or testicles and/or attempting to bite the tail clip. These behaviours were not
observed in the saline-treated animals at any time interval, with the exception of one rat
that licked its tail, following the tail pinch, at the 90 min interval only.

Heat hyperalgesia: Figure 1B shows the mean response hotplate latencies for (RS)-
DHPG- and saline-treated rats, at baseline and the post-injection time intervals. ANOVA
for repeated parametric data revealed significant main effects of drug (F(1,21) = 6.45,
P<0.05) and time (F(5,105) = 5.61, P<0.001), as well as a significant drug x time
interaction (F(5,105) = 4.66, P<0.001). Post hoc analyses (Tukey HSD) revealed that
(RS)-DHPG-treated animals had significantly shorter response latencies 90, 180, 270 and
360 min post-injection, compared to baseline. Also, (RS)-DHPG-treated animals had
significantly shorter response latencies, than did saline-treated animals at 90 and 180 min.
Cold hyperalgesia: Figure 1C shows the mean response frequencies for (RS)-DHPG- and
saline-treated rats, at baseline and the post-injection time intervals. Analyses with the
Wilcoxon rank sum test revealed that, compared to baseline, (RS)-DHPG-, but not saline-
treated animals, responded more frequently at 90 and 180 min post-injection. However,

analyses with the Mann-Whitney U-test indicated that the differences in response
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frequency between the (RS)-DHPG- and saline-treated groups were not statistically
significant. ANOVA of the response latency and response duration indicated that there
were no significant differences.

Discussion

We have shown previously that i.t. treatment with 50 nmol (RS)-DHPG, the potent and
selective mGluR 5 agonist'”, consistently produces spontaneous nociceptive behaviours in
rats, which have been observed up to 10 h after injection®. In the present study we have
demonstrated that i.t. administration of half the dose (25 nmol) of (RS)-DHPG produces
heat hyperalgesia, mechanical allodynia and mechanical hyperalgesia in rats for at least 6,
3 and 2 h post-injection, respectively, without producing spontaneous nociceptive
behaviours that interfere with nociceptive testing. Thus, there is a dose-dependent
production of first thermal and mechanical hyperalgesia and mechanical allodynia, and
with higher doses spontaneous behaviours, associated with intrathecal (RS)-DHPG
administration. As for cold sensitivity, although (RS)-DHPG-treated rats exhibited a
significant increase in response frequency in the cold water test, the differences between
the experimental and control animals were not statistically significant.

The magnitude and duration of the (RS)-DHPG-induced effects are of
considerable interest. We suggest that intrathecally administered (RS)-DHPG produces a
prolonged activation of both presynaptic mGluR ; receptors localized on primary afferent
fibers and postsynaptic mGluR, s receptors localized on spinal cord dorsal horn neurons.
Although it is currently unknown whether presynaptic mGIuR,; receptors enhance the
release of glutamate from primary afferent fibers, this possibility is suggested since recent

studies have shown that presynaptic mGluR, receptors facilitate the release of glutamate
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from rat cerebrocortical” and hippocampal' synaptosomes. On the other hand, (RS)-
DHPG-induced hyperalgesia and allodynia may also reflect a postsynaptic mGluR ;-
mediated increase in dorsal horn neuronal responses to C- and/or Ap-fiber stimulation,
respectively. This hypothesis is supported by the findings that iontophoretic application
of mGluR,; agonists potentiates dorsal horn neuronal responses to the iGluR agonists,
NMDA and AMPA'**, In addition, we have previously demonstrated that an iGluR-
mGluR interaction plays a role in nociceptive processing. Thus, i.t. administration of non-
analgesic doses of the NMDA antagonist, p(-)-2-amino-5-phosphonopentanoic acid (p-
APS), reduces (RS)-DHPG-induced spontaneous nociceptive behaviours®, as well as (RS)-
DHPG-induced facilitation of formalin nociceptive scores'’.

Conclusion

Intrathecal administration of the potent and selective mGluR, agonist (RS)-DHPG,
produces prolonged mechanical allodynia and hyperalgesia, as well as thermal
hyperalgesia in rats. The persistence of (RS)-DHPG-induced nociception may be
explained by an mGIluR,-mediated increase in spinal glutamate release and/or a
postsynaptic mGIluR , .-mediated facilitation of dorsal horn neuronal responses to noxious
and non-noxious stimuli.

General Summary

The authors have examined the contribution of a subtype of metabotropic glutamate
receptors (mGluRs) in nociceptive or pain processing in the spinal cord of rats. Spinal
injection of a Group I mGIluR agonist, (RS)-dihydroxyphenylglycine produced a

prolonged increase in sensitivity to noxious thermal and mechanical stimuli

119



(hyperalgesia), as well as nociceptive, or painful, responses to non-noxious mechanical

stimuli. The results suggest that activation of spinal Group I mGluRs plays a role in the

development of increased pain sensitivity associated with tissue or nerve injury.
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Table 1. Number of responders/non-responders to a tail pinch, at baseline and 30, 60, 90

and 120 min following i.t. saline or (RS)-DHPG.

Treatment Baseline 30 min 60 min 90 min 120 min
Saline 0/5 0/5 0/5 1/4 0/5
(RS)-DHPG | 0/10 9/1 8/2 713 7/3
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Figure Captions

Figure 1. (A) Mean (+ s.e.m.} 50% von Frey withdrawal thresholds (g) for rats, prior to
(baseline) and 30, 60, 90, 120, 150, 180 and 210 min after i.t. (RS)-DHPG or saline
treatment. Post hoc analyses indicate significant differences between the (RS)-DHPG and
saline conditions (+P<0.05; Mann-Whitney U-tests) and between baseline and post-
injection withdrawal thresholds in the (RS)-DHPG condition (*P<0.05; Wilcoxon rank
sum tests). (B) The mean (= s.e.m) hotplate response latencies (sec) for rats, prior to
(baseline) and 90, 180, 270, 360 and 450 min after i.t. (RS)-DHPG or saline treatment.
Post hoc analyses of the drug x trial interaction indicate significant differences between
the (RS)-DHPG and saline conditions (+P<0.05) and between baseline and post-injection
response latencies (*P<0.05; Tukey HSD tests). (C) Mean (+ s.e.m.) cold water response
frequencies during a 75 sec testing period, prior to (baseline) and 90, 180 and 270 min
after i.t. (RS)-DHPG or saline treatment. Post hoc analyses indicate significant
differences between baseline and post-injection response frequencies for the (RS)-DHPG

condition (*P<0.05; Wilcoxon rank sum tests).

123



>

o
4

~@- (RS)-DHPG
-O-saline

mecan 30% von Frey
threshold (g + sem)
p2 iR

Tt

»
T
baseline 30 60 90 120 150 180 2i¢
time (min)

mcan response latency
(sec L sem)

baseline 90 180 270 360 450
time (min)

0

N W AsE O
1 1 1 A |
»

mean response frequency
(X secm)

o

baseline 90 180 270
time (min)

Fig. 1



CHAPTER 5: (5)-4CPG-RELATED ANTINOCICEPTION IN A MODEL OF

NEUROPATHIC PAIN
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The Sciatic Nerve Chronic Constriction Injury (CCI) Model

The most common mononeuropathic pain model used in recent years is the one
developed and characterized by Bennett and Xie in (1988). This procedure requires tying
four chromic gut ligatures loosely around the rat’s sciatic nerve. Within 24 hours post-
surgery, the rat shows behaviours, such as lifting, licking and shaking of the hindpaw on
the operated side, which have been interpreted to be spontaneous nociceptive behaviours
(Attal, Jazat, Kayser & Guilbaud, 1990; Bennett & Xie 1988). Rats with sciatic nerve
injury also exhibit hyperalgesia and allodynia of the hindpaw. Evidence for hyperalgesia
is extrapolated from the observed characteristics of the rat’s response to noxious cold, hot
or mechanical stimuli. For example, rats with CCI will show a decrease in the post-
operative response latencies compared to pre-operative latencies, an increase in the
response duration, and an increase in the incidence of an exaggerated response to noxious
stimuli i.e. licking or shaking of the hindpaw. Evidence for allodynia is extrapolated from
the observed characteristics of the rat’s response to innocuous mechanical and thermal
stimuli. For example, rats with CCI will exhibit a decrease in the detection threshold and
an exaggerated response to von Frey stimulation, post-surgery. Also following surgery,
the animals will exhibit exaggerated responses to innocuous cold and warm stimuli (Attal
et al. 1990; Bennett & Xie 1988)

Research has elucidated a number of peripheral and central neural mechanisms
mediating the development and maintenance of the CCI-induced nociceptive behaviours.
CCI of the sciatic nerve initially produces a degeneration of large and small myelinated
axons, and to a lesser extent, unmyelinated axons in the sciatic nerve (Basbaum, Gautron,

Jazat, Mayes & Guilbaud, 1991; Coggeshall, Dougherty, Pover & Carlton, 1993;
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Guilbaud, Gautron, Jazat, Ratinahirana, Hassig & Hauw, 1993; Kajander & Bennett
1992; Mosconi & Kruger 1996). Damaged primary afferent Ap-, A8-, and later, C-fibers
begin to discharge spontaneously, and this abnormal activity is thought to mediate the
spontaneous pain-related behaviours in the animals (Kajander & Bennett 1992; Kajander,
Wakisaka & Bennett, 1992; Study & Kral 1996; Tal & Eliav 1996). It is of general
consensus that the increase in spontaneous C-fiber activity, and the consequential
increase in release of EAAs, as well as other neurochemicals (i.e. substance P),
contributes to the development of central sensitization (for review, see Coderre, Katz,
Vaccarino & Melzack, 1993). Many have proposed that changes in dorsal horn neuronal
excitability contribute to the development and maintenance of abnormal nociceptive
behaviours exhibited by rats with CCI, and that these changes are mediated, at least in
part, by the NMDAR (Davar et al. 1991; Mao et al. 1993; Yamamoto and Yaksh 1992b).
Interestingly, Mao, Price, Hayes, Lu and Mayer (1992) found that the NMDAR
contributes to the development and the maintenance of CCl-induced thermal
hyperalgesia, whereas non-NMDARs contribute only to the development of this
nociceptive behaviour.
Rationale for Experiments

The discovery that selective activation of spinal group I mGluRs produces
persistent pain-related behaviours, such as spontaneous nociceptive behaviours (Study 2),
allodynia and hyperalgesia (Study 3), behaviours that are characteristically exhibited by
rats with nerve injury, led us to speculate that this group of mGluRs may contribute to the

development of these behaviours in models of neuropathic pain. Also contributing to this
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hypothesis was the observed duration of the (RS)-DHPG-induced behaviours exhibited by
the animals, which was striking given that intrathecal administration of iGluR agonists,
particularly NMDA, typically produces acute nociceptive behaviours in animals
(Raigorodsky & Urca 1987, Coderre & Melzack 1991; Meller et al. 1996), and
application of iGluR agonists to the rat spinal cord produces only transient increases in
dorsal horn neuronal excitability to noxious and non-noxious stimuli (Cumberbatch et al.
1994). These data, as well as the finding that p-APS pretreatment reduces (RS)-DHPG-
induced SNBs, suggest that group I mGluRs may contribute to the development of
nociceptive behaviours in models of chronic pain by facilitating NMDAR-mediated
alterations in dorsal horn neuronal sensitivity. It should be noted that the duration of the
intrathecal effects of (RS)-DHPG might have been attributable one of several factors such
as, group I mGluR-mediated neuroplasticity, group I mGluR-induced neurotoxicty as
well as the pharmacokinetics of (RS)-DHPG.

In order to test the hypothesis that group I mGluRs contribute to models of
neuropathic pain, we performed a series of experiments to examine the potential
antinociceptive effects of intrathecal (§)-4CPG in rats with CCIL. (S)-4CPG was
specifically chosen since it was the most selective group I mGluR antagonist at the time;
however, it was also known to activate group II mGluRs with a weaker potency. Since
Mao, Price, Hayes, Lu and Mayer (1992) reported that the development and maintenance
of CCl-related nociceptive behaviours are mediated by different, but overlapping spinal
mechanisms, we explored the possibility that (S)-4CPG treatment might differentially

influence these time-related components of neuropathic nociceptive behaviours.
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The main finding from this study is that early intrathecal treatment with (S)-4CPG
(twice daily injections on post-operative days 0-3), but not late treatment (twice daily
injections on post-operative days 8-11) attenuates mechanical allodynia and cold
hyperalgesia in rats with CCI. These results suggest that group I mGluRs are involved in
the development of CCl-related mechanical allodynia and cold hyperalgesia, but not in

the maintenance of these behaviours.
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Abstract

The present study examined the effects of intrathecal (i.t.) treatment (twice daily
injections on post-operative (PO) days 0-8) with the metabotropic glutamate receptor
(mGluR) compound, (S)-4-carboxyphenylglycine ((S)-4CPG), or the non-competitive N-
methyl-p-aspartate (NMDA) antagonist, dizocilipine maleate (MK-801), on mechanical
allodynia and cold hyperalgesia associated with chronic constriction injury (CCI) of the
sciatic nerve in rats. Also, the effects of early (twice daily injections on days 0-3) or late
(twice daily injections on days 8-11) (§)-4CPG treatment on the injury-related
mechanical allodynia and cold hyperalgesia were assessed in CCI rats. Results
demonstrated that 8 day (5)-4CPG or MK-801 treatment attenuated mechanical allodynia
(up to PO days 12 or 16, respectively) and cold hyperaigesia (up to PO day 8 or 16,
respectively). Results aiso demonstrated that early (S)-4CPG treatment significantly
attenuated the development of mechanical allodynia (90 and 270 nmol) and cold
hyperalgesia (270 nmol). However, late treatment with (S)-4CPG did not reduce the
nociceptive behaviours in either behavioural task. These data not only confirm that the
NMDA receptor plays a role in chronic nociception, but also suggest that Group I
mGluRs are more critically involved in the development, and not the maintenance, of

mechanical allodynia and cold hyperalgesia associated with CCI in rats.

Keywords: Hyperalgesia; Allodynia; Nociception; Metabotropic glutamate receptors;

mGluR; Neuropathic pain
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1. Introduction

Chronic constriction of the rat's sciatic nerve with 4 loose chromic gut ligatures
(Bennett and Xie 1988) is commonly used to investigate the mechanisms mediating
neuropathic pain. Constriction of the sciatic nerve produces persistent hyperalgesia to
noxious radiant heat and mechanical stimuli, allodynia to non-noxious warm and cold
stimuli, and spontaneous nociceptive behaviours in rats (Bennett and Xie 1988; Attal et
al. 1990). Recently, in an effort to standardize the degree of nerve injury and reduce inter-
animal variability, Mosconi and Kruger (1996) developed a model that utilizes a cuff
consisting of a 2 mm length of polyethylene tubing to produce a chronic constriction
injury (CCI) of the sciatic nerve in rats. The resulting morphological and behavioural
changes are similar to those that follow sciatic nerve ligation, but the degree of nerve
injury and behavioural hyperalgesia produced by the cuff is less variable (Mosconi and
Kruger 1996).

A number of laboratories have demonstrated that ionotropic glutamate receptors
(iGluRs), such as N-methyl-p-aspartate (NMDA), a-amino-3-hydroxy-S-methyl-4-
isoxazoleproprionic acid (AMPA), and/or kainate contribute to the development and/or
maintenance of persistent nociceptive behaviours induced by CCI. Furthermore, it has
been demonstrated that various classes of glutamate receptors may be differentially
involved in either the development or maintenance of neuropathic pain behaviours. For
example, systemic or intrathecal (i.t.) treatment with non-competitive NMDA antagonists
prior to and/or early after surgery, attenuates the development of thermal hyperalgesia in

nerve injured rats (Mao et al. 1992a; 1992b; 1993). Also, a single i.t. injection of the non-
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competitive NMDA antagonist MK-801, administered several days post surgery, after the
neuropathy is well developed, reduces thermal hyperalgesia associated with nerve
constriction injury (Davar et al. 1991; Mao et al. 1992a; 1992b; 1993; Yamamoto and
Yaksh 1992). In contrast, the iGluRs, AMPA and/or kainate, have been shown to be
involved in the development, but not the maintenance, of persistent neuropathic pain
behaviours, since i.t. treatment with the AMPA/kainate antagonist, 6-cyano-7-nitro-
quinoxalinedione (CNQX), administered pre-, but not post-surgery, attenuates thermal
hyperalgesia in nerve injured rats (Mao et al. 1992a).

Recently, with the synthesis of selective compounds, research has shown that
metabotropic glutamate receptors (mGluRs) are also involved in nociception. The family
of mGluRs are linked through G-proteins to intracellular second messenger systems.
Activation of Group I mGluRs (mGluRl and mGluRS) produces phosphoinositide
hydrolysis, while activation of Group II (mGluR2 and mGluR3) or Group III (mGluR4,
mGluR6-8) mGluRs inhibits cAMP production (Nakanishi 1992; Hayashi et al. 1994;
Duvoisin et al. 1995). The suggestion that mGluRs play a role in nociception is supported
by studies demonstrating that iontophoretic application of mGluR antagonists attenuates
rat dorsal horn neuronal responses associated with repeated mustard oil application
(Young et al. 1994; Young et al. 1995) and knee joint inflammation (Neugebauer et al.
1994). Furthermore, it. administration of the mGluR/AMPA agonist, quisqualate,
produces mechanical (Aanonsen et al. 1990) and thermal (Kolhekar and Gebhart 1994)
hyperalgesia, and spontaneous nociceptive behaviours (Sun and Larson 1991) in rats or
mice. Also, it administration of the selective Group [ agonist, (RS)-

dihydroxyphenylglycine ((RS)-DHPG), produces persistent thermal hyperalgesia,
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mechanical allodynia‘hyperalgesia (Fisher and Coderre 1997), and spontaneous
nociceptive behaviours (Fisher and Coderre 1996a) in rats.

Since administration of (RS)-DHPG produces nociceptive behaviours that are
similar to those observed in neuropathic pain models, it is suggested that mGluRs,
particularly Group I mGluRs, may play a role in the pathogenesis of neuropathic pain.
Thus, the present study examined the effects of the Group I antagonist, (S)-4-
carboxyphenylglycine ((S)-4CPG) (Hayashi et al. 1994; Kingston et al. 1995), on
mechanical allodynia and cold hyperalgesia in the CCI model developed by Mosconi and
Kruger (1996). First, the effects of 8 day i.t. treatment with (S)-4CPG were compared
with the non-competitive NMDA antagonist, dizocilipine maleate (MK-801), on
mechanical allodynia and cold hyperalgesia. Second, since evidence suggests that
different classes of glutamate receptors contribute differentially to the development and
maintenance of neuropathic pain, we examined the effects of early vs late i.t. treatment
with (5)-4CPG on nociceptive behaviours in rats with CCI.

2. Methods
2.1 Animals

These experiments were performed on 76 male, Long-Evans hooded rats (Charles
River) weighing 280-415 g. They were maintained under controlled lighting conditions
with food and water available ad libitum. In all cases, the guidelines described in Care
and Use of Experimental Animals of the Canadian Council of Animal Care (Vols. I and
I) were strictly followed. All experiments were approved by the animal care committee

at the Clinical Research Institute of Montreal.
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2.2 Chronic constriction injury

Prior to surgery, all rats were anaesthetized with sodium pentobarbital (65 mg/kg;
i.p.). A chronic constriction injury was produced by placing a 2 mm length of
polyethylene tubing (PE-90) around the sciatic nerve of each rat, according to the method
of Mosconi and Kruger (1996). The cuff was placed after exposing the left sciatic nerve
mid-thigh and isolating the nerve from surrounding tissue. Surgery for the sham condition
involved exposing the left sciatic nerve, but the nerve was not manipulated or cuffed.
2.3 Drug administration

MK-801 (Research Biochemicals Int., Natick, MA, USA), (8)-4CPG (Tocris
Cookson, St. Louis, MO, USA) and vehicle were administered i.t. by lumbar puncture, in
a volume of 30 pl, between the L2 and L3 vertebrae, while rats were under brief
halothane anesthesia. MK-801 and (5)-4CPG were dissolved in 0.9% saline and NaOH
(pH 8), respectively. The highest doses of (5)-4CPG and MK-801 used were 270 nmol
and 30 nmol, respectively. Although the 270 nmol dose of (5)-4CPG was high, the
mGIluR compound was well tolerated and none of the animals exhibited motor
disturbances at any time during the study. Equivalent doses of MK-801 and (S)-4CPG
were not used since treatment with such high doses of MK-801 produces significant
motor problems in rats (Coderre and Van Empel 1994). In this study, it was noted that
administration of the 30 nmol dose of MK-801 produced some mild stereotypical
alterations in motor activity (i.e., hyperlocomotion and balance loss) in the animals for a
short period of time following injection (up to 30 min post-injection). However, at the

time of nociceptive testing, none of these animals exhibited motor problems of any kind.
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2.3.1 Experiment 1

Rats were randomly assigned to one of the following eight groups: (5)-4CPG (90
nmol)/CCI; MK-801 (30 nmol)/CCI; NaOH vehicle/CCI; saline vehicle/CCI; (5)-4CPG
(90 nmol)/sham; MK-801 (30 nmol)/sham; NaOH vehicle/sham; saline vehicle/sham.
Each rat was injected i.t. with vehicle, MK-801 or (S)-4CPG, 15 min prior to surgery and
then every 12 hours for 9 days. On PO days 4 and 8, nociceptive testing began 2 hrs after
the i.t. injection.
2.3.2 Experiment 2

Rats were randomly assigned to one of the following six groups: (5)-4CPG (30
nmol)/CCI; (5)-4CPG (90 nmol)/CCI; (8)-4CPG (270 nmol)/CCI; NaOH vehicle/CCI;
(5)-4CPG (270 nmol)/sham; NaOH vehicle/sham. Each animal was injected i.t. with
vehicle or one of the three doses of (5)-4CPG, 1S min prior to surgery and then every 12
hours for 4 days.
2.3.3 Experiment 3

Nociceptive testing was performed on rats prior to surgery (baseline) and then on
PO days 4 and 8. Rats were then randomly assigned to one of two groups: (5)-4CPG (270
nmol)/CCI; NaOH vehicle/CCI. Each animal was injected i.t. with vehicle or (S)-4CPG,
immediately after testing on PO day 8, and then every 12 hrs for 4 days.
2.4 Nociceptive testing
2.4.1 Mechanical allodynia testing.

Prior to baseline testing, each rat was habituated to a testing box (27 x 16 x 21
cm) with a wire-mesh grid floor, for a one hour period. For baseline and post-operative

(PO) testing, a series of von Frey hairs (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10
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g) were applied through the grid floor to the ventral surface of the left hindpaw of each
rat. Each hair was applied for a 7 second period or until the animal withdrew the hindpaw
without ambulating. During each testing trial, the series of hairs were presented following
an up-down procedure, described and validated by Chaplan et al. (1994), and the 50%
response threshold was calculated for each rat.

2.4.2 Cold hyperalgesia testing.

For baseline and PO testing, each rat was placed in a | cm deep, 1°C water bath
with a metal floor, for a 75 second period. During the testing period, a response was
counted if the rat licked, shook, or showed a prolonged lift of the hindpaw when not
ambulating. In addition to the latency of the first response, the frequency of responses,
and the cumulative duration of all responses were recorded for the left neuropathic
hindpaw.

Mechanical allodynia and cold hyperalgesia testing was performed 1-2 days prior
to surgery to obtain baseline values, and then on PO days 4, 8, 12 and 16.

3. Results
3.1 Experiment |

The effects of 8 day i.t. treatment with vehicle, (§)-4CPG or MK-801 on
mechanical allodynia and cold hyperalgesia were analyzed. No differences were observed
between the NaOH- or saline-treated animals, therefore, these animals were included in

one vehicle control group for all statistical analyses.
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3.1.1 Mechanical allodynia

The 50% von Frey response threshold for the neuropathic hindpaw was first
analyzed with Friedman ANOVA for repeated non-parametric data. Results indicated that
the main effect of Time for the vehicle- ( X*(4) = 11.11, P<0.05) and (S)-4CPG- (X*(4) =
9.58, P<0.05), but not for the MK-801-( X*(4) = 3.27, P>0.05) treated CCI animals was
statistically significant. Post hoc comparisons (Wilcoxon Signed-Rank test) revealed that,
compared to baseline, vehicle-treated rats had significantly lower response thresholds on
all PO testing days (Fig. 1A), demonstrating the development of a prolonged mechanical
allodynia. However, (S)-4CPG-treated animals exhibited significantly lower response
thresholds on PO day 16 only, compared to baseline (Fig. 1A), suggesting that the (5)-
4CPG treatment reduced the development of mechanical allodynia up to at least day 12, 4
days after the treatment had ended. However, since the thresholds of (S)-4CPG-treated
rats were reduced slightly, no statistically significant differences were found between the
($)-4CPG and vehicle groups. The lack of a significant time effect for MK-801 suggests
that the MK-801 treatment reduced the development of mechanical allodynia throughout
the entire testing period. Further analyses with the Mann-Whitney U-test for independent-
groups data indicated that, compared to vehicle-, MK-80l-treated animals had
significantly higher response thresholds on PO day 8 (Fig. 1A).
3.1.2 Cold hyperalgesia

Although three dependent variables were used to assess the degree of cold
hyperalgesia in this experiment, response frequency was the most reliable measure for
detecting changes in sensitivity over time and for detecting differences between the

experimental and control groups. Friedman ANOVA for the response frequency indicated
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that the main effect of Time for the vehicle- (X3(4) = 15.771, P<0.01), but not for the (S)-
4CPG- (X}(4) = 6.20, P>0.05) or MK-801- (X’(4) = 5.67, P>0.05) treated CCI animals
was statistically significant. Post hoc comparisons (Wilcoxon Signed-Rank test) revealed
that, compared to baseline, vehicle-treated rats exhibited a significant increase in response
frequency during all of the PO testing periods (Fig. 1B), demonstrating the development
of a prolonged cold hyperalgesia. The lack of a significant time effect for the (5)-4CPG
and MK-801 groups suggest that the treatments reduced the development of cold
hyperalgesia throughout the entire testing period. Furthermore, analyses with the Mann-
Whitney U-test indicated that, compared to vehicle-, (S5)-4CPG-treated animals exhibited
fewer responses on PO days 4 and 8, while MK-801-treated animals exhibited fewer
responses on PO days 8, 12 and 16 (Fig. 1B).

Treatment with (S)-4CPG or MK-801 to sham animals, on PO days 0-8, did not
produce analgesia in the mechanical allodynia or cold hyperalgesia tests (Figs. 1C and
D). Although the von Frey thresholds of the sham MK-801-treated rats appear to be
reduced, they are not significantly reduced compared to their own baseline level, which is
somewhat lower than other groups. Regardless, this lowered threshold in sham animals
can not account for the effects of MK-801 in neuropathic rats where the thresholds are
higher than in neuropathic control rats.

3.2 Experiment 2
The effects of early (5)-4CPG treatment on mechanical allodynia and cold

hyperalgesia were analyzed.

140



3.2.1 Mechanical allodynia

Friedman ANOVA for the 50% von Frey response threshold, for the neuropathic
hindpaw, indicated that the main effect of Time was statistically significant for the
vehicle (X}(4) = 13.73, P<0.01), and the 30 nmol (X’(4) = 13.03, P<0.01), 90 nmol
(X*(4) = 12.27, P<0.05), and 270 nmol ( X*(4) = 11.70, P<0.05) (5)-4CPG dose groups in
the CCI condition. Post hoc comparisons (Wilcoxon Signed-Rank test) revealed that,
compared to baseline, animals treated with the 0 or 30 nmol doses of (§)-4CPG had
significantly lower response thresholds on all of the PO testing days, demonstrating the
development of a prolonged mechanical allodynia in these animals. However, animals
treated with the 90 or 270 nmol doses exhibited significantly lower response thresholds
than baseline only on PO days 12 and 16 (Fig. 2A), demonstrating that treatment with the
higher doses of (S5)-4CPG reduced the development of mechanical allodynia up to at least
day 8, 5 days after the treatment had ended. Kruskal-Wallis ANOVA for multiple
independent-groups data indicated that the main effect of Drug was statistically
significant on PO days 4 (H(3) = 13.01, P<0.005) and 8 (H(3) = 12.77, P<0.005). Post
hoc comparisons (Mann-Whitney U-test) for the significant Kruskal-Wallis ANOVAs
revealed that, compared to vehicle-treated animals, rats treated with the 30 or 90 nmol
doses had significantly higher response thresholds on PO day 8, while rats treated with
the 270 nmol dose had significantly higher response thresholds on PO days 4 and 8 (Fig.

2A).
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3.2.2 Cold hyperalgesia

Friedman ANOVA for the response frequency indicated that the main effect of
Time for the vehicle (X*(4) = 15.00, P<0.005), and the 30 nmol (X?(4) = 10.57, P<0.05),

and 90 nmol (X’(4) = 14.67, P<0.005) (S)-4CPG dose groups were statistically

significant for the CCI condition. However, the main effect of time was not statistically

significant for the 270 nmol (5)-4CPG dose group ( X*(4) = 9.10, P>0.05). Post hoc
comparisons (Wilcoxon Signed-Rank test) revealed that, compared to baseline, animals
treated with the 0 or 30 nmol doses of (S)-4CPG exhibited significantly more responses
on all of the PO testing days, while animals treated with 90 nmol of (5)-4CPG exhibited
significantly more responses on all of the PO testing days, except day 4 (Fig. 2B). The
lack of a significant time effect for the 270 nmol dose of (S)-4CPG demonstrates that
treatment with the highest dose of the mGluR compound reduced cold hyperaigesia
throughout the entire testing period. Kruskal-Wallis ANOVA indicated that the main
effect of Drug was statistically significant on PO day 8 (H(3) = i1.10, P<0.01), and
subsequent post hoc comparisons (Mann-Whitney U test) revealed that animals treated
with the 270 nmol dose responded less frequently than vehicle-treated animals on that
day (Fig. 2B).

Treatment with 270 nmol of (5)-4CPG to sham animals on PO days 0-3 did not
produce analgesia in the mechanical allodynia or cold hyperalgesia tests (Figs 2C and D).
3.3 Experiment 3

The effects of late (S)-4CPG treatment on mechanical allodynia and cold

hyperalgesia were analyzed.
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3.3.1 Mechanical allodynia

Friedman ANOVA for the 50% von Frey response threshold indicated that the
main effect of Time was statistically significant for vehicle- (X*(4) = 15.33, P<0.01) and

(5)-4CPG- (X’(4) = 15.43, P<0.01) treated CCI animals. Post hoc comparisons
(Wilcoxon Signed-Rank test) revealed that, compared to baseline, vehicle- and (S)-4CPG-
treated rats had significantly lower response thresholds on all of the PO testing days (Fig.
3A). Furthermore, analyses with the Mann-Whitney U-test indicated that there were no
significant differences between the vehicle and (5)-4CPG response thresholds on any of
the testing days (Fig. 3A). These results demonstrate that /ate treatment with (S)-4CPG
did not reduce mechanical allodynia.
3.3.2 Cold hyperalgesia

Friedman ANOVA for the response frequency indicated that the main effect of
Time was statistically significant for vehicle- (X’(4) = 15.03, P<0.0l) and (S)-4CPG-
(X(4) = 16.67, P<0.01) treated animals. Post hoc comparisons (Wilcoxon Signed-Rank
test) revealed that, compared to baseline, vehicle- and (5)-4CPG-treated rats exhibited a
significant increase in response frequency on all of the PO testing days (Fig. 3B).
Furthermore, analyses with the Mann-Whitney U-test indicated that there were no
significant differences between the vehicle and (S)-4CPG response frequencies on any of
the testing days (Fig. 3B). These results demonstrate that /ate treatment with (S)-4CPG

did not reduce cold hyperalgesia.
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4. Discussion

Although a number of laboratories have demonstrated that administration of
NMDA antagonists attenuate persistent nociceptive behaviours in models of neuropathic
pain (Davar et al. 1991; Carlton and Hargett 1995; Eisenberg, LaCross, & Strassman,
1995; Qian et al. 1996), the effects of mGluR compounds have not yet been explored in
these models. The aim of the present study was to assess the possible antinociceptive
effects of the mGIluR compound, (S)-4CPG, using a recently developed CCI model
(Mosconi and Kruger 1996).

First, the present study confirmed that placing a polyethylene tubing cuff around
the sciatic nerve induces an injury that reliably produces persistent hyperalgesia in the
operated hindpaw of vehicle control rats. It was found that these animals exhibited an
increased sensitivity to von Frey hair stimulation and to the cold water bath as early as
PO day 4, with mechanical allodynia and cold hyperalgesia peaking between PO days 8
to 16. This observation is in general agreement with Mosconi and Kruger (1996), who
reported that ‘pain-related’ responses were maximal between PO days 10 to 14.

Second, the present study demonstrated that 8-day, twice daily, i.t. treatment with
the NMDA antagonist, MK-801 (30 nmol), or the mGluR compound, (5)-4CPG (90
nmol), attenuated mechanical allodynia and cold hyperalgesia in CCI rats, but did not
increase response thresholds in sham-operated controls. It should be noted that, although
rats treated with MK-801 appeared to be sensitive to the cold water bath on PO day 4,
these animals showed a consistent decrease in response frequency on subsequent testing

days.
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Third, the present study demonstrated that when the mGIuR compound was
administered to rats on PO days 0-3, (S)-4CPG treatment significantly attenuated the
development of the injury-induced nociceptive behaviours. Administration of the highest
and most effective dose of (5)-4CPG (270 nmol) reduced mechanical allodynia and cold
hyperalgesia up to PO days 8 and 16, respectively, in CCI rats, but did not increase
response thresholds in sham-operated controls. However, when the 270 nmol dose was
administered on PO days 8-11, (S)-4CPG treatment did not reduce the well-established
mechanical allodynia or cold hyperalgesia. In contrast, NMDA antagonists effectively
reduce neuropathic pain behaviours when administered early or late post surgery (Davar
et al. 1991; Mao et al. 1992a, 1992b; 1993; Yamamoto and Yaksh 1992; Carlton and
Hargett 1995; Eisenberg et al. 1995).

In summary, this study demonstrated, for the first time, that treatment with an
mGluR compound reduces nociceptive behaviours in a model of neuropathic pain.
Specifically, i.t. (S)-4CPG administration attenuates the development of mechanical
allodynia and cold hyperalgesia, but does not influence the maintenance of these
nociceptive behaviours. Since (S)-4CPG is a potent Group I mGluR antagonist (Hayashi
et al. 1994, Sekiyama et al. 1996) (with a greater selectivity for mGluRla (Brabet et al.
1995; Kingston et al. 1995)), this study provides evidence that phosphoinositide
hydrolysis-linked mGluRs contribute to spinal cord mechanisms that mediate the
development of mechanical allodynia and cold hyperalgesia in CCI rats. This proposal is
consistent with the demonstration that iontophoretic application of compounds known to

be mGluR Group I antagonists reduces sensitization of the dorsal horn spinal cord
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neurons induced by repeated cutaneous application of mustard oil (Young et al. 1994,
1995) or intra-articular inflammation (Neugebauer et al. 1994).

Activation of phosphoinositide hydrolysis-linked mGluRs leads to the
translocation/activation of protein kinase C (PKC) (Manzoni et al. 1990), formation of
cyclic adenosine 3’5’-monophosphate (cAMP) (Aramori and Nakanishi 1992; Winder
and Conn 1992), mobilization of intracellular Ca™ (Berridge and Galione 1988; Murphy
and Miller 1988; [rving et al. 1990; Masu et al. 1991; Abe et al. 1992), and release of
arachidonic acid (Dumuis et al. 1990). One or several of these intracellular second
messengers may contribute to injury-induced spinal cord plasticity, since studies have
demonstrated that second messenger systems, like those activated by Group [ mGluRs,
play an important role in persistent and chronic nociception (Coderre 1992; Mao et al.
1992¢c; Coderre and Yashpal 1994; Igwe and Ning 1994; Munro et al. 1994; Yashpal et
al. 1995; Young et al. 1995; Kawamata and Omote 1996).

It is also possible that Group [ mGluRs contribute to persistent and chronic
nociception by facilitating ionotropic glutamate receptor function in the spinal cord.
Although the exact mechanism(s) is/are presently unknown, studies have demonstrated
that activation of phosphoinositide hydrolysis-linked mGluRs enhance NMDA- and
AMPA-mediated responses in the rat dorsal horn (Bleakman et al. 1992; Ceme and
Randic 1992; Bond and Lodge 1995). Furthermore, evidence suggests that an
mGluR/iGluR interaction mediates persistent nociceptive responses in rats (Fisher and
Coderre 1996a,b).

It should be noted that, since (5)-4CPG is also a weak agonist at Group I mGluRs

(Hayashi et al. 1994), we cannot rule out the possibility that this mechanism contributed
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to the observed antinociceptive effects of the mGIluR compound, particularly at the
highest dose. Studies have shown that activation of Group II mGluRs produces a
presynaptic-mediated depression of monosynaptic excitation of rat spinal motoneurons
(Pook et al. 1992; Ishida et al. 1993, Jane et al. 1994; Jane et al. 1995).

In conclusion, this study has demonstrated that i.t. administration of the mGIluR
compound, (S)-4CPG, attenuates the development, but not the maintenance, of
mechanical allodynia and cold hyperalgesia associated with CCI in rats. The effects of
(8)-4CPG treatment are likely due to an antagonism of Group [ mGluRs, since activation
of these mGluRs leads to the production of second messenger systems known to play an
important role in persistent and chronic nociception.
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Figure Legends

Fig. 1. Mean 50% von Frey response threshold and cold water response frequency for the
operated hindpaw of CCI (A and B, respectively) and sham (C and D, respectively)
animals at baseline and on PO days 4, 8, 12 and 16. CCI and sham animals were treated
with vehicle, (5)-4CPG (90 nmol), or MK-801 (30 nmol) on PO days 0-8. The * indicates
a significant difference between baseline and the PO means (P<0.05; Wilcoxon Signed-
Rank test). The t indicates a significant difference between the experimental and

vehicle/control conditions (P<0.05; Mann-Whitney U-test).

Fig. 2. Mean 50% von Frey response threshold and cold water response frequency for the
operated hindpaw of CCI (A and B, respectively) and sham (C and D, respectively)
animals at baseline and on PO days 4, 8, 12 and 16. CCI animals were treated with
vehicle (0 nmol), or with 30 nmol, 90 nmol or 270 nmol of (§)-4CPG, while sham
animals were treated with vehicle or 270 nmol of (§)-4CPG, on PO days 0-3. The *
indicates a significant difference between baseline and the PO means (P<0.05, Wilcoxon
Signed-Rank test). The t indicates a significant difference between the experimental and

vehicle/control conditions (1 P<0.01, + P<0.05, Mann-Whitney U-test).

Fig. 3. Mean 50% von Frey response threshold (A) and cold water response frequency
(B) at baseline and on PO days 4, 8, 12 and 16, for the operated hindpaw of animals

treated with vehicle (0 nmol) or 270 nmol of (5)-4CPG on PO days 8-11.
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CHAPTER 6: THE ROLE OF mGluRs IN THE CCI MODEL
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Rationale for Experiments

As reported in Study 4, we found that intrathecal administration of (S)-4CPG
significantly reduces the development of mechanical allodynia and cold hyperalgesia in
rats with CCI. Unfortunately, we could not state with absolute certainty that group I
mGluRs are involved in the development of these nociceptive behaviours. It was possible
that the compound’s action at group II mGluRs contributed to its antinociceptive effects,
particularly at the highest dose. Therefore, for the last study of my dissertation, we
wanted to determine whether group [ mGluR blockade and/or group II mGluR activation
mediated the antinociceptive effects of (§)-4CPG in the CCI model. This study had
become possible with the recent availability of (RS)-AIDA, a selective group I mGIuR
antagonist. To determine the possible contribution of group II mGluR activation we
tested the effects of (2R,4R)-APDC. Also, we decided to explore the possible
antinociceptive effects of the group III mGIluR agonist, L.-AP4, in the CCI model, given
that this compound appeared to be the most effective compound for attenuating formalin-
induced nociception (Study 1).

The main findings from this study are the following:

1. Intrathecal administration of (RS)-AIDA on post-operative days 0-3
significantly attenuated the CClI-related mechanical allodynia and cold hyperalgesia when
animals were tested on post-operative day 4, suggesting that group I mGluRs are
involved in the development of these nociceptive behaviours.

2. Intrathecal administration of the (2R,4R)-APDC or L-AP4, on post-operative
days 0-3 significantly attenuated the CCl-related mechanical allodynia and cold

hyperalgesia, respectively, when animals were tested on post-operative day 4. These data
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demonstrate that activation of group II mGluRs attenuates the development of mechanical
allodynia, while activation of group III mGluRs attenuates the development of cold
hyperalgesia. The differential sensitivity of these types of CCl-related behaviours to
group II or group Il mGluR agonists may reflect differences in the localization of these

mGluR subtypes within the spinal nociceptive pathways.
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Abstract

In the present study, we examined the effects of intrathecal treatment (twice daily
injections on post-operative (PO) days 0-3) with the group [ mGluR antagonist, (RS)-1-
aminoindan-1,5-dicarboxylic acid ((RS)-AIDA), the group [I mGluR agonist, (2R,4R)-4-
aminopyrrolidine-2,4-dicarboxylate ((2R,4R)-APDC), or the group III mGluR agonist, L-
2-amino-4-phosphonobutyrate (L-AP4), on mechanical allodynia and cold hyperalgesia
associated with chronic constriction injury (CCI) of the sciatic nerve in rats. Results
demonstrated that, compared to vehicle, administration of (RS)-AIDA reduced both
mechanical allodynia and cold hyperalgesia on PO day 4, but not on PO days 8, 12 or 16.
However, administration of (2R,4R)-APDC or L-AP4 treatment reduced only mechanical
allodynia or cold hyperalgesia, respectively, on PO day 4. These data not only provide
evidence that group I mGluRs contribute to the development of mechanical allodynia and
cold hyperalgesia associated with CCI in rats, but also suggest that the neuropathic pain-
related behaviours are differentially sensitive to selective activation of group II or group

I[IT mGluRs.

Key words: Hyperalgesia;, Allodynia; Chronic constriction injury; Metabotropic

glutamate receptors; mGluR; Neuropathic pain
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1. Introduction

The excitatory amino acids (EAAs), glutamate and aspartate, activate two classes
of glutamate receptors in the central nervous system (CNS). lonotropic glutamate
receptors (iGluRs), such as N-methyl-p-aspartate (NMDA), a-amino-3-hydroxy-5-
methyl-4-isoxazole-propionate (AMPA) and kainate, are coupled to cation channels,
whereas, metabotropic glutamate receptors (mGluRs) are coupled to G proteins that
modulate or activate intracellular messenger systems. Molecular cloning and
pharmacological studies have demonstrated the existence of three groups of mGluRs.
Specifically, group I mGluRs (mGluR!l and mGluRS) are linked to phosphoinositide
hydrolysis (Abe et al. 1992; Aramori and Nakanishi 1992; Ito et al. 1992), whereas group
[I (mGIluR2 and mGluR3) (Hayashi et al. 1993, 1994; Tanabe et al. 1993; Thomsen et al.
1994) and group III (mGluR4, mGluRé6-8) (Nakajima et al. 1993; Tanabe et al. 1993;
Thomsen et al. 1992; Okamoto et al. 1994; Saugstad et al. 1994) mGluRs are linked to
the inhibition of cAMP.

It has been well established that EAAs are critically involved in the neural
processes that mediate persistent and chronic nociception, and for the last decade much of
the research has been focused on the role of iGluRs. For example, in neuropathic pain
models, studies have demonstrated that systemic or intrathecal administration of NMDA
receptor antagonists attenuates heat (Davar et al. 1991; Mao et al. 1992a,b, 1993;
Yamamoto and Yaksh 1992; Tal and Bennett 1993, 1994; Eisenberg et al. 1995), cold
(Fisher et al. 1998) and mechanical (Carlton and Hargett 1995; Qian et al. 1996; Hartrick

et al. 1997) hyperalgesia, as well as thermal allodynia (Qian et al. 1996; Kim et al. 1997),
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mechanical allodynia (Carlton and Hargett 1995; Qian et al. 1996; Chaplan et al. 1997,
Hartrick et al. 1997; Kim et al. 1997; Fisher et al. 1998), and spontaneous nociceptive
behaviours (Mao et al. 1992b, 1993; Qian et al. 1996) in neuropathic rats. Although
several investigators have suggested that mechanical and thermal hyperalgesia are
differentially sensitive to NMDA receptor antagonist treatment (Tal and Bennett 1994;
Meller 1994), data from the above cited studies suggest that these neuropathic pain-
related behaviours share an NMDA-mediated central mechanism. Studies have also
provided evidence that the iGluR, AMPA/kainate, contributes to the development of
thermal hyperalgesia following nerve injury in rats (Mao et al. 1992a).

With the recent synthesis of compounds that are selective for mGluRs,
electrophysiological (Neugebauer et al. 1994; Young et al. 1994, 1995; Boxall et al.
1996; Budai and Larson 1998) and behavioural (Meller et al. 1993; Fisher and Coderre
1996a,b; Fisher and Coderre 1998a,b) studies have shown that mGluRs are also involved
in spinal cord nociceptive processing in the rat. Recently, we provided the first piece of
evidence that mGluRs contribute to the development of neuropathic pain-related
behaviours with the demonstration that intrathecal treatment with the mGiuR compound,
(S)-4-carboxyphenylglycine ((S)-4CPG) attenuates mechanical allodynia and cold
hyperalgesia in rats with chronic constriction injury (CCI) of the sciatic nerve (Fisher et
al. 1998).

Since (5)-4CPG is a group I mGluR antagonist, as well as a group II agonist
(Hayashi et al. 1994), it is unknown which mechanism contributed to the antinociceptive
effects of the compound in the CCI model. Therefore, in the present study we examined

the effects of intrathecal treatment with the selective group I mGluR antagonist, (RS)-1-
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aminoindan-1,5-dicarboxylic acid ((RS)-AIDA) (Pellicciari et al. 1995; Moroni et al.
1997), or the selective group II mGIuR agonist, (2R,4R)-4-aminopyrrolidine-2,4-
dicarboxylate ((2R,4R)-APDC) (Schoepp et al. 1995), on the development of mechanical
allodynia and cold hyperalgesia associated with CCI in rats. Since activation of group II
or group III mGluRs appear to produce similar physiological effects in a number of
regions in the rat CNS (Jane et al. 1994; Cao et al. 1995; Vignes et al. 1995), we also
examined the intrathecal effects of the selective group III mGluR agonist, L-2-amino-4-
phosphonobutyrate (L-AP4) (Thomsen et al. 1992) in this model.
2. Methods
2.1 Animals

These experiments were performed on 102 male, Long-Evans hooded rats
(Charles River) weighing 270-350 g. They were maintained under controlled lighting
conditions with food and water available ad libitum. In all cases, the guidelines described
in Care and Use of Experimental Animals of the Canadian Council of Animal Care (Vols.
[ and II) were strictly followed. All experiments were approved by the animal care
committee at the Clinical Research Institute of Montreal.
2.2 Chronic constriction injury

Prior to surgery, all rats were anaesthetized with sodium pentobarbital (65 mg/kg;
ip.). A chronic constriction injury was produced by placing a 2 mm length of
polyethylene tubing (PE-90) around the sciatic nerve of each rat, according to the method
of Mosconi and Kruger (1996). The cuff was placed after exposing the left sciatic nerve
mid-thigh and isolating the nerve from surrounding tissue. Surgery for the sham condition

involved exposing the left sciatic nerve, but the nerve was not manipulated or cuffed.
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2.3 Drug administration

Rats were randomly assigned to one of the following groups: (RS)-AIDA (30, 90
or 270 nmol)/CCI; (RS)-AIDA (270 nmol)/sham; (2R,4R)-APDC (30, 90 or 270
nmol)/CCI; (2R,4R)-APDC (270 nmol)/sham; .-AP4 (30, 90 or 270 nmol)/CCI; L-AP4
(270 nmol)/sham; vehicle/CCI; vehicle/sham. Each animal was treated 15 min prior to
surgery and then every 12 hours for 4 days (from post-operative (PO) day 0 to 3). All
compounds were administered intrathecally by lumbar puncture, in a volume of 30 pl,
between the L2 and L3 vertebrae, while rats were under brief halothane anesthesia. None
of the animals exhibited motor disturbances at any time during the study. All compounds
were obtained from Tocris Cookson, St. Louis, MO, USA (except (2R,4R)-APDC, which
was graciously donated by Eli Lilly Laboratories, Indianapolis, IN) and dissolved in
NaOH (pH 8).
2.4 Sensory testing
2.4.1 Mechanical allodynia testing.

Prior to baseline testing, each rat was habituated to a testing box (27 x 16 x 21
cm) with a wire-mesh grid floor, for a one hour period. For baseline and PO testing, a
series of von Frey hairs (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10 g) were
applied through the grid floor to the ventral surface of the left hindpaw of each rat. Each
hair was applied for a 7 second period or until the animal withdrew the hindpaw without
ambulating. During each testing trial, the series of hairs were presented following an up-
down procedure, described and validated by Chaplan et al. (1994), and the 50% response

threshold was calculated for each rat.
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2.4.2 Cold hyperalgesia testing.

For baseline and PO testing, each rat was placed in a | cm deep, 1°C water bath
with a metal floor, for a 75 second period. During the testing period, a response was
counted if the rat licked, shook, or showed a prolonged lift of the operated hindpaw when
not ambulating.

Mechanical allodynia and cold hyperalgesia testing was performed 1-2 days prior
to surgery to obtain baseline values, and then on PO days 4, 8, 12 and 16.

3. Results

The effects of four day intrathecal treatment with 0 (vehicle), 30, 90 or 270 nmol
of the group I mGIuR antagonist, (RS)-AIDA, on mechanical allodynia and cold
hyperalgesia was assessed with Kruskal-Wailis ANOVA for multiple groups non-
parametric data. Analyses of the 50% von Frey response thresholds recorded for the
operated hindlimb of CCI rats, during the mechanical allodynia testing periods, indicated
a significant main effect of treatment on PO day 4 (%* (3) = 7.71, P<0.05), but not on
days 8 (3* (3) = 4.56, P>0.05), 12 (x* 3) = 2.33 P>0.05), or 16 (* (3) = 6.74 P>0.05).
Subsequent post hoc analyses (Mann-Whitney U test) revealed that, on PO day 4, animals
treated with the 30, 90 or 270 nmol doses of (RS)-AIDA exhibited significantly higher
50% von Frey response thresholds than vehicle-treated animals (Fig. 1 A), suggesting that
all three doses of the group ! mGluR antagonist were effective in reducing the
development of mechanical allodynia in the CCI rats. Analyses of the cold water response
frequencies recorded for the operated hindlimb of CCI rats indicated a significant main

effect of treatment on PO day 4 (x* (3) = 10.0, P<0.05), but not on days 8 (x> (3) = 6.34
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P>0.05), 12 (* (3) = 1.67, P>0.05) or 16 (* (3) = 5.04, P>0.05). Subsequent post hoc
analyses (Mann-Whitney U test) revealed that, on PO day 4, animals treated with the 90
or 270 nmol doses, but not the 30 nmol dose of (RS)-AIDA responded less frequently
than vehicle-treated animals during the 75 sec testing period (Fig. 1B), suggesting that the
two highest doses of the group I mGluR antagonist were effective in reducing the
development of cold hyperalgesia in the CCI rats.

The effects of four day intrathecal treatment with 0 (vehicle), 30, 90 or 270 nmol
of the group II mGluR agonist, (2R,4R)-APDC, on mechanical allodynia and cold
hyperalgesia were assessed. Kruskal-Wallis ANOVA, for the 50% von Frey response
thresholds for the operated hindlimb of CCI rats, indicated a significant main effect of
treatment on PO day 4 (x* (3) = 11.73, P<0.01), but not on days 8 (¢’ (3) = 5.51, P>0.05),
12 (* (3) = 1.08 P>0.05), or 16 (x* (3) = 6.40, P>0.05). Subsequent post hoc analyses
(Mann-Whitney U test) revealed that, on PO day 4, animals treated with 30, 90 or 270
nmol of (2R,4R)-APDC exhibited significantly higher 50% von Frey response thresholds
than vehicle-treated animals (Fig. 2A), suggesting that all three doses of the group II
mGluR agonist were effective in reducing the development of mechanical allodynia in the
CCI rats. Kruskal-Wallis ANOVA, for the cold water response frequencies for the
operated hindlimb of CCI rats, indicated that the main effect of treatment was not
significant on PO days 4 (%’ (3) = 3.58, P>0.05), 8 (x> (3) = 5.08 P>0.05), 12 (* (3) =
3.85, P>0.05) or 16 (x> (3) = 3.58, P>0.05) (Fig. 2B), suggesting that intrathecal
treatment with the group II mGIuR agonist did not attenuate the development of cold

hyperalgesia in CCI rats.
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The effects of four day intrathecal treatment with 0 (vehicle), 30, 90 or 270 nmol
of the group III mGluR agonist, L-AP4, on mechanical allodynia and cold hyperalgesia
were assessed. Kruskal-Wallis ANOVA, for the 50% von Frey response thresholds for
the operated hindlimb of CCI rats, indicated that the main effect of treatment was not
significant on PO days 4 (3* (3) = 7.05, P>0.05), 8 (x> (3) = 3.84, P>0.05), 12 (x* (3) =
0.43 P>0.05), or 16 (* (3) = 3.90 P>0.05) (Fig. 3A), suggesting that intrathecal treatment
with the group III mGluR agonist did not attenuate the development of mechanical
allodynia in the CCI rats. Kruskal-Wallis ANOVA, for the cold water response
frequencies for the operated hindlimb of CCI rats, indicated a significant main effect of
treatment on PO day 4 (x (3) = 9.58, P<0.05), but not on days 8 (¥ (3) = 4.34, P>0.05),
12 (x* (3) = 1.67, P>0.05) or 16 (x* (3) = 5.04, P>0.05). Subsequent post hoc analyses
(Mann-Whitney U test) revealed that, on PO day 4, animals treated with the 90 and 270
nmol doses, but not 30 nmol dose of L-AP4 responded less frequently than the vehicle-
treated animals during the 75 sec testing period (Fig. 3B), suggesting that the two highest
doses of the group III mGluR agonist were effective in reducing the development of cold
hyperalgesia in the CCI rats.

The effects of four day intrathecal treatment with vehicle or 270 nmol of (RS)-
AIDA, (2R4R)-APDC or L-AP4 were also assessed in sham animals. Kruskal-Wallis
ANOVA, for the 50% von Frey response thresholds and the cold water response
frequencies for the operated hindlimb of sham animals, indicated no significant main
effect of treatment on any of the PO testing days. These results suggest that, although

intrathecal treatment with a selective group I mGluR antagonist, group II mGluR agonist
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or group III mGluR agonist attenuates the development of mechanical allodynia and/or
cold hyperalgesia in CCI animals, administration of the highest dose of these compounds
(270 nmol) does not significantly alter the sensory responses of sham animals.
4. Discussion

Recently, we provided evidence that mGluRs play a role in the development of
neuropathic pain-related behaviours in the CCI model with the demonstration that
intrathecal treatment with the mGluR compound, (§)-4CPG, on PO days 0-3, attenuates
mechanical allodynia and cold hyperalgesia on PO days 4 and 8, in CCI rats (Fisher et al.
1998). Although (S)-4CPG is a potent antagonist at group | mGluRs, we could not rule
out the possibility that the compound’s agonism of group II mGluRs also contributed to
the antinociceptive effects in the CCI modei. Therefore, the aim of the present study was
to determine the specific contribution of group I mGluRs to the development of
mechanical allodynia and cold hyperalgesia associated with CCI, using the selective
group I mGluR antagonist, (RS)-AIDA (Pellicciari et al. 1995; Moroni et al. 1997), and to
assess the possible antinociceptive effects of the selective group II mGluR agonist,
(2R,4R)-APDC (Schoepp et al. 1995) in the model. We also assessed the intrathecal
effects of the selective group III mGIuR agonist, .-AP4 (Thomsen et al. 1992), which we
have previously demonstrated produces antinociceptive effects in the rat formalin test
(Fisher and Coderre, 1996a).

In the present study, we demonstrated that intrathecal treatment with 30, 90 or 270
nmol of the selective group I mGluR antagonist, (RS)-AIDA, on PO days 0-3
significantly reduced mechanical allodynia and cold hyperalgesia on PO day 4. It should

be noted that although Moroni et al. (1997) reported that intracerebroventricular
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administration of (RS)-AIDA increased nociceptive thresholds in naive rats, we did not
find that intrathecal (RS)-AIDA was analgesic in the sham animals. It is likely that the
discrepancy between the two studies is attributable to differences in route of
administration. Interestingly, in the present study we also found that the neuropathic pain-
related behaviours exhibited by the CCI rats were differentially modulated by the group II
and group III mGIuR agonists. Specifically, we found that intrathecal treatment with
(2R,4R)-APDC (30, 90 or 270 nmol) and .-AP4 (90 or 270 nmol), on PO days 0-3,
significantly attenuated mechanical allodynia and cold hyperalgesia, respectively, on PO
day 4 in CClI rats.

First, results from this study suggest that the antinociceptive effects of (S)-4CPG
treatment in the CCI model (Fisher et al. 1998) are likely attributable to the compound’s
antagonism of group I mGluRs, as well as to its agonism of group II mGluRs. It is
interesting that, according to the vehicle-control/experimental group comparisons within
each study, (S)-4CPG treatment produced a more prolonged attenuation of the
nociceptive behaviours, which was observed up to PO day 8, whereas treatment with the
more selective compounds, (RS)-AIDA or (2R,4R)-APDC attenuated the nociceptive
behaviours on PO day 4 only.

Second, results from the present study also suggest that group I mGluRs
contribute to the spinal cord mechanisms that mediate the development of mechanical
allodynia and cold hyperalgesia associated with CCI in rats. These data are consistent
with neuroanatomical evidence demonstrating that this group of mGluRs are localized
within the spinal somatosensory/nociceptive pathways. For example, Valerio, Paterlini,

Boifava, Memo and Spano, (1997) have reported that mGluR1a, mGluR5a, mGluR5b,
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but not mGluR1b mRNA, are highly expressed in the rat spinal cord. Other studies have
demonstrated that mGluR5a is strongly expressed in laminae I and II and gradually
decreases toward the deeper layers of the rat dorsal horn (Vidnyanszky et al. 1994;
Valerio, Rizzonelli, Paterlini, Moretto, Knopfel, Kuhn, Memo and Spano, 1997).
Interestingly, Vidnyanszky et al. (1994) found that mGluRSa immunoreactive dendrites
in laminae I and II are often targeted by synaptic boutons of presumed polymodal primary
afferent C-fiber terminals.

Results from this study are also consistent with electrophysiological evidence
suggesting that activation of spinal group [ mGluRs enhances dorsal horn neuronal
responses to C-fiber-evoked, as well as to tactile stimulation. For example, Budai and
Larson (1998) demonstrated that iontophoretic application of the non-selective mGluR
agonist, (1.5,3R)-ACPD, to the rat spinal cord significantly increases dorsal horn neuronal
responses to innocuous mechanical stimulation and to high frequency C-fiber stimulation.
Further, these investigators also showed that iontophoretic application of the group I
mGIuR antagonist/group II mGluR agonist, (S)-4C3HPG, blocked the (15,3R)-ACPD-
evoked and the C-fiber-evoked potentiation of dorsal horn neuronal responses. Others
have provided electrophysiological evidence suggesting that group [ mGluRs contribute
to inflammation-related enhancement of spinal cord neuronal function. For example,
iontophoretic application of the non-selective mGluR antagonists, L-AP3, or (RS)-
4C3HPG attenuates the dorsal horn neuronal responses to repeated cutaneous application
of mustard oil (Young et al. 1994, 1995) and to innocuous and noxious mechanical
stimulation following inflammation of the knee joint (Neugebauer et al. 1994) in the rat.

Furthermore, we have demonstrated that selective activation of spinal group I mGluRs

174



produces persistent mechanical hyperalgesia, mechanical allodynia, and heat hyperalgesia
in rats (Fisher and Coderre 1998a).

Together, neuroanatomical, electrophysiological and behavioural studies provide
convincing evidence that group I mGluRs are not only involved in the transmission of
somatosensory/nociceptive information within the spinal cord, but also contribute to the
alterations in dorsal horn neuronal function mediating persistent and chronic nociception.
The suggestion that group I mGluRs contribute to spinal cord plasticity is consistent with
studies demonstrating that selective activation of this group of mGluRs enhances
neuronal excitability in a number of regions in the rat CNS (Ito et al. 1992; Davis and
Laroche 1996; Manahan-Vaughan and Reymann 1996; Abbott et al. 1997; Netzeband et
al. 1997; O’Leary and O’Connor 1997; Schoppa and Westbrook 1997; Schrader and
Tasker 1997). Also, activation of group I mGluRs has been proposed to potentiate
NMDA- and AMPA-mediated responses in the rat dorsal horn (Bleakman et al. 1992;
Cerne and Randic 1992; Bond and Lodge 1995). Given that selective activation of
primary afferent Ap-, A3- or C-fibers increases the outflow of glutamate and aspartate
from rat dorsal horn slices (Kangrga and Randic 1991), we propose that the CCl-related
spontaneous discharges of injured primary afferent Ap-, A3- or C-fibers (Kajander and
Bennett 1992), and the subsequent accumulation of glutamate and/or aspartate in the
dorsal horn (Kawamata and Omote 1996) activates spinal group I mGluRs. Activation of
group I mGluRs in the superficial laminae or in the deeper laminae may contribute to the
persistent sensitization of dorsal horn neurons that respond to noxious cold stimulation or

innocuous mechanical stimulation, respectively.
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The finding from the present study that treatment with (2R,4R)-APDC or .-AP4
differentially attenuated mechanical allodynia and cold hyperalgesia in CCI rats was
surprising. Group II and group III mGluRs appear to have similar physiological roles in
the CNS, such that selective activation of group II or group III mGluRs depresses
excitatory transmission in a number of regions in the brain (Baskys and Malenka 1991;
Lovinger and McCool 1995; Manzoni et al. 1995; Vignes et al. 1995; Kamiya et al. 1996;
Macek et al. 1996; Pisani et al. 1997) and ventral spinal cord (Jane et al. 1994, 1995,
1996; Kemp et al. 1994; Cao et al. 1995; Thomas et al. 1996). Also, activation of group II
(Lombardi et al. 1994; East et al. 1995; Battaglia et al. 1997; Cozzi et al. 1997) or group
11 (East et al. 1995; Vazquez, Budd, Herrero, Nicholls and Sanchez-Prieto, 1995;
Vazquez, Herrero, Miras-Portugal and Sanchez-Prieto, 1995) mGluRs decreases evoked
EAA release in the rat CNS. Therefore, we propose that the differential effects of
(2R,4R)-APDC and L-AP4 may be related to differences between group II and group III
mGluR localization within the somatosensory/nociceptive spinal pathway.

Studies have demonstrated that group III mGiuRs are intensely expressed in axon
terminals of presumed nociceptive primary afferent fibers terminating in laminae I and II
of the rat dorsal hom (mGluR7) (Ohishi, Nomura, Ding, Shigemoto, Wada, Kinoshita, Li,
Neki, Nakanishi and Mizuno, 1995; Li et al. 1997) and in the cell bodies of neurons in the
dorsal root ganglia (mGluR4 and mGluR7) (Ohishi, Akazawa, Shigemoto, Nakanishi &
Mizuno, 1995; Li et al. 1996). In contrast, group II mGluRs have been shown to be
localized on neuronal cell bodies in the dorsal horn and lamina X of the rat spinal cord
(mGluR3) (Ohishi et al. 1993). Although electrophysiological studies have provided

evidence that both group IT and group III mGluRs are localized on primary afferent fibers

176



or on interneurons presynaptic to ventral horn neurons (Jane et al. 1994, 1995, 1996;
Kemp et al. 1994; Cao et al. 1995; Thomas et al. 1996), to our knowledge, there is no
evidence that group II mGluRs are expressed on primary afferent terminals presynaptic to
dorsal horn neurons in the rat. Therefore, we speculate that activation of postsynaptic
group II mGluRs may reduce the CCl-related sensitization dorsal horn neurons that
respond to innocuous mechanical stimulation, and thus there is a reduction in mechanical
allodynia after intrathecal treatment with a group II mGluR agonist. The hypothesis that
group II mGluRs modulate spinal cord plasticity is consistent with the demonstration that
selective activation of group II mGluRs inhibits hippocampal long-term potentiation in
the rat (Holscher et al. 1997; Huang et al. 1997), a model of synaptic plasticity, and
attenuates NMDA-induced excitotoxicity in the mouse CNS (Bruno et al. 1994, 1995;
Buisson et al. 1996) in vivo or in vitro.

Evidence suggests that activity in primary afferent C-fibers contributes to the
development of thermal hyperalgesia in models of neuropathic pain (Shir and Seltzer
1990; Meller et al. 1992), and that activation of presynaptic group III mGluRs depresses
excitatory transmission in the brain (Manzoni et al. 1995; Vignes et al. 1995; Macek et al.
1996) and spinal cord (Jane et al. 1994; Kemp et al. 1994; Cao et al. 1995; Jane et al.
1995; Jane et al. 1996; Thomas et al. 1996) by reducing the release of EAAs. Thus, we
propose that intrathecal L-AP4 may activate presynaptic group IIIl mGluRs localized on
primary afferent nociceptive fiber terminals and reduce the EAA output to the superficial
laminae of the dorsal horn. As a result, a group III mGluR-mediated decrease in EAA

release may attenuate the CCl-induced alterations in dorsal horn neuronal function
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underlying thermal hyperalgesia in the rats and account for the reduction in cold
hyperalgesia produced by a group Il mGluR agonist.
In conclusion, we demonstrated that intrathecal treatment with the selective group
I mGluR antagonist, (RS)-AIDA, attenuates mechanical allodynia and cold hyperalgesia
associated with CCI in rats, which suggests that spinal group I mGluRs contribute to the
development of these pain-related behaviours. Also, the finding that treatment with
(2R,4R)-APDC, or L-AP4, attenuates the development of mechanical allodynia or cold
hyperalgesia, respectively, suggests that these nociceptive behaviours can be
differentially reduced by selective activation of group II or group III mGluRs. These
results may be attributable to the localization of the two distinct groups of mGluRs within
the spinal somatosensory/nociceptive pathways.
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Figure Legends

Fig. 1. Mean 50% von Frey response threshold (A) and cold water response frequency
(B) for the operated hindlimb of CCI animals at baseline and on PO days 4, 8, 12 and 16.
Animals were treated with vehicle (0 nmol) or (RS)-AIDA (30, 90 or 270 nmol) on PO
days 0-3. The * indicates a significant difference between the experimental and

vehicle/control conditions (P<0.05; Mann-Whitney U-test).

Fig. 2. Mean 50% von Frey response threshold (A) and cold water response frequency
(B) for the operated hindlimb of CCI animals at baseline and on PO days 4, 8, 12 and 16.
Animals were treated with vehicle (0 nmol) or (2R,4R)-APDC (30, 90 or 270 nmol) on
PO days 0-3. The * indicates a significant difference between the experimental and

vehicle/control conditions (P<0.05; Mann-Whitney U-test).

Fig. 3. Mean 50% von Frey response threshold (A) and cold water response frequency
(B) for the operated hindlimb of CCI animals at baseline and on PO days 4, 8, 12 and 16.
Animals were treated with vehicle (0 nmol) or L-AP4 (30, 90 or 270 nmol) on PO days 0-
3. The * indicates a significant difference between the experimental and vehicle/control

conditions (P<0.05; Mann-Whitney U-test).

Fig. 4. Mean 50% von Frey response threshold (A) and cold water response frequency
(B) for the operated hindlimb of sham animals at baseline and on PO days 4, 8, 12 and
16. Animals were treated with vehicle (0 nmol), (RS)-AIDA (270 nmol), (2R,4R)-APDC
(270 nmol) or L.-AP4 (270 nmol) on PO days 0-3. Kruskal-Wallis indicated that the main

effect of treatment was not significant.
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CHAPTER 7: GENERAL DISCUSSION
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A number of interesting findings have been obtained from the experiments
described in this thesis. First, group [ mGluRs appear to contribute more critically to the
spinal processes mediating chronic versus persistent nociceptive states. Thus, although
antagonists of group I mGluRs significantly reduced neuropathic pain in CCI rats
(Studies 4 and $5), they only slightly reduced formalin-induced nociception (Study 1).
This observation is in agreement with a recently published study from our laboratory
demonstrating that intrathecal administration of antibodies against mGIluR 1 and mGIluRS
attenuates cold hyperalgesia in the CCI model, but does not significantly reduce
nociceptive scores in the formalin model (Fundytus, Fisher, Dray, Henry & Coderre,
1998). Also of interest from this previous study is the demonstration that intrathecal
treatment with mGIluR! or mGluRS antibodies does not influence the withdrawal
responses of naive rats to radiant heat, suggesting that spinal group [ mGluRs are also not
involved in the processing of acute noxious stimuli. This is consistent with the findings
described here indicating that group I mGluR antagonists did not influence thermal or
mechanical sensitivity in sham-CCI rats (Studies 4 and 5). It should be noted that Young
and colleagues (1997) have recently reported that intrathecal (S)-4C3HPG administration
not only increases withdrawal thresholds to noxious thermal and mechanical stimulation
in rats with carrageenan-induced inflammation, but also in naive rats to a lesser degree.
However, behavioural evidence from our laboratory, and electrophysiological evidence
from a number of studies (Boxall et al. 1996; Budai & Larson, 1998; Neugebauer et al.
1994; Young et al. 1994, 1995), including the electrophysiological evidence from Young

et al (1997), suggest that group I mGluRs contribute primarily to the injury-induced
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increases in spinal cord neuronal sensitivity thought to mediate the development of long-
lasting nociceptive behaviours.

The differential contribution of group I mGluRs to acute and persistent versus
chronic spinal nociceptive processes may be explained, at least in part, by their neuronal
localization. Several studies have shown that group I mGluRs are expressed peri- or
extra-synaptically on neurons in the CNS (Baude et al. 1993; Nusser et al. 1994),
including the dorsal horn of the spinal cord (Vidnyanszky et al. 1994). This finding has
led investigators to speculate that group I mGluRs are activated only under conditions of
excessive transmitter release, in which Glu accumulates in the synaptic cleft and spreads
to the extrasynaptic regions (Baude et al. 1993; Nusser et al. 1994; Ottersen & Landsend,
1997; Vidnyanszky et al. 1994). It has been shown that an intraplantar injection of dilute
formalin into the rat hindpaw induces biphasic primary afferent C-fiber activity (Puig &
Sorkin, 1996), as well as an increase in the dorsal horn EAA concentration (Skilling et al.
1988). However, the probability of group I mGluRs being activated may be much greater,
following the accumulation of EAAs released from damaged, continuously active
primary afferent fibers in the CCI model (Kawamata & Omote, 1996) or from sensitized
primary afferent fibers in chronic inflammatory models (Sluka & Westlund, 1992).

A second interesting finding is that group I mGluRs contribute to the
development, but not the maintenance of nociceptive behaviours in a model of
neuropathic pain (Study 4). Few studies have systematically compared the effects of
various classes of compounds on the development versus the maintenance of different
types of nociceptive behaviours in neuropathic pain models, thus, little is known about

how the mechanisms, mediating each of these components, differ. However, it is known
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that the NMDAR is involved in both the induction and the maintenance of CCl-related
nociceptive behaviours (Mao, Price, Hayes, Lu & Mayer, 1992). Therefore, I propose that
group I mGluRs may be required to initiate changes in dorsal horn neuronal sensitivity by
enhancing NMDAR-mediated activity, but once the NMDAR-related intraceilular events
have been initiated, group I mGluRs may no longer be required to help maintain long-
lasting changes in dorsal horn neuronal activity.

A third interesting finding is that mechanical allodynia is sensitive to spinal
treatment with a group II mGluR agonists, while cold hyperalgesia is sensitive to
treatment with a group III mGluR agonist in the CCI model (Study 5). Since group II and
group III mGluR appear to be associated with similar transduction signals and have
similar physiological roles in the CNS, I propose that the differential antinociceptive
effects are related to their distinct localization patterns in the spinal cord. For example,
evidence suggests that mGIuR3 is expressed on postsynaptic neurons in layers II-V of the
dorsal hom (Boxall et al. 1998; Ohishi et al. 1993a), whereas mGIuR7 is strongly
expressed on primary afferent fibers that terminate in laminae I and II (Li et al. 1997;
Ohishi, Nomura, Ding, Shigemoto, Wada, Kinoshita, Li, Neki, Nakanaishi & Mizuno,
1995). Therefore, it may be that agonist-induced group II and group III mGluR activity
separately reduces the injury-related increases in sensitivity of different dorsal horn
neuronal populations. Thus, a group II mGluR agonist may reduce the sensitivity of deep
dorsal horn neurons that respond to innocuous mechanical stimulation, while a group III
mGluR agonist may reduce the sensitivity of superficial dorsal horn neurons that respond

to noxious cold stimulation.
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Aside from these more specific issues mentioned above, I would like to discuss in
more detail the role of mGluRs in spinal nociceptive processing at this point. Specifically,
[ will propose a number of possible physiological/biochemical mechanisms to explain
how group I mGluRs may contribute to the development of chronic nociceptive
behaviours in models of pain, some of which may have been introduced in one or more of
the manuscripts. [ will also discuss several possible mechanisms that may mediate group
If and group III mGiuR agonist-related antinociception in models of pain. Figure 7.1 is a
schematic diagram of the spinal dorsal horn, illustrating several possible mGluR-related
mechanisms involved in the regulation of dorsal horn neuronal sensitivity (see page 209).
The Contribution of Group I mGluRs to Chronic Nociception: Possible Mechanisms

Enhancement of iGluR Channel Activity. Group I mGluRs may contribute to the
development of chronic nociceptive behaviours by enhancing iGluR channel activity,
which may lead to long-term changes in spinal cord neuronal sensitivity. These changes
may be expressed as an increase in spontaneous dorsal horn neuronal activity and/or an
increase in dorsal horn neuronal responses to cutaneous innocuous and noxious
stimulation. Supporting the hypothesis that an mGluR/iGluR interaction contributes to
the development of chronic nociceptive behaviours is evidence that group I mGluR
activation potentiates the neuronal responses (Bleakman et al. 1992; Bond & Lodge,
1995; Budai & Larson, 1998; Ceme & Randic, 1992; Jones & Headley, 1995) and the
increases in intracellular Ca®* concentration [Ca’"], (Bleakman et al. 1992) induced by
NMDA or AMPA in the rat dorsal horn. Also, supporting this hypothesis is the
demonstration that spinal group I mGluR-induced sustained SNBs are significantly

reduced by NMDAR antagonism (Study 2).
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Although the potential mechanisms mediating an mGluR/iGluR interaction in the
dorsal horn have not yet been elucidated, Ugolini and colleagues (1997) recently
demonstrated that a PKC-related mechanism mediates the group I mGluR/iGluR
interaction in rat spinal ventral horn neurons. The proposal that group I mGluR-related
PKC activity leads to an enhancement of iGluR function, and the consequential increase
in dorsal horn neuronal sensitivity contributes to the development of chronic nociception,
is supported, indirectly, by the following lines of evidence:

1. Activation of mGluRs are known to increase the translocation and activation of
PKC in various regions of the CNS (Angenstein et al. 1997; Fukunago et al. 1992;
Manzoni et al. 1990; Vaccarino et al. 1991).

2. The NMDAR subunit, NR1, is phosphorylated by PKC on a number of
different sites, and phosphorylation of the NR1 subunit is thought to regulate NMDAR
channel function (Tingley, Roche, Thompson & Huganir, 1993).

3. Activation of group I mGluR-mediated PKC potentiates NMDAR current in
Xenopus oocytes (Kelso, Nelson & Leonard, 1992; Koga, Sakai, Tanaka & Saito, 1996).

4. Application of phorbol esters, which are activators of PKC (Gerber et al. 1989),
or purified PKC (Chen & Huang, 1991, 1992) to the rat spinal cord potentiates NMDAR
function, possibly by relieving the Mg** blockade of the NMDAR channel and increasing
the probability of the channel opening (Chen & Huang, 1992).

5. Application of (15,3R)-ACPD or (RS)-DHPG produces a sensitization of rat
dorsal horn neurons (Budai & Larson, 1998; Young et al. 1995, 1997), which is

prevented by a PKC inhibitor (Young et al. 1995).
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6. Significant increases in PKC translocation and activation in the spinal cord
have been shown to be associated with models of pain (Mao, Price, Mayer & Hayes,
1992, 1993; Mao, Price, Phillips, Lu & Mayer, 1995; Yashpal, Pitcher, Parent, Quirion &
Coderre, 1995).

7. Application of PKC inhibitors to the primate (Lin, Peng & Willis, 1996; Sluka
et al. 1997) and rat (Munro et al. 1994) spinal cord, or spinal administration of PKC
inhibitors to rats (Coderre, 1992; Coderre & Yashpal, 1994; Hayes et al. 1992; Sluka &
Willis, 1997), reduces tissue injury-related sensitization of dorsal horn neurons or tissue
injury-related nociceptive behaviours, respectively.

It has been suggested that the increased translocation and activation of PKC in
models of pain are mediated, primarily, by the NMDAR (Mao, Price, Phillips, Lu &
Mayer, 1995). However, our laboratory has recently found evidence to support the notion
that, in addition to NMDARs, group [ mGluRs contribute to injury-related increases in
PKC activity, but only in a model of chronic pain (Yashpal, Fisher, Chabot & Coderre,
1998). Specifically, we found that intrathecal (S)-4CPG treatment significantly attenuates
increases in PKC translocation and activation associated with the CCI model, but not
with the formalin model. These data not only support the notion that group I mGluRs are
more critically involved in models of chronic pain, but also suggest that the involvement
of group I mGluRs in chronic nociception is mediated, at least in part, by a PKC-related
mechanism.

Another possibility involved in nociception is that, activation of group I mGluRs,
by an injury-related barrage of primary afferent activity, produces an increase in dorsal

horn neuronal excitability, which may then lead to an indirect enhancement of iGluR
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function. For example, group [ mGluR activation might produce sustained changes in
membrane potential which would first relieve, and then reduce the probability of the
NMDAR voltage-dependent Mg** blockade. Subsequently, enhanced NMDAR function
may lead to further increases in dorsal hom neuronal sensitivity. The proposal that group
[ mGluR activation enhances spinal neuronal excitability is supported by the
demonstration that perfusion of rat spinal cord slices with (15,3R)-ACPD induces a
progressive development of a plateau potential, as well as a high frequency accelerating
discharge and a subsequent sustained afterdischarge of depolarized, lamina V dorsal horn
neurons (Morisset & Nagy, 1996).

In this thesis, we have provided evidence that a group [ mGluR/NMDAR
interaction contributes to the development of persistent nociceptive behaviours (Study 2).
Additional studies are needed to provide further evidence that a group I mGluR/NMDAR
interaction significantly contributes to models of chronic pain, and to determine if and
how a PKC-related mechanism mediates this interaction. This issue is of particular
interest given that a number of different isoforms of PKC are known to be expressed in
the rat spinal cord and may be differentially involved in various aspects of neuronal
function (Akinori, 1998). Down-regulation of a specific group I mGluR-linked PKC
isoform for the treatment of chronic pain may be a viable therapeutic strategy. This
suggestion is supported by the demonstration that mice lacking PKCy show normal
responses to acute noxious stimuli, but do not develop pathological nociceptive

behaviours associated with sciatic nerve injury (Malmberg, Chen, Tonegawa & Basbaum,

1997).
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Increased Intracellular Ca®* Concentration [Ca™], Another possible mechanism

underlying group I mGluR-related enhancement of cellular excitability may be an
increase in intracellular Ca* concentration [Ca’"]. It has been well-established that
activation of group I mGluRs releases Ca’” from intracellular stores (Brammer et al.
1991; Carmant et al. 1997; Courtney et al. 1990; Guiramand et al. 1991; Llano et al.
1991; Murphy & Miller, 1988, 1989; Netzeband et al. 1997; Phenna et al. 1995).
Evidence also suggests that group I mGluRs increase Ca’" conductance by enhancing
voltage gated Ca®* channel (VGCC) activity in the CNS (Chavis, Fagni, Bockaert &
Lansman, 1995; Chavis, Nooney, Bockaert, Fagni, Feltz & Bossu, 1995; Jaffe & Brown,
1994; Zheng et al. 1996). In the spinal cord, Morisset and Nagy (1996) found that the
(18,3R)-ACPD-induced increases in dorsal horn neuronal excitability are mediated by a
progressive activation of L-type VGCC. This finding is consistent with the demonstration
that (1S,3R)-ACPD-induced increases in [Ca’"]; in laminae I-III dorsal horn neurons are
reduced by an L-type VGCC antagonist (Bleakman et al. 1992).

Interestingly, Reichling and MacDermott (1993) showed that application of
(185,3R)-ACPD to rat dorsal horn neurons evokes a progressive, but prolonged, increase in
[Ca®™], whereas application of NMDA evokes an immediate rise in the [Ca’],, which
peaks for about 5 minutes, and then steadily decreases until the end of the testing period
(20 minutes). Although NMDAR and group I mGluR agonists increase intracellular Ca*
in different ways, it is of interest to note that the pattern of NMDAR and mGluR agonist-
induced changes in [Ca®"],, in vitro, is similar to the pattern of SNBs induced by spinally
administered (RS)-DHPG or NMDA, in vivo. For example, [ have found that intrathecal

administration of (RS)-DHPG produces a slow increase in the intensity of the nociceptive
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behaviours, which peaks at about 1 hour post-injection (Study 2). In contrast, intrathecal
administration of NMDA immediately produces intense nociceptive behaviours and the
intensity gradually decreases until the behaviours disappear at about 30 minutes post-
injection (unpublished observation; also see Skilling, Sun, Kurtz & Larson (1992) for
evidence that the behavioural effect of intrathecal NMDA is generally short lived). These
findings provide evidence that the development of sustained nociceptive behaviours is
correlated with a group I mGluR-mediated increase in [Ca®"],. This correlation is
particularly interesting given that the link between Ca’" and nociception has been well-
established in the literature (Chaplan, Pogrel & Yaksh, 1994; Calcutt & Chaplan, 1997;
Chaplan et al. 1994; Coderre & Melzack, 1992b; Kawamata & Omote, 1996; Malmberg
& Yaksh, 1994; Nebe, Vanegas, Neugebauer & Schaible, 1997). Future research is
needed to explore the possibility that a group I mGluR-mediated increase in [Ca’);
contributes to the development of nociceptive behaviours in models of chronic pain.
Increased Release of EAAs . In manuscript #3, I suggested that activation of
group I mGluRs, which may be localized on primary afferent C-fibers, produces
sustained nociceptive responses in rats by increasing Glu and Asp release. This proposal
is based on evidence suggesting that presynaptic group I mGluRs exist in various regions
of the CNS (Fotuhi et al. 1993; Romano et al. 1995; Shigemoto et al. 1992), and that
activation of group I mGluRs increases the release of Glu from synaptosomes (Herrero et
al. 1992a, 1992b, 1994, 1996; McGahon & Lynch, 1994; Vazquez et al. 1994; Vazquez,
Budd, Herrero, Nicholls & Sanchez-Prieto, 1995; Vazquez, Herrero, Miras-Portugal &
Séanchez-Prieto, 1995). These data suggest that presynaptic group I mGluRs function as

autoreceptors that facilitate Glu release in the CNS (Romano et al. 1995).
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Recently, we tested the hypothesis that group I mGluR activation produces an
increase in the release of Glu in the spinal cord. Not only did we find that perfusion of the
rat spinal cord with (RS)-DHPG increases 4-aminopyridine-evoked release, but also that
(RS)-DHPG-induced SNBs are reduced by pretreatment with Glu release inhibitors
(Fisher, Lefebvre, Cahill & Coderre, unpublished observations). We also found that (RS)-
DHPG-induced SNBs are significantly reduced in animals that have been treated
neonatally with capsaicin, a neurotoxin that selectively destroys C-fibers. These findings
support the notion that group I mGluR activation leads to an increase in Glu release,
possibly from C-fibers, and that this mechanism contributes to the development of
sustained nociceptive behaviours.

However, as far as I know, only one published study includes a detailed
ultrastructural examination of spinal group I mGluRs, and these investigators found that
mGluRSa is localized postsynaptically in the rat spinal cord (Vidnyanszky et al. 1994).
Future studies may provide evidence that group I mGluRs are also localized
presynaptically in the dorsal horn of the spinal cord. However, until then, it would be
prudent to speculate how activation of postsynaptic group I mGluRs in the dorsal horn
leads to the enhancement of Glu release. For this mechanism to play a role, it would be
necessary to invoke the contribution of a retrograde messenger. Evidence from several
studies suggest that group I mGIuR activation leads to the production of the retrograde
messenger nitric oxide (Bhardwaj et al. 1997; Okada, 1992; Yamada & Nabeshima,
1997). It is of general consensus that an increases in [Ca’']; leads to the activation of
nitric oxide synthase, an enzyme that synthesizes nitric oxide. It is thought that nitric

oxide diffuses across the postsynaptic neuronal membrane and acts at presynaptic nerve
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terminals to produce an increased release of neurotransmitter via a ¢cGMP-related
mechanism (for reviews, see Holscher, 1997; Lowenstein, Dinerman & Snyder, 1994). As
far as I know, no one has examined whether spinal group I mGluR activation leads to
nitric oxide production in the dorsal horn. However, the literature has clearly linked this
retrograde messenger to nociception. For example, a number of studies have shown that
increases in nitric oxide synthase expression in the dorsal horn occur in models of
persistent and chronic pain (Gao & Qiao, 1998; Lam et al. 1996; Steel, Terenghi, Chung,
Na, Carlton & Polak, 1994; Vizzard, Erdman & de Groat, 1995; Wu, Lin, Lu, Willis &
Westlund, 1998; Yonehara et al. 1997). Also, others have shown that intrathecal
administration of nitric oxide synthase inhibitors produces antinociception in various
models of pain (Malmberg & Yaksh, 1993; Mao, Price, Zhu, Lu & Mayer, 1997; Meller,
Cummings, Traub & Gebhart, 1994; Niedbala, Sanchez & Feria, 1995; Roche, Cook,
Wilcox & Kajander, 1996; Sakurada et al. 1996; Yamamoto, Shimoyama & Mizuguchi,
1993b; Yonehara et al. 1997; Yoon, Sung & Chung, 1998).

It has been suggested that tissue injury-related increases in nitric oxide production
are mediated, primarily, by the NMDAR (Gordh, Karlsten & Kristensen, 1995; Meller &
Gebhart, 1993, 1994; Stanfa, Misra & Dickenson, 1996). However, future research is
needed to explore the possibility that a group I mGluR-mediated increase in nitric oxide
enhances the release of Glu in the spinal cord, and that this mechanism contributes to the

development of nociceptive behaviours in models of chronic pain.
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Antinociception Associated with Group II and Group III mGluR Agonism in Models of
Pain: Possible Mechanisms

Group IT mGluR Modulation of Voltage Gated Calcium Channels (VGCCs). In

this thesis, we have provided evidence that activation of spinal group II mGluRs reduces
nociceptive responses in models of pain. Since electrophysiological evidence suggests
that activation of presynaptic group II mGluRs inhibits monosynaptic responses in
motoneurones, by decreasing the release of EAAs (Cao et al. 1995; Jane et al. 1994,
1995, 1996, Thomas et al. 1996), it is tempting to speculate that presynaptic group II
mGluRs, possibly localized on primary afferent fibers, also inhibit dorsal horn neuronal
activity by reducing the release of EAAs. Unfortunately, there are few published details
relating to the ultrastructural localization of group II mGluRs in the rat dorsal horn.
Available evidence suggests that, although mGluR2 is not expressed in the rat spinal cord
(Boxall et al. 1998; Ohishi et al. 1993b), mGluR3 is localized, postsynaptically, on dorsai
homn neurons in laminae [I-V (Boxall et al. 1998; Ohishi et al. 1993a).

Given that electrophysiological and neuroanatomical studies have not yet
provided evidence that mGluR3 is localized on terminals presynaptic to dorsal horn
neurons, it is necessary at this point to conclude that a group II mGluR agonist most
likely attenuates nociceptive responses in models of pain by acting at postsynaptic
mGluR3. I propose that activation of mGluR3 suppresses Ca’* conductance by inhibiting
postsynaptic VGCC in the dorsal horn. This proposal is indirectly supported by the
following lines of evidence:

1. Studies have demonstrated that group II mGluR activation suppresses Ca’’

conductance by inhibiting N-type (Chavis et al. 1995: Choi & Lovinger, 1996; Glaum &
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Miller, 1995; Ikeda, Lovinger, McCool & Lewis, 1995) or L-type (Chavis et al. 1994,
1995) VGCCs in the rat NS.

2. Antagonism of N-type VGCCs reduces dorsal horn neuronal sensitization
induced by an intraplantar injection of formalin into the rat hindpaw (Diaz & Dickenson,
1997)

3. Intrathecal administration of L- and/or N-type VGCC antagonists to rats
reduces nociceptive responses in the formalin model (Coderre & Melzack, 1992b;
Maimberg & Yaksh, 1994) and intrathecal administration of an N-type VGCC
antagonists to rats reduces mechanical allodynia in a model of neuropathic pain (Calcutt
& Chaplan, 1997; Chaplan et al. 1994).

Our finding that spinal administration of a selective group II mGluR agonist
produces antinociception in a model of neuropathic pain (Study 5), and the finding of
Boxall and colleagues (1998) that mGluR3 expression in the dorsal horn is enhanced in a
model of chronic inflammatory pain, will likely generate future research directed at
exploring the functional role of spinal mGluR3 in nociceptive processes.

Group III mGluR Inhibition of EAA Release from Primary Afferent Fibers.
Neuroanatomical studies have provided convincing evidence that mGluR7 is strongly
expressed on primary afferent fibers, likely on C-fibers, terminating in laminae [ and II of
the rat dorsal horn (Li et al. 1997; Ohishi, Nomura, Ding, Shigemoto, Wada, Kinoshita,
Li, Neki, Nakanishi & Mizuno, 1995). Moreover, evidence suggests that, in the rat CNS,
mGluR?7 localization is restricted to the presynaptic grid, which is the transmitter release
site (Shigemoto et al. 1996). Electrophysiological studies have provided evidence that

presynaptic group III mGluRs inhibit excitatory transmission in the spinal cord (Cao et al.
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1995; Jane et al. 1994, 1995, 1996), by decreasing the release of EAAs. Release studies
have confirmed that group III GluR activation leads to an inhibition of EAA release in rat
brain synaptosomes (Herrero et al. 1996; Vazquez, Budd, Herrero, Nicholls & Sanchez-
Prieto, 1995; Véazquez, Herrero, Miras-Portugal & Sanchez-Prieto, 1995). Considering
these different lines of evidence, I propose that spinal administration of a group III
mGluR agonist, acting at presynaptic mGluR7, may reduce the probability of EAAs
released from the injured primary afferent fibers. This reduction in EAA release may
attenuate the development of dorsal horn neuronal sensitization in laminae I and II.

How might spinal group III mGluRs be linked to the inhibition of EAA release? A
few studies have examined the potential mechanisms that may mediate group III mGluR-
related inhibition of EAA release in the rat brain. Evidence suggests that group III mGluR
activity produces a suppression of Ca® conductance through presynaptic VGCC
(Takahashi, Forsythe, Tsujimoto, Barnes-Davies & Onedera, 1996). Specifically, studies
have shown that L-AP4, the selective group III mGIuR agonist, inhibits P/Q-type
(Takahashi et al. 1996; Stefani, Spadoni & Bernardi, 1998) and N-type (Stefani et al.
1998) VGCC in the rat brain. Also, Vazquez and Sanchez-Prieto (1997) have shown that
1-AP4 inhibits Glu release from cerebrocortical synaptosomes by suppressing N-type
VGCCs. Future research is needed to explore the possibility that an mGluR7-related
inhibition of presynaptic VGCCs mediates the antinociceptive effects of .-AP4 in models
of pain.

General Conclusions
The results of the experiments included in my dissertation have clearly enhanced

our understanding about the role of mGluRs in persistent and chronic nociceptive
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conditions. The details outlined in my thesis also pose some interesting questions that
will likely generate much research for the next few years. For example, why are mGluR
compounds more effective in reducing nociceptive responses in models of chronic pain
than in models of acute and persistent pain? Why do group [ mGluRs contribute to the
development, but not the maintenance of chronic nociceptive responses? Why do group II
and group III mGiuR agonists differentially influence nociceptive behaviours in a model
of neuropathic pain? Which intracellular messengers generated by group I mGluRs play a
role in the development of chronic nociception? Which intracellular messengers
generated by group II and group III mGluRs are responsible for producing
antinociception in models of pain? How do these intracellular messenger systems
contribute to, or attenuate the development of nociceptive behaviours. Answers to these
questions will not only enhance our understanding about how mGluRs regulate dorsal
horn neuronal function, but may also stimulate the development of novel therapeutic

strategies for the treatment of chronic pain in the clinical population.
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Figure Legend
Fig. 7.1. A schematic diagram of the spinal dorsal horn, which illustrates several possible
mGluR-related mechanisms involved in the regulation of dorsal horn neuronal sensitivity.
Excessive amounts of the EAAs, glutamate (Glu) and aspartate (Asp), are released from
damaged, continuously active primary afferent fibers in models of neuropathic pain or
from sensitized primary afferent fibers in chronic inflammatory models. Released EAAs
spread to the peri- and extra-synaptic regions in the extracellular space and bind to
postsynaptic mGluR1/S. The binding of EAAs to mGluR1/5 activates a stimulatory G-
protein, which in turn activates the enzyme phospholipase C (PLC). Following activation,
this enzyme cleaves phosphatidylinositol (PI)-4,5-bisphosphate (PIP,) into two second
messengers, inositol trisphosphate (IP,) and diacylglycerol (DAG). IP, diffuses into the
cytoplasm, binds to a receptor on the endoplasmic reticulum (ER) and releases calcium
(Ca”) from internal stores. DAG remains in the plasma membrane, where it activates
protein kinase C (PKC). (1) The NMDAR subunit, NR1, may be phosphorylated by the
PKC, which would enhance NMDAR channel function to facilitate NMDAR-mediated
increases in dorsal horn neuronal sensitivity. (2) Activation of mGluR1/5 may also
enhance dorsal horn neuronal excitability by increasing intracellular Ca** concentration
[Ca*], by releasing Ca** from intracellular stores (from the ER) or by enhancing voltage
gated Ca®* channel (VGCC) function. (3) The mGluR1/5-related release of Ca’* from
intracellular stores or increase in [Ca®']; through VGCCs activates nitric oxide synthase
(NOS), which converts L-arginine (L-Arg) to nitric oxide (NO). NO may cross the
postsynaptic dorsal horn neuronal membrane and act retrogradely at presynaptic nerve

terminals to produce an increased release of EAAs by activating guanylyl cyclase (GC)
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(GC converts guanosine 5’-trisphosphate (GTP) to cGMP). (4) In contrast, activation of
postsynaptic mGluR3 may suppress Ca’ conductance by inhibiting VGCCs. An
mGluR3-mediated inhibition of Ca’" influx through VGCCs may lead to a reduction in
tissue injury-induced dorsal horn neuronal sensitization. (5) Activation of mGluR?7,
localized on primary afferent fibers terminating in laminae I and II of the dorsal horn,
may suppress Ca’" conductance by inhibiting presynaptic VGCCs, thus, reducing the
release of EAAs from the damaged, active primary afferent fibers. An mGluR7-mediated
decrease in EAA release may lead to a reduction in tissue injury-induced dorsal horn

neuronal sensitization.
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Appendix A: Pain Terms
Allodynia Pain due to a stimulus which does not normally provoke pain.
Hyperalgesia An increased response to a stimulus which is normally painful.
Neuropathic Pain Pain initiated or caused by a primary lesion or dysfunction in the

nervous system.
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