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ABSTRACT

To understand the physiological role of the AMPA-type or kainate-type ionotropic glutamate
receptors and their participation in sensory information processing, including pain, it will be
necessary to develop a comprehensive description of their actions in the adult mouse spinal cord
substantia gelatinosa (SG) region. Without selective antagonists of the AMPA and kainate receptors,
however, pharmacology has provided little assistance in this endeavor. In this study, gene-targeted
mice lacking GluR2 AMPA subunit and GIluRS or GluR6 kainate receptor subunits were used to
identify the receptor subunits that comprise the AMPA and KA receptors responsible for modulation
of primary afferent neurotransmission.

AMPA receptors are not thought to be involved in the induction of LTP of excitatory synaptic
transmission in the SG region, but they may be involved in the expression via several messenger
pathways. However, one subunit of the AMPA receptors, GluR2, is known to control Ca” influx. To
test whether GluR2 plays any role in the induction of LTP, the mice lacking the subunit were used in
the present work. In GluR2 mutants, LTP in the SG region of spinal slices was markedly enhanced.
These results suggest an important role for GIuR2 subunit of AMPA receptors in regulating synaptic
plasticity and pain behavior.

In this study, gene-targeted mice lacking GluRS or GluR6 kainate receptor subunits have also been
used to identify the receptor subunits that comprise the kainate receptors responsible for presynaptic
modulation of primary afferent neurotransmission. In the presence of synaptic inhibition, both GluR3
and GIluR6 subunits contribute to the depressant action of kainate at the C-fiber and Ad-fiber-
activated polysynaptic pathways. In the absence of synaptic inhibition, the GluR6 subunit is critically
involved in inhibiting transmission at both Ad- and C-fiber monosynaptic pathways, whereas GluRS
plays a lesser role in inhibiting the C-fiber-activated pathway. Both GluRS and GluR6 KA receptor
subunits contribute to the KA receptor-mediated facilitation of excitatory synaptic transmission at
synapses on the SG neurons. These results indicate that AMPA and kainate receptors play multiple
and complex roles in regulation of excitatory synaptic transmission in the spinal cord SG region with

potentially significant implications for pain control.



CHAPTER 1. GENERAL INTRODUCTION

Thesis Organization

This dissertation consists of five chapters (general introduction, materials and methods, results
(AMPA receptor and kainate receptor), and general conclusion) and a list of references cited. The
chapters, AMPA receptor and kainate receptor, contain research results which were formulated as
introduction, results and discussion for future publications.

The dissertation contains a large part of the experimental results obtained by the author during the
course of his graduate study under the supervision of Dr. Mirjana Randi¢.

Research Objective

The dorsal horn (DH), especially substantia gelatinosa (SG) of the spinal cord, is known to play an
important role in the modulation of nociceptive transmission through fine myelinated and
unmyelinated primary afferent fibers arising from the periphery. Glutamate, or a related amino acid,
is the major excitatory neurotransmitter at primary afferent fiber-spinal DH neuron synapses (so
called glutamatergic synapses). Elucidating the function of glutamate and their receptors has
traditionally relied on pharmacological approaches using compounds that act as agonists or
antagonists at specific receptors on the pre- and postsynaptic membranes. Recently, a new tool has
been added to the armamentarium for studying the synaptic function, namely genetic manipulations
(esp. null mutations or ‘knockouts’) that delete specific subunits comprising glutamate receptors.

The objective of this research was to investigate the role(s) of glutamate receptor subunits (GluR2,
GluRS, or GluR6) in synaptic transmission and plasticity in the spinal DH region by using the genetic
pharmacological tools. The specific purpose of the conducted experiments was to study physiological
consequences resulting from the genetic deletion of specific glutamate receptor subunits at primary
afferent fiber-spinal DH neurons synapses by recording electrical properties of passive (e.g. resting
membrane potential, input resistance of SG neuronal membranes) and active (e.g. spontaneously or
electrical stimulation-evoked excitatory postsynaptic potentials/currents) membranes.

The experiments used current-clamp intracellular recordings with sharp microelectrode, and also
whole-cell voltage-clamp recordings from in vitro adult mouse spinal cord slices with/without
attached dorsal roots. Mice with targeted mutations deleting the GluR2, GluRS, or Glur6 have kindly
provided by professor S. F. Heinemann (The Salk Institute, San Diego).



Literature Review

This section reviews the anatomical and functional organization of spinal dorsal horn, and also
glutamate receptors-mediated synaptic transmission and plasticity, in order to provide a background

information for the study of the role(s) of glutamate receptor subunits in the modulation of excitatory

synaptic transmission.
1. Anatomical and functional organization of the spinal cord dorsal horn

Information from sensory receptors in skin, muscle, joints and viscera is transmitted to central
nervous system (CNS) via primary sensory neurons (Campbell et al., 1989; Gardner and Martin,
2000; Gardner et al., 2000). The cell bodies of the primary sensory neurons are located in dorsal root
ganglia (DRG). Each ganglion cell gives off an axon that branches into a peripheral process and a
central process (Ramoén y Cajal, 1909). The peripheral process contributes to a peripheral nerve and
terminates peripherally as a sensory receptor. The central process gives rise to a numerous collateral
branches (Langford and Coggeshall, 1979, 1981) and enters into spinal cord through a dorsal root.

Together these two processes form primary afferent fibers that transmit the encoded stimulus

information to the spinal cord or brain stem.

A) Primary sensory neurons in dorsal root ganglia
Primary sensory neurons have been classified into three groups on the basis of the perikaryal
size, distribution of cellular organelles, neurochemistry and chemosensitivity (Harper and Lawson,
1985a, b; Sugiura et al., 1986). Large DRG cells (Type A, 30-70 um in diameter) have short-duration
action potentials (0.49 -1.35 ms at the base) that are tetrodotoxin-sensitive, and these cells give off
large diameter myelinated axons (Aa and AP). Small DRG cells (Type B, 25 -30 pm in diameter)
produce action potentials of long duration (0.5 - 8.0 ms at the base), which in some cases are
tetrodotoxin-insensitive. They usually give off fine myelinated (A8) and unmyelinated (C) fibers. In
addition to these two cell groups, a number of studies describe the existence of intermediate-size
cells, which are associated with Ad-fibers (Mastuura, 1967; Honda et al., 1983; Harper and Lawson,
1985a). The conduction velocity and the threshold for exciting fibers are inversely related to axonal
diameter (Table 1). The larger the fiber, the faster the conduction velocity and the lower the threshold.
Sensory neurons with A- or C-fibers may have differences in function. It is well known that

stimulation, from the external environment, of mechanoceptive neurons with A-fibers gives rise to a



well-localized sharp pricking sensation, while stimulation of nociceptive neurons with C-fibers is said

to give rise to poorly localized unpleasant sometimes burning-type or ‘unbearable’ sensation
(Torebjork and Ochoa, 1990).

B) Sensory receptors at peripheral terminals of primary sensory neurons

The peripheral processes of the DRG cells have different morphological and functional properties.
The encapsulated processes of them have mechanoreceptors and proprioceptors, which are
responsible for mediating the somatic modalities of touch and proprioception, respectively (Gardner
et al., 2000). These receptors are innervated by DRG with large-diameter, myelinated axons that
conduct action potentials rapidly. On the contrary, the processes with bare nerve endings contain
nociceptors and thermal receptors which mediate painful or thermal sensations, respectively (Gardner
et al., 2000). These receptors are innervated by DRG neurons with either unmyelinated or thinly
myelinated axons that conduct impulses more slowly. Table 2 demonstrates relationships among
sensory receptor types, afferent fiber types, and sensory modalities. This knowledge states that
individual DRG neurons respond selectively to specific types of stimuli because of morphological and
molecular specialization of their peripheral terminals, further supporting the notion of “laws of
specific nerve energies”, proposed by Johannes Miiller in 1826, that morphologically distinct
receptors transduce particular forms of energy and transmit information to the brain through distinct
pathways dedicated to that modality (Gardner and Martin, 2000).

C) Central terminals of primary sensory neurons

Generally, the central processes of primary sensory neurons enter the spinal cord through the
dorsal roots (However, see also Coggeshall et al., 1980 for exception; i.e. there are 30% of the total
unmyelinated fibers entering through the ventral roots in L6-S1 segments). Primary afferent fibers,
once entering dorsal root entry zone, give off most of their collaterals in their spinal cord segment of
entry, but rostrocaudal spread is also significant. The spread is larger for the fibers in the medial (Ad)
than those in the lateral part (C) of Lissauer's tract (Chung et al., 1979); the tract that is located
between the dorso-lateral edge of the dorsal hom (DH) and the surface of the spinal cord.

The distribution of primary afferent fibers in the spinal DH is in an orderly way based on fiber size
and sensory modality. Most small afferents with either fine myelinated (A8) or unmyelinated (C) end
predominantly in laminae [ and II, although a few reach lamina III-VI laminae (Light and Perl, 1979a
and b). In detail, high threshold A3 mechanoreceptors terminate in laminae I and V, while low
threshold AS mechanoreceptors only terminate in lamina III (Light and Perl, 1979b). Most large (AB)



cutaneous afferents, which function as low threshold mechanoreceptors, have a characteristic pattern
of arborization in the deeper laminae (III-VI) of the DH (LaMotte, 1977; Brown, 1981). Cutaneous C
fibers, the majority of which are polymodal high-threshold nociceptors in the rat (Lynn and
Carpenter, 1982), terminate in lamina II (Ralston and Ralston, 1979; Beal and Bichnell, 1981; Nagy
and Hunt, 1983), although there is also a contribution to lamina I (Gobel et al., 1981)

In terms of ‘neurochemical markers’ of primary afferent fibers, many of calcitonin gene-related
peptide-immunoreactive peptidergic afferents contain substance P and are nociceptors (Lawson et al.,
1997). Substance P-containing afferents (which include both A and C fibers) end mainly in lamina I
and the outer layer of lamina II (‘Ilo’; see below), although some penetrate deeper into the DH. Some
C fiber-containing somatostatin terminate in lamina [Io (Sakamoto et al., 1999). Approximately, half
of the C fibers in a somatic nerve do not contain peptides, but most of these can be revealed by their
ability to bind the lectin Bandeiraea simplicifolia isolectin B4 (Silverman and Kruger, 1990).
Functions of non-peptidergic C fibers are poorly understood; however, it is believed that this
population also includes many nociceptors (Guo et al., 1999; Gerke and Plenderleith, 2001). Although
there are no intrinsic neurochemical markers that will specifically label myelinated low-threshold
mechanoreceptors, these can be identified by transganglionic transport of cholera toxin B subunit
(Robertson and Grant, 1985). If CTb is injected into a peripheral somatic nerve, it is normally
transported only by afferents with myelinated axons and this results in labeling of terminals in lamina

I (Ad nociceptors) and in laminae III-VI (A8 down-hair afferents and AP afferents).

D) Cytoarchitecture of the spinal dorsal homn (Laminae I-VI)

The spinal DH essentially consists of the central terminals of primary sensory neurons, projection
neurons, intrinsic DH neurons, and descending nerve fibers from the brainstem and other cerebral
structures. Anatomically the DH of the spinal cord can be subdivided into six distinct layers (laminae)
in the dorsal-ventral direction of the gray matter, which was proposed in cat (Rexed, 1952), as well as
in rat (Molander et al., 1984). Rexed's Lamina I and II comprise superficial spinal dorsal horn (SDH)
(Laired and Cervero, 1989).

Lamina I, the marginal zone at the edge of the spinal DH, was first described as “thin veil of gray
substance, forming the dorsal most part of the spinal gray matter” by Rexed (1952). This area
contains from small (5 — 10 um) to medium (10 - 15 um) and large (30 - 50 pum) size of neurons in

diameter, receiving direct small-diameter Ad and C primary afferent input with different stimulus
modalities from most tissues of the body (Christensen and Perl, 1970) and providing a major output
pathway from the spinal cord to higher structures (brainstem and thalamus) (Craig, 1996).



Morphologically, neurons in lamina I can be grouped under basic categories of fusiform, pyramidal
and multipolar (cf. there is also ‘flattened’ which is not always distinguished from multipolar) based
on somatic shape and dendritic arborization (Lima and Coimbra, 1986; Zhang et al., 1996). These
three morphological types are relatively evenly distributed in the cervical and lumber enlargements
(Lima and Coimbra, 1986; Zhang et al., 1996; Zhang and Craig, 1997). Recent intracellular labeling
evidence in cats has revealed a direct correspondence between the morphological characteristics of
lamina I neurons and their functional responses to natural cutaneous stimuli (Han et al., 1998).
Fusiform cells appear to be nociceptive-specific (NS) neurons, responsive only to noxious heat and
pinch, whereas multipolar cells are polymodal nociceptive (HPC) neurons responsive to noxious heat,
pinch and cold, and pyramidal cells are innocuous thermoreceptive (COLD) neurons, responsive only
to cooling (Craig and Kniffki, 1985; Craig and Bushnell, 1994; Dostrovsky and Craig, 1996; Han et
al., 1998). The NS cells are dominated by A8 fiber input, and they can respond tonicallly to
maintained noxious mechanical stimuli, so they may be important for ‘first pain’ (Andrew and
Greenspan, 1999). The HPC cells are dominated by C-fiber input and can have slow ongoing
discharge; they evince responses that match the psychophysical responses evoked by ‘repeated brief
contact heat’ stimuli (Craig and Andrew, 1999), which are characterized as ‘second pain’ (Vierck et
al., 1997). Golgi studies showed that fusiform cells have unmyelinated axons, but pyramidal and
multipolar cells have myelinated axons (Gobel, 1978a; Lima and Coimbra, 1986). Therefore,
nociceptive-specific cells may have slow conduction velocities whereas polymodal nociceptive and
innocuous thermoreceptive cells faster conduction velocities (Craig and Kniffki, 1985; Craig and
Serrano, 1994). On the other hand, by functional features, lamina I neurons can be divided into two
groups, ventrolateral tract (VL)-projection and non-projection neurons (Grudt and Perl, 2002). VL-
projection neurons are characterized by a relatively thick axon that runs ventrally and medially
toward the contralateral spinal cord. Non-projection neurons have axons that are directed ipsilaterally
and that frequently exhibit extensive branching within the SDH.

Lamina II is parallel to lamina I, and covered by that layer dorsally and laterally, but not
medially. Due to the concentration of small neurons and their processes plus a relative paucity of
myelinated axons (McClung and Castro, 1978; Molander et al., 1984), lamina II is observed as a
translucent band under the naked eye, or light microscope and is called ‘substantia gelatinosa (SG)’.
This area is of particular interest since the sensory inputs to this area are entirely undertaken by Ad
and C fibers in nature (Light and Perl, 1979a and b). As in the cat, lamina II can be subdivided into an
intensely-stained outer zone with densely packed cells and a less compact inner zone (Molander et al.,

1984). These zones are now commonly referred to as the lamina Ilo and IIi. The outer zone contains



more small myelinated fibers than the inner zone. In the neuropil of lamina II, the most prominent
structures are glomeruli (~5% of total synapses in lamina II) (Coggeshell and Willis, 1991). A
glomerulus consists of a central terminal, which is a primary afferent ending, in synaptic contact with
several surrounding dendrites and axonal terminals. In the middle of lamina II, type I glomeruli are
predominant. The core of type I glomerulus consists of a small, electron-dense axonal terminal that
has a corrugated contour and is filled with densely packed spherical vesicles. In the ventral portion of’
lamina II, type II glomeruli are predominant. The core of this glomerulus has an electron-lucent
terminal with a regular contour, and it contains fewer synaptic vesicles. The central terminals in type |
glomeruli are thought to be derived from unmyelinated primary afferent fibers, whereas those in type
IT glomeruli from myelinated fiber (Ribeiro-da-Silva and Coimbra, 1982). The glomeruli are regarded
as key structures of the DH because they offer a morphologic basis for a more complex modulation of
information transfer than do the more common axodendritic synapses. In lamina II, almost all neurons
are intrinsic interneurons (both excitatory and inhibitory). The two predominant cell types in lamina II
are ‘stalked’ and ‘islet’ cells (Gobel 1975, 1978a, 1978b) (there are also some other types of
interneurons, e.g. arboreal cells, II-[II border cells and spiny cells). Stalked cells, similar to the
‘limitroph’ neurons described by Ramén y Cajal (1909), have cell bodies that are generally located in
the lamina Ilo, dendrites which fan out ventrally and are often covered with spines and stalk-like
branches and axons that arborize in lamina I (Todd and Spike, 1993). This type of cells have been
thought of excitatory interneurons (Gobel, 1978b) that receive input from at least some Ad primary
afferent fibers (Grudt and Perl, 2002). Islet cells are present throughout lamina II and have dendrites
that extend along the rostrocaudal axis of the spinal cord, usually remain within lamina II and often
possess characteristic recurrent branches. The axons of islet cells arborize close to the cell body and
dendritic tree. An interesting feature of this type of cells is that their dendrites form synapses on
nearby dendrites and axonal terminals, i.e. “dendrodendric” and ‘“dendroaxonic” synapses,
respectively. It has earlier been suggested that islet cells are inhibitory interneurons (Gobel, 1978b).
This proposal was supported by recent findings that neurons with features of islet cell morphology
contain GABA and glycine (Todd and Mckenzie, 1989; Todd and Sullivan, 1990). In addition, a

recent morphological and electrophysiological study shows that input to the islet cells stemmed from
C-afferent fibers (Grudt and Perl, 2002).

Laminae III, IV, V and VI, i.e. deep to substantia gelatinosa, comprise the nucleus proprius.
Neurons of the nucleus proprius are either interneurons or projection neurons, receiving from inputs

from primary afferent fibers, substantia gelatinosa interneurons, and descending spinal tracts.



Therefore, the main role of the nucleus is to integrate sensory input with information that descends
from the brain.

Lamina_III forms a broad band across the DH, parallel to both lamina I and II. In
cytoarchitectonic studies, lamina III has slightly larger and more widely spaced cells than lamina II
(Rexed, 1952). Lamina III is distinguished from lamina II by several features. First, lamina III is
characterized by a dense meshwork of fine as well as coarse myelinated axons that are absent or rare
in lamina II. This suggests that lamina III is the target of large caliber fibers that reach the DH by way
of the dorsal funiculus. Second, whereas synapses with round vesicles (presumably with excitatory
action) predominate in lamina II, synapses with flat vesicles (presumably with inhibitory action) are
more numerous in lamina III (Ralston, 1979). Third, in contrast to lamina II, where type I glomeruli
are most common, type II glomuruli are present exclusively in lamina III (Bennett et al., 1980).
Although a large population of lamina III cells are not identified as yet in terms of cell types, two
particular cell types, spinocervical tract cells and postsynaptic dorsal column cells which project to
the spinocervical nucleus and into the dorsal columns, respectively, have been demonstrated (Brown
et al, 1977; Brown and Fyffe, 1981; Brown, 1981). The spinocervical tract cells have their dendrites
that are oriented more in the longitudinal than in the transverse plane, that do not travel into lamina I
or ITo (Brown, 1981) and that would not get direct input from many fine afferent fibers (Brown,
1981). By contrast, dendrites of the postsynaptic dorsal column cells do travel dorsally into laminae II
and I, their dendritic trees are not restricted mediolaterally, and they could have extensive
monosynaptic contacts from fine afferent fibers. Although axons from some of the lamina III cells are
restricted in this lamina, many other cells have axonal ramifications at least partially outside lamina
III, for example, laminae [V-VI, the ipsilateral dorsolateral funiculus and the contralateral ventral
funiculus (Light and Kavookjian, 1988). Primary afferent input into lamina III comes from the flame-
shaped arbors, which have recently been shown to carry information from hair follicles (Coggeshall
and Willis, 1991). Other types of coarse primary afferent: that enter lamina III arise from Pacinian
corpuscles and rapidly and slowly adapting fibers. On the other hand, although there is fine primary
afferent input into lamina III, e.g. unmyelinated axons-forming synapses in lamina III (Sugiura et al.,
1986, 1989), it seems to be much less important than the coarse fiber input. Therefore, any C-fiber
input in lamina III may be relayed by neurons in the superficial laminae with axons that pass ventrally
(‘polysynaptic’) (Light and Kavookjian, 1988) or by some neurons in lamina III with dendrites that
pass dorsally (‘monosynaptic’) (Szentagothai, 1964; Surmeier et al., 1988; Todd, 1989; De Koninck
etal.,, 1992; Maetal., 1996).



Lamina IV is a relatively thick layer that extends across the DH. It forms a band beneath laminae
IT and III but does not possess their characteristic lateral curvature. Lamina IV is different from the
substantia gelatinosa by several features: (1) the presence of a larger, fair concentration of medium-
sized neurons and of a larger, pyramidal type neuron (Ramén y Cajal, 1909; Scheibel and Scheibel,
1968; Rethelyi, 1984); (2) the absence of glomeruli (Ralston, 1968); and, finally, (3) the fact that the
dendrites of typical lamina IV neurons radiate in all planes rather that sagittally (Scheibel and
Scheibel, 1968), with a preferential spread in the lateral direction (Proshansky and Egger, 1977).
Lamina IV can also be distinguished from lamina II by the heterogeneity of neuronal sizes and the
presence of some very large cells compared with more homogeneous, smaller cells that characterize
lamina III. The neurons in this layer are of various sizes, ranging from small (approximately 8 by 11
um) to large (35 by 45 um) (Coggeshall and Willis, 1991). The largest cells are relatively infrequent,
but they are so prominent that there is a general impression that this is a layer with large cells. The
dendrites of lamina IV neurons penetrate the overlying laminae II and III, and their axons have two
components, a rich local plexus in lamina V (Rastad et al., 1977; Brown et al., 1977) and a main
branch that proceeds towards the lateral funiculus. The main branch, which gives off numerous
collaterals along its course (Maxwell and Koerber, 1986), has been traced to the spinocervical tract
(Brodal and Rexed, 1953; Craig, 1978; Rastad et al., 1977), the dorsal funiculus (Brown, 1981), the
spinothalamic tract (Willis et al., 1979) and the spinohypothalamic tract (Burstein et al., 1990). This
indicates that the larger lamina IV neurons are long-distance projection neurons. The major input into
lamina IV neurons is thought to be terminal ramifications of large myelinated primary afferent fibers.
Experimental studies failed to show a fine primary afferent input into lamina [V (LaMotte, 1977,
Light and Perl, 1977). Supportively, at the electron-microscopic level, the degeneration of primary
afferent fibers and terminals in lamina IV is characterized by neurofilamentous and electron-lucent
degeneration, which corresponds to large and fine myelinated afferents, respectively, in contrast to
the electron-dense (unmyelinated afferent fibers) degeneration that characterizes laminae I and II
(Ralston and Ralston, 1982).

Lamina V forms the neck of the DH, medially limited by white matter and laterally transformed
gradually through a mesh of myelinated fibers into white matter. The neurons show even more
variability than in the lamina IV (8 by 10 um to 30 by 40 um). The dendrites of lamina V neurons, in
contrast to those of lamina IV, are planar, extending mediolaterally and dorsoventrally but not
sagittally (Scheibel and Scheibel, 1968). Their dendritic arbor forms stacked discs lined up
transversely along the length of the cord. The inputs to this lamina are predominantly C fibers from
viscera, Ad fibers from skin and group IV fibers from muscle. In addition, there are also descending



inputs from corticospinal and rubrospinal tract fibers. The projections of lamina V neurons are similar
to the ones of lamina IV.

Lamina VI exists only in the cervical and lumbosacral enlargements (Rexed, 1952), where it
appears as a distinct band, darker than laminae V and VII, in Nissl stained sections (Coggeshell and
Willis, 1991). The cells in this layer are smaller (8 by 8 um) and more regular in their arrangement
than those in lamina V. The dendrites of lamina VI neurons are less regular (Scheibel and Scheibel,
1968). Neurons in this area have complex input from many collaterals of primary afferent axons,
which destine to reach ventral horn cells in this area (Raymén y Cajal 1909; Scheibel and Scheibel,
1968)

2. Synaptic transmission in the spinal cord DH

A number of studies indicate that glutamate and aspartate are the major candidates for the fast
excitatory neurotransmitters (Mayer and Westbrook, 1987; Kangrga et al., 1988; Yoshimura and
Nishi, 1993), whereas tachykinins appear to be involved in the slow excitatory synaptic transmission
(Urban and Randi¢, 1984).

It is presently well known that glutamate, or a related amino acid, is the major excitatory
neurotransmitter mediating the fast excitatory transmission in mammalian CNS (Mayer and
Westbrook, 1987; Wroblewski and Danysz, 1989) including the spinal DH (Jahr and Jessell, 1985;
Kangrga et al., 1988; Gerber and Randié, 1989a; Yoshimura and Jessell, 1990). Glutamate has been
found in the DRG neurons (De Biasi and Rustioni, 1988), from which it is released upon activation of
the primary afferents (Kangrga and Randié, 1990, 1991). Glutamate produces fast excitatory
postsynaptic potentials (EPSPs) in the spinal DH cells via activation of postsynaptic glutamate
receptors (Gerber and Randi¢, 1989a; Yoshimura and Jessell, 1990).

Glutamate receptors (GluRs) fall into two distinct classes: ionotropic and metabotropic receptors.
Ionotropic GluRs (iGluRs) are glutamate-gated ion channels, which could be further subdivided into
the N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA)
and kainate (KA) subtypes according to their agonist profiles (Watkins et al., 1990). Metabotropic
GluRs (mGluRs) are coupled to GTP-binding proteins. They appear to modulate the excitatory
neurotransmission by the synthesis of second-messenger molecules and play a role in the regulation
of the opening of ion channels (Pin and Duvoisin, 1995). At most central synapses, both AMPA and
NMDA receptors are activated during synaptic transmission. AMPA receptors mediate fast
neurotransmission, whereas NMDA receptors contribute to the late components of fast EPSPs.
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A) Ionotropic GluRs

NMDA receptors, having subunits of NR1, NR2A-D subunits and NR3A-B, mediate excitatory
neurotransmission in the CNS in different ways from AMPA receptors. In the spinal synaptic
transmission, NMDA receptors appear to contribute to the generation of slow EPSPs (Gerber and
Randié¢, 1989b; Gerber et al., 1991), and underlie the wind-up phenomenon (Dickenson, 1990) that
can be important in pain. Functional NMDA receptors are heteromeric assemblies composed of
multiple NR1 subunits in combination with at least one type of NR2. The NR3 subunits can also co-
assemble with NR1 (Das et al., 1998; Perez-Otano et al., 2001; Chatterton et al., 2002) to form unique
excitatory glycine receptors (Chatterton et al., 2002). At present, NMDA receptors have notoriously
been characterized by a high permeability to Ca** ion (MacDermott et al., 1986), voltage-dependent
block by Mg>* ion (Mayer et al., 1984) and slow ‘activation/deactivation’ kinetics (Lester et al.,
1990). Further, different combination of subunits and splice variants by alternative splicing confer the
delicate functional properties to NMDA receptors (Cull-Candy et al.,, 2001). For example,
diheteromeric NMDA receptors containing NR2A or NR2B subunits are featured by high-
conductance channel openings with a high sensitivity to block by Mg** ion, whereas receptors
composed of NR2C or NR2D subunits give rise to low-conductance openings with a lower sensitivity
to extracellular Mg®* ion. Moreover, once glutamate was applied briefly, NR1/NR2A-containing
NMDA receptors generate a macroscopic current with a deactivation time constant of tens of
milliseconds. However, the current generated by NR1/NR2D-containing NMDA receptors has a
deactivation time constant of several seconds due to their high affinity to glutamate (Monyer et al.,
1994; Wyllie et al., 1998; Vicini et al., 1998). These unique properties provide the NMDA receptors
with critical roles in excitatory synaptic transmission/plasticity and pathology.

In the spinal cord, in situ hybridization studies show high expression of NR1 and NR2D mRNA
throughout all laminae (Tolle et al., 1993; Luque et al., 1994). In addition, electrophysiological
studies, recording of single-channel (outside-out) and synaptic currents, address the precise
distribution of each NMDA receptor subunit, i.e., both NR1/NR2B (high conductance; 57 pS) and
NRI1/NR2D (low conductance; 44 pS and 19 pS) receptors are present extrasynaptically, whereas
NR2A receptors predominate at primary afferent fiber-spinal DH synapses, which was determined by
the kinetic and pharmacological properties of the NMDA receptor-mediated EPSCs (Momiyama,
2000).

Most of selective NMDA receptor agonists available are based on NMDA, the diagnostic ligand
for these receptors. NMDA itself is an analogue of aspartate. Although this compound acts selectively

at NMDA receptors, it cannot discriminate between receptor subtypes. Recently, a conformationally



11

constrained analogue of glutamate, homoquinolinic acid, has been shown to have higher affinity for
NMDA receptors that contain NR2B subunit (Prado de Carvalho et al, 1996). As the most commonly
used antagonist, D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) acts at the glutamate binding
site, and shows tendency to selectivity for NR2A and NR2B- containing NMDA receptor. On the
other hand, (5S,10R)-(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5, 10-imine maleate
(MKS801) did not bind to the glutamate recognition site (Wong et al., 1986) and appeared to block
current flow by binding to a site within the activated NMDA receptors (Huettner and Bean, 1988).
This accounts for the use-dependent, or uncompetitive, antagonism by MK801. Ifenprodil, which has
been known as NR2B subunit selective ligand acting at NMDA receptor polyamine site, may prove
beneficial in the treatment of chronic pain (Boyce et al., 1999; Chizh et al., 2001; Wei et al., 2001).

AMPA receptors are composed of heteromeric assemblies of the GluR1, 2, 3 and/or 4 subunits;
different assemblies of subunits confer specific functional properties on the channel (Dingledine et
al., 1999). GluR2 subunit has important role in determining the ion selectivity of the AMPA receptor-
channel because its presence in an edited form renders the channel impermeable to Ca®" ions. GluR2
transcripts undergo RNA editing, producing a one-amino acid change (e.g. positively charged
arginine (R) at position 586 of the transmembrane segment 2, instead of the neutral glutamine (Q) in
the other subunits; the so called ‘Q/R site’) in the channel pore that decreases Ca*" permeability.
AMPA receptors lacking GluR2 have high Ca® permeability ratio (Pc,: Py, = 3) and display a strong
inward rectification in a current-voltage relationship (Hollmann and Heinemann, 1994; Dingledine et
al., 1999).

The study of agonists on AMPA receptors has been examined in detail for both recombinant and
native AMPA receptors. In both experimental systems, agonist-activated currents desensitize rapidly
for AMPA, quisqualate and glutamate, and to a limited degree for KA as an agonist. Rank orders of
potency for steady-state currents follow quisqualate>AMPA>glutamate> KA for recombinant AMPA
receptor subunits (flip). A series of quinoxalinedione compounds are known as competitive
antagonists for AMPA receptors. Although these compounds, e.g. 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX), 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 2,3-dioxy-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX), have significant inhibitory activity at KA
receptors, they have become standard tools for the study of AMPA receptors. In a study with
heteromeric complexes of recombinant GluR1/2 and GluR2/4 AMPA receptors, NBQX was more
potent than CNQX (ICs, values 60 nM and 400 nM, respectively (Stein et al., 1992). NBQX, but not
CNQX, has been shown to be dependent upon the agonist used, with activity greater for KA >
glutamate > AMPA (Lambolez et al., 1992; Stein et al., 1992). Another class of compounds, the 2,3-
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benzodiazepine, that have enabled pharmacological separation of AMPA and KA receptor-mediated
events is known. The most widely studied of these are GYKI52466 (1-(4-aminophenyl)-4-methyl-7,8-
methylenedioxy-SH-2,3-benzodiazepine) and GYKI53655 (1-(4-aminophenyl)-3-methylcarbamyl-4-
methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine). The ICs;, of GYKIS53655 for
AMPA receptors is less than 1 uM (c.f. 9.8 uM for GYKI52466), and it has no effect on KA receptors
at concentration as high as 100 uM (Paternain et al., 1995; Wilding and Huettner, 1995). A
diastereomer of 4-methylglutamate, SYM 2206 ((x)-4-(4-aminophenyl)-1,2-dihydro-1-methyl-2-
propylcarbamoyl-6,7- methylenedioxyph thalazine), has been reported to be a potent non-competitive
AMPA receptor antagonist (ICso = 1.6 pM), working at the same site as GYKI52466 and GYKIS53655
(Pelletier et al., 1996). In addition, Joro Spider toxin (JSTX) and philanthotoxin have been shown to
selectively attenuate AMPA receptor-mediated responses of spinal neurons in vivo (Jones and Lodge,
1991) and appear to do so by acting as open channel blockers (Priestley et al., 1989). Studies using
recombinant AMPA receptor subunits show that JSTX has high affinity for GluR1, 3 and 4 (IC;, of
30 nM) but has no effect on GluR2(R) (Blaschke et al., 1993; Herlitze et al., 1993)

AMPA receptors mediate fast excitatory synaptic transmission in most of the synapses in the CNS.
Their rapid openings at resting membrane potential are suitable for this purpose. The functional
significance of Ca®"-permeable AMPA receptors has been studied in a population of hippocampal,
neocortical non-pyramidal and spinal DH neurons (Gu et al., 1996; Isa et al., 1996). Particularly, in
the spinal DH neurons, Ca**-permeable non-NMDA receptors have been demonstrated in vitro by
Ca?" detection using indicator dyes (Reichling and MacDermott, 1993), ion permeability studies
(Goldstein et al., 1995), pharmacology (Gu et al, 1996) and agonist-induced cobalt loading
immunocytochemistry (Engelmann et al., 1999). These receptors participate in synaptic transmission
in vitro (Gu et al., 1996) and may also be present at synaptic sites in vivo. A higher percentage of
postsynaptic AMPA receptor clusters, in DH C1 (also called ‘type I') glomeruli (C1 terminals are
mainly endings of unmyelinated afferent fibers), are immunopositive for GluR1 than for GluR2.
However, more of GluR2 are in DH C2 (also, called ‘type II’) terminals (considered endings of small
myelinated afferent fibers) (Popratiloff et al., 1996), suggesting that AMPA receptors lacking GluR2
may participate in synaptic transmission between DRG and DH neurons. Moreover,
immunocytochemical evidence indicates that nearly all (97%) of the GluR2/3-immunoreactive
neurons are not GABA- or glycine-immunoreactive, the finding indicating the prominent expression
of Ca>"-permeable AMPA receptors on the inhibitory interneurons (Spike et al., 1998). These results
raise the possibility that Ca®*-permeable AMPA channels may play a special role in the mediation of
sensory input by unmyelinated fibers (Popratiloff et al., 1996) and especially transmission of
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nociceptive information (Engelmann et al., 1999). Work by the MacDermott's group (Gu et al., 1996),
and others (Jia et al., 1996; Mahanty and Sah, 1998; Youn et al., 2000; Heinemann et al., 2001;
Randié and Youn, 2001), suggests that activation of Ca®"-permeable AMPA receptors, may lead to
synaptic strengthening. A recent finding indicates that Ca**-permeable AMPA receptors may relate to
mechanical allodynia after a mild thermal injury (Sorkin et al., 1999).

KA receptors have five subunits, termed GluRS - 7, KA 1 and 2 (For reviews see: Hollmann and
Heinemann, 1994; Dingledine et al., 1999; Lerma et al., 2001). They are believed to share the same
transmembrane topology and stoichiometry as AMPA and NMDA receptors. Thus they are thought
to be a tetramer in which each monomer carries its own ligand-binding site and contributes with a
specific amino acid stretch to form the channel lumen. Radioligand binding assays have identified
two subclasses of KA receptors with different affinity. GIuRS, 6 and 7 may represent the low affinity
KA-binding site with a dissociation constant (Kp) of 50 - 100 nM (Bettler et al., 1992), whereas KA 1
and 2 correspond to the high affinity KA-binding site (Kp of ~4 - 15 nM) in neuronal membranes
(Wemner et al., 1991; Herb et al., 1992).

There are two important sources to confer structural variability to KA receptors: alternative
splicing and RNA editing (Lerma et al., 2001). The former has been reported exclusively in GluRS
(GluR5-1, 5-2a, 5-2b and 5-2c; Sommer et al., 1992) and GluR7 (GluR7a and 7b; Schiffer et al.,
1997) in rat. However, the mouse GluR6 has been found to exist as two splice variants that differ in
their COOH-terminal domains (Gregor et al., 1993). The role of the different KA receptor splice
variants is unknown. The latter is a post-transcriptional modification occurring at a Q/R site, like
GIuR2 subunit, of M2 segment only in GluRS and GluR6 subunit (but not in GluR7, KAl, and KA2).
As is the case for the GluR2 AMPA receptor, it has been shown that the Q-to-R substitution in GluR6
homomeric KA receptors decreases the permeability to Ca** (Burnashev et al., 1995; Egebjerg et al.,
1993) whilst increasing their chloride permeability (Burnashev et al., 1996). At the same time, the
presence of a R at this site transforms the rectification properties of these receptors from inwardly
rectifying to linear or slightly outwardly rectifying and reduces the unitary conductance of the
channels. This RNA editing process is developmentally regulated. The majority of GluR6 editing
occurs earlier than for GluRS, and it is more thoroughly completed in the mature nervous system: up
to 95% of GIuR6 transcripts are edited, compared with 50-60% observed for the GIuRS subunit
(Bernard et al., 1994; Paschen et al., 1994, 1995, 1997; Schmitt et al., 1996). In addition, it may be
important to note that the RNA editing of KA receptors seems to be site- and cell-specifically
regulated. The functional implications of this process are not well understood as yet. For instance,
mice with mutations at the Q/R editing site in GluRS5, so that all GluRS was edited, have been found
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to exhibit a reduction of KA receptor-mediated currents in their sensory neurons (Sailer et al., 1999),
but the responses of these animals to painful stimuli are not altered. Besides of Q/R editing site, two
additional positions prone to RNA editing have been identified in the M1 segment of this subunit: the
I/V site, where a valine can substitute for an isoleucine, and the Y/C site, where a tyrosine can be
replaced by a cysteine (Kohler et al., 1993). Editing at these positions modulates the effect of the Q/R
site in Ca®* flow, such that the fully edited subunit exhibits null passage of this cation. The
mechanism of interaction among these three sites remains to be elucidated.

A major hindrance to understanding of KA receptors has been the lack of specific agonists and
antagonists. Although a clear pharmacological boundary has been traced between NMDA and the
other ionotropic glutamate receptor classes, the separation between AMPA and KA receptors has only
been vaguely sketched and, for the longest time, the two types have been pooled together into what
has been called the non-NMDA receptor subtype. KA, albeit showing a clear preference for KA
receptors, has a very significant effect on AMPA receptor channels at relatively low doses. The
difference in ECs, between the two receptors lies around a mere 5- to 30-fold higher affinity for KA
receptors (Clarke et al., 1997; Huettner, 1990; Lerma et al., 1993; Wilding and Huettner, 1996). It has
been suggested that only a concentration range (300 nM -3 uM) of KA selectively activates KA
receptors in CA1 hippocampal neurons (Miiller et al., 2000). Domoate, one of the first AMPA/KA
receptor agonist to be identified, is 20- to 25-fold more effective than KA on DRG cells and on
recombinant GIluRS subunits (Huettner, 1990; Sommer et al.,, 1992). SYM 2081 ((254R)
diastereomer of 4-methylglutamate) is one of the latest additions to the list of specific KA receptor
agonists. It displays a selectivity three orders of magnitude larger for KA than for AMPA receptors
both in binding and in functional assays, but the selectivity of this molecule for KA over NMDA
receptors is significantly lower, only 200-fold (Gu et al., 1995). Although its pharmacological profile
is incomplete, SYM2081 does not seem to show the subunit specificity, as it elicits rapidly
desensitizing currents on GluRS and GluR6 homomeric channels. SYM 2081 has also been used as a
functional antagonist of the KA receptors (Li et al., 1999) because its presence at low concentrations
drives the receptor to an inactive state, preventing its subsequent opening by other agonists. (RS)-2-
Amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl)propanoic acid (ATPA), which was originally
developed as AMPA analogue, is highly potent (K= 4.3 nM in radio-labeled competitive inhibition;
Hoo et al., 1999) and exclusively selective for GluRS receptors over other KA receptor subunits, or
AMPA receptor subunits (ECso = 2.1 pM for recombinant GluRS subunits; Clarke et al., 1997).
However, it has been recently shown (Paternain et al., 2000) that ATPA can also act on GluR5/KA2
(ECso = 6.3 uM), GIuR6/KA2 (ECs, = 84 uM), and GluR5/GluR6 heteromers (ECs, = 12 uM). The
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quest for specific KA receptor antagonists has not been as successful as the search for agonists.
Initially, NS-102 was proposed as a selective antagonist, but it was later found that its ICs, for KA
receptors is similar as that for AMPA receptors, which limited its usage. One of recent achievement
for selective antagonists is LY382884. It has been shown to have an even higher selectivity for GIluRS
over the other KA receptor subunits and, more importantly, over AMPA receptors (Bortolotto et al.,
1999; Simmons et al., 1998).

The differential expression of the subunits of KA receptors in the DRG and the spinal DH has
been reported. The expression of GluRS5 was detected strongly in DRG neurons, particularly small
neurons (Huettner, 1990; Partin, 1993), and weakly in the spinal DH (Télle et al., 1993; Hwang et al.,
2000). The expression of other subunits has also been detected within DRG, including GluR6, GluR7,
KA1l and KA2 (Partin et al., 1993; Petralia et al., 1994; Hwang et al., 2000), and in the spinal DH
with moderate signal of GluR7 and KA\, strong signal of KA2, and no signal of GluR6 (Télle et al.,
1993). However, a recent finding that the expression of GluR6 was up-regulated by inflammatory
condition is of interest (Zou et al., 2000). In contrast to AMPA receptors, the mediation of fast
excitatory synaptic transmission by KA receptors at synapses between primary afferents and the
spinal DH neurons has only recently been demonstrated (Li et al., 1999). In the spinal DH (Li et al.,
1999), like in hippocampus (Castillo et al., 1997; Vignes and Collingridge, 1997), the KA receptor-
mediated excitatory postsynaptic currents (EPSC) have much smaller peak amplitude and slower
decay kinetics than AMPA receptor-mediated EPSCs. As KA receptors containing GluRS subunit are
present at high level on C primary afferents (Huettner, 1990; Partin et al, 1993), they have been
suggested to contribute to synaptic transmission of nociceptive signals. Recent findings that LY
382884, a selective GIluRS subunit antagonist, has analgesic action in formalin-injected rats
(Simmons et al., 1998) and that a desensitizing KA receptor selective agonist SYM 2081 has
antinociceptive effect on behavioral responses to nociceptive heat stimuli (Li et al., 1999) suggested

that nociceptive transmission can be regulated by KA receptors.

B) Metabotropic GluRs

The eight presently described mGluRs are grouped into three classes based on structural
homology, pharmacology, and signal transduction mechanisms: Group I (mGluR 1 and 5) are coupled
to phospholipase C (PLC) and stimulate phosphoinositide hydrolysis and intracellular Ca*" signal
transduction, whereas Group II (mGluR 2 and 3) and Group III (mGluRs 4 and 6-8) are negatively
coupled to adenylate cyclase (Nakanishi, 1994; Conn and Pin, 1997). Group II and IIl mGluRs are
also known to inhibit the function of voltage-dependent Ca®* channels and activate or potentiate
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potassium channels, both of which could lead to modulation of synaptic transmission. Out of the
eight mGlu receptors cloned, high levels of staining for mGlul (mainly mGlula), mGlu5 (mGlu 5a
and b), and mGlu7 receptors are found in laminae I and II of the DH in the rats (Shigemoto et al.,
1992; Vidnyanszky et al., 1994; Ohishi et al., 1995; Boxall et al., 1998; Berthele et al., 1999), with
the mGluS receptor being predominantly located on the soma and dendrites of DH neurons
(Vidnyanszky et al., 1994; Jia et al., 1999). Levels of mMRNA coding for mGlu2 and mGlu4 receptors
are very low in the spinal cord with a moderate signal for mGluR3 receptors in the DH, much of this
being in glia (Ohishi et al., 1993, 1995; Boxall et al., 1998). No mRNA labeling for mGluR6 and
mGIuR8 has been detected in the rat spinal cord (Valerio et al., 1997). Evidence supports the
possibility of the presence of autoreceptors belonging to all three groups of mGluRs on central
endings of primary afferents in the spinal cord, though their presence in primary afferent fibers
appeared sporadic (Vidnyanszky et al., 1994; Li et al., 1997; Valerio et al., 1997; Jia et al., 1999).
Although the physiological role of mGluRs is not clear, it has recently been shown that the activation
of mGluRs can modulate (both depress and potentiate) glutamatergic transmission (Chen and
Sandkiihler, 2000; Zhong et al., 2000; Gerber et al., 2000a,b). Studies of the actions of mGIluR
agonists and antagonists on responses of spinal cord DH neurons (Neugebauer et al., 1994, 1998;
Young et al.,, 1994, 1995, 1997) to noxious and non-noxious stimuli indicate that mGluRs are

primarily involved in mediating nociceptive inputs.
3. Synaptic plasticity in the spinal cord

The efficiency of synaptic transmission in the CNS is not constant and can be modulated by the
rate of activity in synaptic pathways. The leading experimental model for such a change has been
long-term potentiation (LTP), an increase in synaptic strength that lasts for hours to days. More
recently, a long-term depression (LTD), a decrease in synaptic efficacy, has also been described
(Bliss and Collingridge, 1993; Malenka, 1995; Linden and Connor, 1995; Malenka and Nicoll, 1997;
for a recent review, Malenka and Nicoll, 1999). Although the biochemical mechanisms involved in
the induction and expression of LTP/LTD have not been definitely identified, leading candidates
include subunit-specific AMPA receptor cycling at synapses (Shi, et al., 1999; Zhu et al., 2000; Liu
and Cull-Candy, 2000), as well as diffusible intercellular messengers and
phosphorylation/dephosphorylation processes involving specific protein kinases and protein
phosphatases (Lisman, 1997; Barria et al.,, 1997; Lisman et al.,, 1997; Lee et al., 2000). These
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dynamic changes in synaptic strength are thought to provide a cellular basis for information storage in
the CNS.

The existence of long-term modifications of primary afferent neurotransmission following
repetitive stimulation of a dorsal root (DR), or peripheral nerve, has been reported both in vitro and in
vivo in the rat spinal cord, and there are some indications of having essentially the same mechanisms
as it does in the brain (Randi¢ et al., 1993; Pockett, 1995; Randié, 1996; Liu and Sandkiihler, 1995,
1997, 1998; Sandkiihler et al., 1997; Svendssen et al., 1997, 1998, 1999; Sandkiihler and Liu, 1998;
Chen and Sandkiihler, 1999; Gerber et al., 2000a). Both the AMPA and the NMDA receptor-
mediated components of afferent neurotransmission can exhibit LTP and LTD (Randié et al., 1993;
Svendsen et al., 1998). The cellular mechanisms underlying LTP and LTD in the DH are still not
well understood. There is evidence for involvement of NMDA receptor and postsynaptic Ca*" since
NMDA receptor antagonists or loading of DH cells with a Ca®>" chelator BAPTA block the induction
of LTP and LTD (Randi¢ et al., 1993; Liu and Sandkiihler, 1998). In addition, recent studies suggest
the potential role of neurokinin 1 (NK1), Group I and II metabotropic glutamate and opioid receptors
in the generation and maintenance of LTP and LTD (Randié, 1996; Liu and Sandkiihler, 1997, 1998;
Zhong et al., 1998, 2000; Chen and Sandkiihler, 1999; Gerber et al., 1999, 2000a; Randi¢ et al.,
1999). Evidence supports a role for several Ca**-sensitive protein kinases in induction of LTP, and
protein phosphatases in induction of high-frequency stimulation (HFS)-induced LTD. Although at
present it is not certain whether pre- or postsynaptic factors, or both, are responsible for expression of
LTP of the primary afferent neurotransmission, a finding that a brief HFS of primary afferent fibers at
C-fiber strength produced a sustained enhanced release of endogenous glutamate and aspartate in the
slice superfusate, suggests the involvement of presynaptic factors (Randié¢, 1996). Although
transduction mechanisms involved in the generation of LTD in the spinal DH are not well known, it
has been suggested that the synaptic activation of protein phosphatases plays a role in the generation
of HFS-induced LTD (Randi¢, 1996). In contrast, the induction of low-frequency stimulation-
induced LTD in the DH appears not to require synaptic activation of protein phosphatases
(Sandkiihler et al., 1997). However, there is evidence for the involvement of metabotropic glutamate
receptors (Zhong et al., 1998, 2000; Chen and Sandkiihler, 1999; Gerber et al., 2000a,b) and opioid
receptors (Randié¢, 1996). Whereas, in the brain, LTP and LTD are associated with the processes of

learning and memory, their principal roles in the superficial spinal DH may be related to plasticity of

spinal nociception.
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Table 1. Afferent Fiber Groups (Gardner et al., 2000)

Cutaneous nerve  Fiber diameter (um) Conduction velocity (m/sec)
Myelinated
Large Aa 13-20 80-120
Small A 6-12 35-75
Smallest Ad 1-5 5-30
Unmyelinated C 0.2-1.5 0.5-2

Table 2. Receptor types active in somatic sensation (Gardner et al., 2000)

Receptor type Fiber group Modality
Cutaneous and subcutaneous mechanoreceptors Touch
Meissner’s corpuscle Ag, B Stroking, fluttering
Merkel disk receptor Ag, B Pressure, texture
Pacinian corpuscle Aa, B Vibration
Ruffini ending Ag, B Skin stretch
Hair-tylotrich, hair-guard Aa, B Stroking, fluttering
Hair-down Ad Light stroking
Field Aa, B Skin stretch
Thermal receptors Temperature
Cool receptors Ad Skin cooling (25°C)
Warm receptors C Skin warming (41°C)
Heat nociceptors Ad Hot temperature (>45°C)
Cold nociceptors (o Cold temperature (<5°C)
Nociceptors Pain
Mechanical Ad Sharp, pricking pain
Thermal-mechanical Ad Burning pain
Thermal-mechanical C Freezing pain
Polymodal C Slow, burning pain
Muscle and skeletal mechanoreceptors Limb proprioception
Muscle spindle primary Aa Muscle length and speed
Muscle spindle secondary A Muscle stretch
Golgi tendon organ Aa Muscle contraction
Joint capsule mechanoreceptors Ap Joint angle

Stretch-sensitive free endings Ad Excess stretch or force
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CHAPTER 2. MATERIALS AND METHODS

1. Genetic background of mutant mice

All mutant mice used for experiments were provided by Professor S.F. Heinemann, Molecular
Neurobiolog Lab, The Salk Institute, San Diego. Some of mice used for control (129SvEv or
B6129F1 strain) were purchased from Taconic Inc, ME. Mouse strains originating from embryonic
stem (ES) cell lines and blastocysts, used to generate chimeras, are listed in the table 1.

All experiments were approved by the University Animal Care and Use Committee and were
consistent with the ethical guidelines of the National Institutes of Health and of the International
Association for the Study of Pain. Moreover, all efforts were made to minimize the number of
animals used, and their suffering. Developmental compensation could be a concern in knockout
experiments; however, we feel this is unlikely because levels of mRNA expression of other kainate
receptor subunits were unchanged in GluR6 mutant (Mulle et al., 1998) or GluRS mutant mice (A.
Sailer, unpublished observations). Furthermore, functional replacement of whole-cell kainate
receptor currents does not occur in CA3 pyramidal neurons (Mulle et al., 1998), cerebellar Purkinje
neurons (Brickley et al., 1999), or dorsal root ganglion neurons (G. T. Swanson, unpublished

observations). Each knockout mouse used in this study was genotyped by Southern blot analysis of
tail DNA.

2. Spinal cord slice preparation

Under deep isoflurane anesthesia, segments of the lumbosacral (L4-L6) spinal cord were removed
with long (8-15 mm) dorsal roots. Several transverse slices (400-450 um thick) were cut with
attached dorsal roots in an oxygenated (95% 0., 5% CO,) Krebs-bicarbonate solution (4°C) on a
vibratome and placed in a holding chamber (33 + 1°C) to recover for at least 1 hr. Slices were cut
and mounted in a medium comprising (mM): NaCl, 124; KCl, 5; KH,PO,, 1.2; CaCl,, 2.4; MgSO,,
1.3; NaHCO;, 26; glucose, 10; pH 7.4, 310 to 320 mOsm. A single slice was then transferred into a
recording chamber where it was submerged beneath an oxygenated superfusing medium (flow rate of
about 3 ml/min, 33-34°C) containing (in mM): NaCl, 128; KCl, 1.9; KH,PO,, 1.2; CaCl,, 2.4;
MgSO;, 1.3; NaHCO,, 26; glucose, 10; pH 7.4, 310 to 320 mOsM, and was equilibrated with 95%
0,, 5% CO,. This solution was usually used for conventional intracellular recordings and some

whole-cell patch-clamp recordings, if not specified.
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3. Electrophysiology

Dorsal root stimulation and conventional intracellular recording. Intracelluiar recordings with
sharp microelectrodes were made from substantia gelatinosa (SG, lamina II) neurons. When viewed
under a dissecting microscope at a magnification of x10-40 with transmitted illumination, the SG was
distinguishable as a translucent bend in the spinal SG, although it was difficult to discern with
certainty the border between laminae I and II. Under visual control, a single fiberglass (#6010; o.d.
and i.d., 1.0 and 0.58 mm, respectively; AM Systems, Carlsborg, WA, USA) microelectrode filled
with 4 M potassium acetate (pH 7.2) (DC resistance: 140-220 MQ) was placed in the SG, and
neurons were impaled by oscillating the capacity compensation circuit of a high-input impedance
bridge amplifier (Axoclamp 2A, Axon Instruments, Foster City, CA, USA). A DC pen-recorder was
used to record membrane potentials continuously, and a Digidata 1200 system with pCLAMP
(version 5.5 or 6) software (Axon Instruments) was used for data acquisition and analysis. Most
recordings were obtained from cells with a stable resting membrane potential (more negative than -55
mV) and with overshooting action potentials. The protocol for assessing the effects of KA receptor
agonists and antagonist on synaptic responses was as follows. Monosynaptic and polysynaptic
excitatory postsynaptic potentials (EPSPs) in SG neurons were evoked by orthodromic electrical
stimulation of primary afferent fibers in the lumbar dorsal root (L4 and/or L5) using a bipolar
platinum wire electrode or glass suction electrode (with the cathode internal). Single shocks at a
fixed suprathreshold strength (0.01-0.5 ms pulses, 3-35 V), repeated at 2-min intervals, were given for
at least 10 min before, during (2 min), and for a 20-30-min period after bath administrations of
chemicals. This frequency of stimulation was chosen for sampling data because it did not result in
response facilitation or depression. A stimulus intensity that yielded a 5-15 mV EPSP was chosen to
standardize the baseline synaptic strength across slices, and it was below threshold for eliciting an
action potential in most of the slices chosen for study. The stimulus intensity necessary to activate
Ad and C fibers and the afferent fiber conduction velocity, were determined by extracellular
recording of compound action potentials from longitudinal spinal slice-dorsal root-dorsal root ganglia
preparations in the previous experiments (Kangrga and Randi¢, 1991). The classification of EPSPs in
relation to the primary afferents activated, was done solely on the basis of conduction velocity, which
was calculated either by measuring the distance between the stimulating electrode and the recording
site on the dorsal root and dividing by the conduction latencies of action potentials recorded, or from
the latency of evoked EPSPs and the distance from the stimulating electrode to the recording site.
Primary afferents conducting at velocity above 15 m/s were classified as AP (Park et al., 1999),
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whereas those conducting between 1.5 and 15 m/s were classified as A8, and those conducting below
1.5 m/s as C fibers. The minimum stimulus intensities and durations used to activate A3 and C fibers
were 3 V/0.1 ms and 5 V/0.5 ms, respectively. Stimulation of dorsal roots led to generation of an
EPSP. With small stimulus strength this EPSP was graded in amplitude, had a fixed latency and
monophasic decay. As the stimulus strength was increased, however, a later slow polysynaptic
component(s) was apparent. In order to discriminate between monosynaptic and polysynaptic EPSPs,
two experiments were carried out. (1) Identification of the AS- or C-fiber-evoked EPSPs as
monosynaptic was based on their constant latencies and absence of failures with a repetitive
stimulation at frequency of 10-20 Hz (Randic¢ et al., 1993) (2) The latency of these EPSPs remained
constant in the presence of a high concentration of divalent cations (4 mM Ca®*, 8 mM Mg, the
procedure that has been shown to suppress polysynaptic EPSPs by decreasing neuronal excitability.
These findings contrast with the properties of dorsal root-evoked polysynaptic EPSPs. The
presumably polysynaptic EPSPs had variable latencies and showed failures with high-frequency
stimulation and with an external solution containing high divalent cation concentrations. Moreover,
the shapes and amplitudes of polysynaptic EPSPs were variable in different trials when dorsal roots
were stimulated at a constant intensity. Input resistance was measured at 2-min intervals by passing a
hyperpolarizing current pulse of 0.05 nA across the cell membrane and measuring the voltage
deflection produced. The current values were of sufficient duration (200-300 ms) to fully charge the
membrane capacitance. Bridge balance was monitored throughout experiments and corrected when
necessary. To reduce the increased spontaneous synaptic activity and subsequent action potential
firing due to the removal of synaptic inhibition, the Mg®* concentration in the superfusing solution
was increased to 3 mM in some of the experiments where bicuculline and strychnine were applied to
block the GABA, and glycine receptors.

In the synaptic plasticity study, evoked-EPSPs, test pulses were repeated at 2 min intervals during
control period (10-30 min) giving half maximal amplitude of EPSPs, and the 30 - 100 min period
after conditioning high-frequency stimulation (HFS; 3 tetani of 1 s duration each at 100Hz and 10s
intervals; at 30 V and 0.5 ms duration). Neurons showing long-term potentiatin (LTP) or long-term
depression (LTD), respectively, were grouped on the basis of at least 20% increase or decrease, in the
amplitude of the synaptic response, following high-frequency stimulation (Randi¢ et al., 1993).
Summary graphs were obtained by normalizing each experiment according to the average value of all

points on the 1030 min baseline prior to HFS.

Whole-cell voltage-clamp recording. For recording synaptic currents from substantia gelatinosa (SG,
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recognized as a translucent band in lamina II of spinal DH) neurons, whole-cell voltage-clamp
recordings were made with an Axopatch 200B (Axon Instruments) or EPC-7 (HEKA) amplifier under
blind condition in external solution (in mM: 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO;, 26
NaHCO,;, 25 glucose, pH 7.4; perfusion rate of 3-4 ml/min) at 33-34°C. Bicuculline methoiodide
(BMI, 10-20 uM), strychnine (2 pM) and D-(-)-2-amino-5-phosphonopentanoic acid (DAPS, 50-100
uM) are included to the external solution in experiments indicated. Borosilicate glass patch pipettes
(6-12 MQ) were filled with internal solution (mM: 140 CsMeSO;, 10 Na-HEPES, 10 EGTA, 2 NaCl,
1 CaCl,, 2 Tris-ATP, 0.3 Tris-GTP, 5 QX314, pH 7.2, 295-300 mOsm). For voltage-clamp
recordings, the capacitative current was electronically canceled, and the series resistance was
measured (about 8-20 MQ) directly from amplifier and compensated by 70%. The recording was
terminated if the series resistance changed by more than 20%. Excitatory postsynaptic currents
(EPSCs), evoked by electrical stimulation of dorsal roots (0.1-0.5 ms pulses of 3-30 V at 0.033 Hz)
using bipolar platinum wire electrode, were filtered at 2 kHz and sampled at 10 kHz (Digidata
1200A) and stored on a computer programmed with pCLAMP (version 8, Axon Instruments)
software. For I-V relationships of synaptic responses, EPSCs were evoked at each potential ranging
from —60 mV to +40 mV (20-mV increments), and the peak amplitude of EPSCs was measured to
plot against each potential. If EPSC amplitude at positive potentials fell below the extrapolated line, it
was considered an inwardly rectifying I-V relationship. The rectification index (RI) of the current-
voltage (I-V) relationship was defined as the ratio of the EPSC peak amplitude at + 40 mV to the
predicted linear value at +40 mV (extrapolated from linear fitting of the current at the negative
potentials; Liu and Cull-Candy, 2000). Junction potentials were not corrected.

For miniature EPSC (mEPSC) recordings, 0.5 uM tetrodotoxin (TTX), 50-100 uM D-APS (in
some experiments), 5 uM bicuculline methoiodide, and 2 pM strychnine were included in the
perfusing solution. Borosilicate glass patch pipettes (6-12 M MQ) were filled with internal solution
(mM: 125 K -gluconate, 5 KCl, 0.5 CaCl,, 2 MgCl,, 5 EGTA, and 5 HEPES; pH 7.2, 295-300
mOsm). Whole-cell patch-clamp recordings from SG cells were performed using the ‘blind method’
(Blanton et al., 1990). Neurons were voltage clamped at -70 mV using the Axopatch 200B amplifier
(Axon Instruments), and series resistance was compensated by 60-70%. Access resistance was
monitored continually and neurons discarded if this parameter changed by more than 20%. mEPSCs
were filtered at 2 kHz, sampled at 10 kHz (Digidata 1200) and stored onto a Gateway EV700
computer programmed with pCLAMP (version 8, Axon Instruments) software. Analysis of mEPSCs
was performed by the use of the Mini Analysis Program (Synaptosoft, Leonia, NJ). All records were
fitted manually by screening through and picking events from the digitized data. The whole data file
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was fitted to check for stability of the recordings. Two- to 3-min stretches of data were used for
mEPSC frequency analysis. Data are presented as the mean + SEM. Parameters were compared by
the use of the Student’s unpaired ¢ test or the Wilcoxon signed rank test.

Chemicals. Chemicals used and their sources were as follows: [(RS)-2-amino-3-(3-hydroxy-5-
tert-butylisoxazol-4-yl)] propionic acid (ATPA) or (RS)-2-amino-3-(5-tert-butyl-3-hydroxy-4-
isoxazolyl) propionic acid (Vignes et al. 1998), (-)-bicuculline methoiodide, and strychnine
hydrochloride from Sigma (St. Louis, MO, USA); (2S)-3([(1S)-1-(3,4-dichlorophenyl)ethyl]Jamino-2-
hydroxypropyl] (phenylmethyl) phosphinic acid (CGP 55845A), a gift from Novartis Pharma AG
Research, Basel, Switzerland; 1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-3,4-dihydro-7,8-
methylenedioxy-5H-2,3-benzodiazepine (GYKI 53655), a gift from Dr. Antal Simay (IVAX Drug
Research Institute, Budapest, Hungary); 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), D-(-)-2-
amino-5-phosphonopentanoic acid (D-APS), (2S,38,4R)-carboxy-4-(1-methylethenyl)-3-
pyrrolidineacetic acid (kainic acid), (S)-a-methyl-4-carboxyphenyl glycine (MCPG), and 2,3-dioxy-
6-nitro-1,2,3,4 tetrahydrobenzero-7-sulphanoylbenzo[f]quinoxaline-2,3-dione (NBQX), all obtained
from Tocris Cookson (Bristol, UK) (3S,4aR,6S,8aR)-6-(4-carboxyphenyl)methyl-
1,2,3,4,4a,5,6,7,8,8a-decahydroisoquinoline-3-carboxylic acid (LY 382884) was a gift of Lilly
Research Laboratories, Eli Lilly and Co. (Indianapolis, IN, USA). All solutions were freshly
prepared every day from stock solutions that were stored at -20°C. Drugs were dissolved in
oxygenated recording solution immediately prior to use and applied to the slices in known
concentrations by addition to the superfusing medium. All compounds were applied by addition in
the perfusing medium, and each neuron served as its own control. Drug-containing solution entered
the recording chamber within 30 s of changing solutions, with complete exchange occurring within 3
min.

Data_analysis. mEPSC and events in the baseline noise were detected and measured using Mini
Analysis Software (Synaptosoft). mEPSCs were detected automatically using a threshold-crossing
algorithm, and their frequency, amplitude, and kinetic parameters analyzed. At least 250 events were
analyzed for each cell under each condition. Kinetic analyses of mEPSC properties included: peak
amplitude, rise time from 10 to 90% peak amplitude, decay time constant (decay t), and duration.
mEPSC duration was measured as the time from 10% of peak current to 90% return to baseline. A
noise histogram was generated from the baseline current during periods containing no synaptic
events, and a Gaussian distribution was fitted to the histogram to determine the SD of baseline noise.
Synaptic events were selected automatically by a threshold-crossing algorithm, with detection level
set at, or greater than, two times the SD of baseline noise (Datapac III, Run Technologies, Irvine,
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CA). To test whether kainate modifies the amplitude or frequency of miniature synaptic currents,
cumulative probability histograms for amplitude and interevent intervals were generated. A paired
Student’s t-test was used for comparison of EPSC amplitudes and statistical significance of the
results. The nonparametric Kolmogorov-Smirnoff test (SYSTAT 7.0, SPSS, Chicago) was used to
assess the significance of shifts in cumulative probability distribution of interevent interval. For
comparison of amplitude distributions, histograms were constructed with events categorized into 2 pA
bins. Data are presented as mean * standard error of meant (s.e.m.), and statistical significance
assessed using Student’s ¢ test (p<0.05 and p<0.01 were considered significant and indicated in the
figures by * and **, respectively). ¥’ tests were used to evaluate significance in differences between

means or distributions, respectively. P<0.05 was considered as significant.

Table 1. Some information on mutant mice used.

Mutant Mice EScell line  Blastocysts  Providers References
Personal communication with Dr.
GluR2 129 SVEv CS7BL6J Salk Institute
B. Vissel
GluRS 129 SvEv 129 SvEv Salk Institute Mulle et al., 2000
GluR6 129 SvEv C57Bl6J Salk Institute Mulle et al., 1998

Personal communication with Dr.
GIuRS5/6/KA2 129 SvEv C57Bl6J Salk Institute

G. T. Swanson
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CHAPTER 3. AMPA RECEPTOR

Enhanced LTP of primary afferent neurotransmission in_mice deficient in _the AMPA
receptor GluR2

1. Introduction

a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionate = (AMPA)-type  glutamate  receptors
(AMPARs) mediate the majority of fast excitatory neurotransmission in the mammalian central
nervous system, including the spinal cord (Gerber and Randi¢, 1989; Yoshimura and Jessell, 1990).
AMPARSs are assembled from the four subunits, GluR1 through GluR4, either alone or in various
combinations (Hollmann and Heinemann, 1994). Different assemblies of subunits confer specific
functional properties on the channel: for example, AMPARs assembled without GluR2 subunit or
with its unedited form exhibit inwardly rectifying current-voltage (I-V) relation and high Ca*
permeability (Hollmann et al., 1991; Burnashev et al., 1992).

Ca*"-permeable AMPARs have been demonstrated in a subpopulation of the cultured embryonic
spinal dorsal horn (DH) neurons (Gu et al., 1996) or of young rat spinal DH neurons using agonist-
induced cobalt loading immunocytochemistry (Engelmann et al., 1999). In addition, a higher
percentage of postsynaptic AMPARs were immunopositive for GluR1 than for GluR2 in DH Cl1
glomeruli (main endings of unmyelinated afferent fibers; Popratiloff et al., 1996), suggesting that
AMPARs lacking GluR2 may participate in synaptic transmission between primary afferent fibers
and DH neurons. However, an in situ hybridization study showing high expression of GluR2 subunit
mRNA in the spinal DH indicated a prominent existence of Ca**-impermeable AMPARs in the spinal
SG neurons (Tolle et al., 1993).

Therefore, to study the role of Ca®*-permeable AMPARS in the neurotransmission and the plasticity
of sensory excitatory synaptic transmission in the spinal DH, we used mutant mice lacking the GluR2

subunit.
2. Results
Rectifying Properties of AMPA Receptors in the Spinal Cord Neurons

Whole-cell patch-clamp recordings from SG neurons in transverse spinal slices revealed no
significant difference between wild-type and GluR2 mutant mice in resting membrane potential (-61.8



26

+ 2.7 mV versus 59.9 = 1.7 mV; P = 0.89) and input resistance (204.2 + 29.3 versus 230.9+£49.3; P =
0.62), respectively (Table 1).

To examine the effect of genetic deletion of GluR2 subunit on synaptic membrane properties, we
established I-V relationships of AMPAR-mediated EPSCs evoked by electrical stimulation of dorsal
roots in wild-type or GluR2 mutant slices. Also, to quantify the degree of rectification, we calculated
the RI of EPSCs, defined as the ratio of EPSC amplitude at +40 mV divided by the predicted (linear)
value at +40 mV extrapolated from linear fitting of EPSCs (Liu and Cull-Candy, 2000). In a summary
graph (Fig. 1A) from six wild-type SG neurons (five mice) recorded in control bath solution, I-V
relation of EPSCs was almost linear (mean RI = 0.85 =+ 0.08). However, a graph summarized from
eight GluR2-/- SG neurons (four mice; Fig. 1B) recorded in the same control solution exhibited
significantly stronger inward rectification (mean RI = 0.37 £ 0.06, P < 0.01). To further eliminate the
contribution of GABA,, glycine and N-methyl-D-aspartate receptors (NMDARSs), we established -V
relationships of EPSCs in the presence of 10-20 uM BMI, 2 uM strychnine and 50-100 pM DAPS.
Under this condition, six wild-type SG neurons (five mice) showed from slight (RI = 0.6) to strong
(RI = 0.05) inward rectification, resulting in inwardly rectifying I-V relationship in the summary
graph (mean RI = 0.41 + 0.08, Fig. 1C). However, all six GluR2-/- SG neurons (four mice) produced
strong inward rectifications in I-V relation (Fig. 1D). The mean RI from them (0.07 + 0.03) was
significantly decreased when compared with that of wild-type group in the presence of BMI,
strychnine and DAPS (P < 0.01), or that of GluR2-/- group in the control bath solution (P < 0.01)
(Fig. 1E). Because the I-V relationship and the RI are closely correlated with the Ca**-permeability
(Isa et al., 1996) and the subunit composition of AMPAR channels (Seeburg et al., 1998), these
results indicate that the Ca**-permeability through AMPARSs expressed on the postsynaptic membrane
of SG neurons may efficiently be increased due to the genetic deletion of GluR2 subunit.

Enhanced LTP of primary afferent neurotransmission in mice deficient in the AMPA receptor
GluR2 subunit

It has been shown that AMPARs can mediate a transient change in synaptic strength via
postsynaptic Ca** influx through the receptor channels in the cultured spinal cord DH neurons, and
LTP in hippocampal and amygdala slices (Gu et al., 1996; Jia et al., 1996; Mahanty and Sah, 1998;
Randic et al., 1993). Since mRNA transcripts of GluR2 subunit are highly expressed in the spinal SG
area (Tolle, 1993), we decided to study the role of Ca*"-permeable AMPARs in synaptic plasticity at
primary afferent fiber-SG neuron synapses by using mice deficient in the AMPAR GluR2 subunit. On
the basis of previous indication, that LTP at the primary afferent fiber synapses onto SG cells is
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mediated postsynaptically by Ca®" influx through NMDARs (Randi¢ et al., 1993), we hypothesized
that Ca®" influx through Ca**-permeable AMPARSs may be sufficient for the induction of NMDAR-
independent LTP. In order to test this idea, we studied LTP induction at the primary afferent fiber-SG
synapses in spinal slices of wild-type or GluR2 mutant mice either in the absence or in the presence
of the NMDAR antagonist DAPS.

To investigate the synaptic plasticity in the spinal cord, we recorded EPSPs evoked by electrical
stimulation of dorsal roots. Tetanic stimulation of primary afferents (100Hz for 1s, delivered 3 times
at 0.1 Hz, HFS) was applied to induce long-term potentiation (LTP) or long-term depression (LTD) in
the spinal cord slices obtained from adult (2-4 months old) wild-type and GluR2 mutant mice. As
shown in Fig. 2A-B, tetanic stimulation induced a long-lasting increase in synaptic strength in the
wild-type slices. The normalized EPSP peak amplitude for wild-type mice at 20 min after tetanus was
126 = 9 % of the averaged baseline amplitude before stimulation (ten slices from ten mice). In slices
obtained from GluR2 mutants, the degree of long-lasting increase in the synaptic strength was
enhanced (The normalized EPSP amplitude for GluR2 mutant mice at 20 min after tetanus was 177 +
22 % of averaged baseline amplitude, twelve slices from twelve mice, P<0.01). In addition to LTP,
subpopulation of neurons showed LTD of EPSPs peak amplitude following HFS in both wild-type
(Fig. 2C-D; +/+, nine slices from nine mice; at 20 min after HFS, 57 + 11 % of the averaged baseline
amplitude; P<0.05) and GluR2 mutant (-/-, seven slices from seven mice; at 20 min after HFS, 62 +9
% of the averaged baseline amplitude; P<0.05). However, the magnitude of LTD was not
significantly different between two groups (P>0.05).

As the induction of LTP at primary afferent synapses critically depended on the activation of
NMDARs (Randi¢ et al., 1993), we investigated whether the Ca*" permeable AMPARS can substitute
for NMDARSs during LTP induction. As shown in Fig. 3A, in the presence of 50-100 uM DAPS, a
competitive NMDAR antagonist, HFS failed to induce LTP in wild-type slices, rather producing
significant LTD (+/+, eight out nine slices from nine mice; at 20 min after HFS, 68 + 15 % of the
averaged baseline amplitude; P<0.05). However, most of GluR2 mutant slices (-/-, seven out of eight
slices from eight mice) exhibited significant LTP (at 20 min after HFS, 123 £ 15 % of the averaged
baseline amplitude; P<0.05), indicating NMDAR-independent LTP

Although NMDARs are the primary source of Ca’" entry into dendritic spines, activation of
dendritic voltage-dependent Ca®* channels also substantially raises Ca>* levels and can generate LTP,
short-term potentiation, or LTD. Hence, we investigated whether high voltage activated Ca** (HVAC)
channels are involved in the NMDAR-independent LTP in GluR2 mutant mice. Fig. 3B summarizes
LTP induced in the presence of 50 uM DAPS and 10-20 pM nifedipine, a HVAC channel antagonist,
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or nimodipine in five out of six slices obtained from six GluR2 mutant mice (-/-: at 20 min after HFS,
125 + 7 % of the average baseline amplitude; P<0.05), and LTD in seven out of nine slices from nine
wild-type mice (+/+: at 20 min after HFS, 81 £ 9 % of the averaged baseline amplitude; P<0.05),
indicating that HVAC channels do not play a role in the NMDAR-independent LTP. On the other
hand, further addition of 10 pM NBQX or 10-20 pM CNQX to perfusing solution abolished all
synaptic responses, implying that the residual LTP in GluR2 mutant mice is likely mediated by the
Ca® influx through the synaptic activation of AMPARs. Figure 3C is a histogram showing the
distribution of number of SG neurons responding to tetanic stimulation in the presence of DAPS or
DAPS5 + HVAC antagonists (nifedipine/nimodipine) with LTP and LTD, obtained from eighteen
wild-type (+/+) neurons and fourteen mutant neurons. The probability of the distribution between
wild-type and GluR2 mutant mice was significantly different in both DAP5 alone and DAPS +
HVAC antagonists (3 test, P<0.01).

3. Discussion

Our data obtained from adult GluR2 mutant mouse slices are compatible with the suggestion that
Ca®"-permeable AMPARs can induce LTP of excitatory synaptic transmission in the spinal cord DH
on the basis of the finding that Ca’*-permeable AMPARs are expressed at synapses on cultured
embryonic DH neurons and can trigger synaptic potentiation there (Gu et al., 1996). Hence, in the
absence of GluR2, LTP and Ca®>" permeability are increased. The data also show that Ca®* influx via
L-type Ca®* channels is not involved in LTP induction in GluR2 mutant mice. Therefore, the GluR2
subunit may play a crucial role in regulating both Ca*" influx and LTP. The fact that GluR2 mutant
mice exhibit widespread impairment in behavior suggests that GIuR2 is also critical for normal brain
function. A previous finding demonstrated that isolated hippocampal CA1l neurons increased Ca®"
permeation and that LTP was markedly enhanced in the CAl region of hippocampal slices (Jia et al.,
1996). These data raised the possibility that Ca** influx via AMPARs alone, might be able to induce
long-lasting increases in synaptic efficacy at primary afferent-SG neuron synapses, suggesting an

important and unexpected role in synaptic plasticity (Jia et al., 1996; Vissel, 2001).

Relative Ca’* Permeability of AMPA Receptors

It has been shown in vitro that AMPARSs containing the Q/R edited GIuR2 subunit exhibit lower
Ca®" permeability and distinct gating properties, compared with receptor channels assembled without
this subunit (Burnashev et al., 1992; Hollmann and Heinemann, 1994). Although we have not
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performed ion permeability studies, a previous report (Jia et al., 1996) showed that the loss of the
GluR2 subunit in individual CA1 pyramidal neurons from GluR2 mutant mice resulted in a nine-fold
increase in a relative Ca®* permeability following kainate application when compared with that of
control mice. Indeed, this shift was similar in magnitude to that observed for Ca**-permeable
NMDARs (Koh et al., 1995). These results, together with observations in hippocampal slices from
GluR2 editing-deficient mice (Brusa et al., 95), support a crucial role for the GluR2 subunit in
inhibiting Ca*>" influx via AMPARSs in vivo.

Naturally, the degree of the expression of Ca**-permeable AMPARSs in the spinal DH is
variable, depending on DH sub-regions, types of terminating fibers, or neuronal properties (Gu et al.,
1996; Popratiloff et al., 1996; Spike et al., 1998; Engelmann et al., 1999). Therefore, spinal slices
prepared from mice genetically engineered to delete functional GluR2 subunit may have even
constant or maximized condition for the expression of Caz+-permeable AMPARSs: i.e., virtually, all
AMPARs are Ca®*-permeable. This expectation was likely confirmed by our result that all SG
neurons obtained from GluR2 mutant mice showed strong inward rectification in I-V relationship of

AMPAR-mediated synaptic currents.

GluR2 Subunit and Synaptic Plasticity

The magnitude of the rise in postsynaptic Ca** during LTP induction, and the level of NMDAR
function, have been shown to have significant effect in the generation of LTP (Malenka and Nicoll,
1999). Previous reports also showed that trans-ACPD, a metabotropic glutamate receptor agonist,
enhanced NMDA currents in SG cells, and when applied with a weak tetanus, incapable of inducing
LTP by itself, generated LTP (Aniksztejn et al., 1992; Bashir et al., 1993; O’Connor et al., 1994,
1995). Since NMDAR function is strongly modulated by kinase activity (Gerber et al., 1989;
MacDonald et al., 1989; Chen and Huang, 1991, 1992; Kelso et al., 1992), it is conceivable that in
GIluR2 mutants the Ca®* influx from AMPARs could modify the NMDAR function through protein
phosphorylation or direct binding to calmodulin (Ehlers et al., 1996). However, this is unlikely, since
in GluR2 mutant mice, our data did not reveal any change in the NMDAR function (Jia et al., 1996).
The enhanced LTP in GluR2 mutants was likely reconstituted by the addition of NMDA-independent
LTP in GluR2 mutants to NMDA-dependent LTP in wild-type mice. In addition, LTD, another
NMDA-dependent phenomenon, was not altered. These findings strongly support the hypothesis that
Ca? influx, via AMPARS lacking the GluR2 subunit, is not modifying the NMDA component, and is
sufficient for producing LTP.
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Several studies have suggested the presence of NMDAR-independent LTP in the CAl-Schaeffer
collateral synapses. Perfusion of a high extracellular Ca* solution induces LTP (Turner et al., 1982),
which is not blocked by DAP5. NMDAR-independent LTP was also induced in CA1 by using a 200
Hz, rather than the usual 100 HZ, tetanic stimulation (Grover and Taylor, 1990). Postsynaptic
injection of BAPTA, a Ca®" chelator, or nifedipine, the L-type Ca>* channel antagonist, blocked this
form of LTP, suggesting that in the presence of DAPS, HVAC channels provided the necessary Ca**
influx required for LTP at the Schaffer collateral synapses. Such a mechanism could underlie the
NMDAR-independent enhancement in GluR2 mutants. However, when we perfused slices with
nifedipine, in the presence of DAPS, the residual LTP was not affected, thereby indicating the lack of
L-type HVAC channel involvement in NMDA-independent LTP in GluR2 mutant mice. In addition,
the prevention of membrane depolarization during HFS, by keeping cell at holding potential of —60
mV in the whole-cell patch clamp recordings was not able to block the residual NMDAR-independent
LTP of EPSCs recorded from GluR2 mutant neurons, in the presence of DAPS5 (121.1 £ 5.4 % of
averaged baseline at 16-20 min, n=4; data not shown), also indicating no involvement of any other
membrane depolarization-activated channels in the NMDAR-independent LTP. Together, our data
support the possibility that Ca>* influx via AMPARs devoid of GluR2 subunit, is sufficient to induce
LTP in a NMDAR-independent manner.

On the other hand, the locus of the action of Caz’-permeable AMPARSs in the induction and
expression of LTP in GluR2 mutant mice, i.e. ‘presynaptic’ or ‘postsynaptic’ is questionable.
Although the presynaptic mechanism can not be completely excluded, the finding that there is no
difference between wild-type and GluR2 mutant mice in a paired-pulse depression (the ratios of 2™
EPSP to 1** EPSP spaced 100 ms were 0.62 + 0.10 (n=6) and 0.62 = 0.06 (n=8) for wild-type and
GluR2 mutants, respectively), which is one of parameters frequently examined in testing for
presynaptic locus of an action (Gerber et al., 2000), indicates that the presynaptic locus of Ca>" influx
through the Ca*"-permeable AMPARs is not a liable mechanism.

Furthermore, it is interesting to note that LTP in GluR2 mutant slices was not saturable, thus
indicating that the mechanisms underlying LTP induction are altered. One reason for normal
saturable LTP could be that Ca** influx through the NMDAR channel activates calmodulin, which is
known to bind and inactivate the NMDAR channel. Therefore normal LTP may be self-limiting.
However, in GluR2 mutant mice, the additional Ca>* influx will not inactivate the AMPAR channel,
thereby leading to an ever-increasing LTP at higher stimulation intensities. Alternatively, downstream
signaling components may limit LTP in normal animals. In GluR2 mutant mice, the additional Ca*

could activate kinases that are normally rate-limiting to generate non-saturable LTP.
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Finally, it is noteworthy in relation to the functional relevance of Ca**-permeable AMPARs in
nociceptive transmission, that the recent findings from behavioral tests indicated that tactile allodynia
after thermal injury, and hyperalgesia after formalin injection or carrageenan injection, are blocked or
decreased by Ca**-permeable AMPAR antagonists, Joro spinder toxin or philanthotoxin, without any
side effects (Sorkin et al., 1999 and 2001). In addition, a decrease in the GluR2 expression in the
spinal DH lamina I-II following dorsal rhizotomy, which can cause radicular pain, was reported
(Carlton et al.,, 1998). Consistent with these behavioral data, our result of the presence of the
enhanced LTP and the NMDAR-independent LTP, may be able to provide the underlying cellular

mechanism for the certain types of pain behavior, and further, a useful clue for a molecular target to
treat chronic pain.

Table. 1. Properties of membrane or synaptic responses recorded by intracellular or whole-cell recordings from
the spinal dorsal horn neurons

+/+ -/-
Intracellular recordings
Meants.e.m. n Meanzts.e.m. n

Resting membrane potential (mV) 722+13 39 -7134+14 31
Input resistance (MQ) 2129 +25.1 23 2156 £31.2 27
EPSPyesnon (V) 47+03 30 54+05 20
Test Stimulus for EPSP (V) 62+04 34 7.0£05 30
monoEPSP (mV) 98+1.1 17 8.2+09 16
Conduction velocity of A-EPSPs (m/s) 44106 16 33+£04 16
Conduction velocity of C-EPSP (m/s) 0.5 £0.05 6 0.3 £0.02* 3
Whole-cell recordings

Resting membrane potential (mV) -618+27 8 599+1.7 7
Input resistance (MQ) 204.2 £29.3 10 2309 £49.3 11

Statistical significance, which compared with the value in +/+, is indicated by an asterisk: *P<0.05. Voltage (V)
to determine the threshold of EPSPs and for test stimulus was given at the duration of 0.1 msec.




Fig. 1. Rectification properties of synaptic currents in substantia gelatinosa (SG) neurons.

(A and C) Examples of primary afferents-evoked EPSCs from two wild type (+/+) SG neurons at +40
and -60 mV, showing reduced currents at positive potentials (left panels). Electrical stimulation of
primary afferents-evoked EPSCs that showed a continuum of I-V relationships (right panels), from
essentially linear (A, rectification index (RI) = 0.85 + 0.08, n = 6 slices from 5 mice) in a control
solution to inwardly rectifying I-V plots (C, RI = 0.41 + 0.08, n = 6 slices from 4 mice) in the
presence of 50 uM DAPS, 10 uM BMI and 2 pM strychnine. EPSCs were evoked at each potential
(20 mV increments). Solid line follows the data points; dashed line at positive potentials represents
extrapolated fit for EPSCs behaving ohmically.

(B and D) Synaptic currents (/eft panels) recorded from GluR2 mutant (-/-) SG neurons in control
solution (B) and in the presence of 50-100 uM DAPS, 10 pM BMI and 2 uM strychnine (D). By
contrast with wild-type neurons (A and C), the I-V relation for the peak of evoked EPSCs in mutant
SG neurons (B and D) is strongly inwardly rectifying. In mutant mice showing predominantly
inwardly rectifying I-V relationship, RIs were significantly reduced in both control bath solution (B,
RI=0.37 £0.06, n = 8 slices from 4 mice, P <0.01) and DAPS + BMI + strychnine solution (D, 0.07
£ 0.03, n = 6 slices from 4 mice, P <0.01), when compared with wild-type mice (A and C).

(E) A scatter diagram representing RIs of twelve wild-type and fourteen GluR2 mutant (-/-) neurons.
Open circles indicate neurons examined in a control solution, whereas triangles show neurons in the
presence of DAPS, BMI and strychnine. The closed circles and triangles show the mean RI + SEM
for each group.
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Fig. 2. LTP and LTD of excitatory synaptic transmission at primary afferent synapses with neurons in
the substantia gelatinosa (SG).

EPSPs recorded intracellularly (sharp microelectrodes) in the SG of spinal cord slices obtained from
2-4 month-old wild type (+/+) and mutant (-/-) GluR2 littermates. /nset shows the approximate
location of tested SG cells.

(A) The superimposed traces displayed are individual synaptic responses in wild-type and GluR2
mutants taken before (trace 1) and during the long-term potentiation (trace 2). Sampled traces are the
averages of four to six consecutive EPSPs around the corresponding time point indicated by the
arabic numeral on the graph.

(B) Summary graphs (mean + SEM) showing the magnitude and the time course of LTP induced by
stimulation consisting of a burst of 100 pulses at 100 Hz, repeated three times at 10 s intervals. The
result was averaged from twelve slices from twelve GluR2 mutant (closed circles) and ten slices from
ten wild type mice (open circles). In the absence of GluR2, LTP was increased.

(C) The superimposed traces are individual synaptic responses in wild-type and GluR2 mutants taken
before (trace 1) and during the long-term depression (trace 2).

(D) The graphs show summarized results (mean + SEM) averaged from seven slices from seven
GluR2 mutant (closed circles) and nine slices from nine wild-type mice (open circles) that upon
tetanic stimulation of high intensity developed LTD. However, the magnitude and time course of

LTD was not different between mutant mice and wild-type mice.
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Fig. 3. NMDA-independent LTP in GluR2 mutant mice.

(A) GluR2 mutant (-/-) mice exhibit NMDA receptor-independent LTP, whereas wild-type (+/+)
mice display LTD. The plot summarizes LTP (closed circles) induced at time zero (arrow) in the
presence of 50-100 uM DAPS from seven slices (seven -/- mice) and LTD (open circles) (recorded in
the same solution) from eight slices (eight +/+ mice). The superimposed traces displayed above the
graph are individual synaptic responses in wild-type and GluR2 mutants taken at the times indicated
by arabic numerals. /nset shows the approximate location of tested SG cells.

(B) The plot summarizes LTP induced in the presence of 50 uM DAPS and 10-20 uM nifedipine or
nimodipine in five slices obtained from five GluR2 mutant mice, and LTD recorded in seven slices
from seven wild-type mice. Data are expressed as mean + SEM. Sampled traces (insets) are averages
of four to six consecutive records of EPSPs obtained at the times indicated in the graph by the
corresponding numbers. Bars indicate periods of application of each drug.

(C) Summary histogram showing number of SG neurons responding to tetanic stimulation in the
presence of DAPS or DAPS + HVAC antagonists (nifedipine/nimodipine) with LTP (closed bars) and

LTD (open bars), obtained from eighteen wild-type (+/+) neurons and fourteen mutant (-/-) neurons.
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CHAPTER 4. KAINATE RECEPTOR

Modulation of excitatory synaptic transmission in the spinal cord substantia gelatinosa region
in_mice deficient in the kainate receptor GluRS or GluR6 subunit

(A part of this chapter was submitted to The Journal of Neuroscience, as a paper by Dong-ho Youn,
Stephen F. Heinemann and Mirjana Randié, 2002)

1. Introduction

The substantia gelatinosa (SG), lamina II of the gray matter of the dorsal horn (DH) is the
preferential site of termination of small-diameter primary afferent fibers that respond to noxious
stimuli (Kumazawa and Perl, 1978; Light and Perl, 1979a, b; Sugiura et al, 1986, 1989; Yoshimura
and Jessell, 1989, 1990; Randié et al, 1996; Gerber et al., 1989a,b, 2000a; Moore et al., 2000). The
most superficial laminae of the DH are of fundamental importance for nociceptive transmission by
virtue of the fact that it is here that most small-caliber myelinated (A8) and unmyelinated (C) fibers
terminate. Lamina II is of particular interest as the sensory input to this area is almost entirely C-fiber
in nature. The primary function of neurons in the SG is to integrate noxious afferent information
arriving to this region via the high-threshold Ad and C fibers. The SG cells function as excitatory and
inhibitory interneurons and regulate the output of projection neurons in other laminae of the DH
(Willis and Coggeshall, 1991).

Kainate receptors are composed of homomeric and heteromeric configurations of five cloned
subunits: GluR5-7 and KA1l and KA2 (Herb et al., 1992; Chittajallu et al., 1999). Kainate receptors
are localized at both presynaptic and postsynaptic sites in the superficial laminae of the spinal cord
DH (Télle et al., 1993; Petralia et al., 1994; Hwang et al., 2001). Kainate receptors in the postsynaptic
membrane were shown to contribute to excitatory postsynaptic currents (Li et al., 1999), whereas
kainate receptors on primary afferent neurons have been proposed to regulate glutamate release and
excitatory synaptic transmission (Gerber et al., 1999; Kerchner et al., 2001b).

It is assumed that the relative abundances of the mRNAs for the kainate receptor subtypes will
reflect likely composition of the receptor complexes already expressed in the membrane. All five
kainate receptor subunits are expressed to some extent in spinal cord neurons. While the vast
majority of the high-affinity kainate receptors was accounted for by KA2 (79% for spinal cord
neurons), these do not form functional receptor complexes on their own (Herb et al., 1992; Hollmann

and Heinemann, 1994; Swanson et al.,, 1996). However, they can assemble with low-affinity
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subunits, such as GIuRS and GIuRé, to form functional heteromeric channels with unique properties
(Herb et al., 1992; Howe, 1996; Swanson et al., 1996).

In a recent report (Dai et al., 2002), responses of cultured rat spinal neurons to kainic acid (KA)
have been related to the expression of kainate receptor subunits revealed by single-cell reverse
transcription polymerase chain reaction (RT-PCR). Single-cell RT-PCR showed relative abundances
of mRNAs for the kainate receptors GIuRS, 6, and 7 of 38, 10, and 54% for spinal cord neurons,
respectively. The relative abundance of KAl and KA2 was 19 and 79% for spinal cord neurons,
respectively. The most striking feature of results (Dai et al., 2002) is the relative abundance of GluR6
and paucity of GIuRS in spinal cord neurons. Interestingly, it has recently been shown that, while
PCR could detect the mRNAs for all kainate receptor subunits in cultured cortical neurons, only
GluR6 and KA2 could be detected by Western blot (Janssens and Lesage, 2001).

In spinal cord neurons, GluRS and GluR7 were expressed to comparable extents (38 and 54%,
respectively), though 4-5 times greater than GluR6 (10%). The likely combination is, therefore,
GIuRS and/or GluR7 together with KA2. Although homomerically expressed GluR7 receptors are
thought to be either not functional (Lomeli et al., 1992), or KA is of very low potency (Schiffer et al.,
1997), Cui and Mayer (1999) have recently demonstrated that heteromeric combinations of GIuRS, 6,
and 7 can form channels with distinct pharmacological and functional properties. The expression of
GluRS5 together with KA2 is, therefore, likely to dominate the functional receptors in spinal cord
neurons, while the presence of GluR7 is likely to exert a modulatory influence.

Developmental regulation of kainate-type glutamate receptor expression in the rat spinal cord
using in situ hybridization (Stegenga and Kalb, 2001) showed that the expression of many (GluRS-7,
KA1l) KA-type glutamate receptor subunits was higher during development and was either not
detected or at low abundance levels by adulthood (Stegenga and Kalb, 2001). Low to moderate levels
of GluR5 mRNA were detected throughout the P2 spinal cord with slightly more robust expression in
the SG. By P10, the signal was selectively present in the SG. GluRS mRNA levels were not detected
in spinal cord tissue at age P22, or adult. Moderate levels of GluR6 signal were present throughout
the P2 spinal cord, again with a slightly higher signal in the SG. At P10, 22 and adult ages, however,
a definitive signal was not discernible for the GluR6 transcript. The mRNA signal for GluR7 was
detectable at low levels throughout the spinal grey mater with a moderate to low signal around the
central canal at the P2 spinal cord. By P10 the GluR7 signal was hardly detectable in the SG with all
other regions being negative for GluR7 mRNA at P22. Moderate levels of the KAl transcript were
found at P2 spinal cord. The dorsal half of the spinal cord and the region surrounding the central
canal display significant levels of KA1 mRNA. No mRNA from the KA1 transcript was detected in
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the P22 spinal cord. The KA2 transcript was expressed widely within the developing spinal cord with
moderate to high level expression detected within the SG. By P10 and 22, SG retained a moderate
level of KA2 mRNA expression and no detectable signal throughout the remaining spinal grey matter.
KA2 mRNA was not detected in the adult spinal cord. The precise spatio-temporal of expression of
individual kainate receptor subunits implies an important role for specific combinations of subunits in
developing neuron function. The ways in which such diversity is employed by neurons is not clear.

In the spinal cord DH, kainate receptors play an important role in sensory transmission. At
primary afferent synapses in the rat spinal cord DH, in addition to the modest number of postsynaptic
kainate receptors that contribute to EPSPs evoked by high-intensity primary afferent fiber stimulation
(Li et al., 1999), there are kainate (GluR5/6/7) receptors expressed presynaptically by dorsal root
ganglion (DRG) neurons (Sato et al., 1993a; Petralia et al., 1994; Hwang et al., 2001) that have been
proposed to suppress AMPA- and NMDA-mediated excitatory synaptic transmission through a
presynaptic action that reduces glutamate release (Gerber et al., 1999; Kerchner et al., 2001b). Small-
diameter DRG neurons (Huettner, 1990), which include cells that carry nociceptive information to the
spinal cord, are known to express functional kainate receptors (Davies et al., 1979; Agrawal and
Evans, 1996; Lee et al., 2001). In addition, it was recently shown that DH inhibitory neurons express
presynaptic kainate receptors that stimulate GABA and glycine release that may lead to suppression
of inhibitory transmission in the DH (Kerchner et al., 2001a). The first of these functions in the brain
has been well established, but the second remains controversial (Frerking and Nicoll, 2000; Lerma et
al., 2001).

In the present study, we used gene-targeted mice lacking GluRS, GluR6, or GluR5/6/KA2 kainate
receptor subunits to determine the identity of the subunits comprising kainate receptors in the adult
mouse spinal cord SG region. We have investigated the regulation by kainate receptors of the spinal
excitatory synaptic transmission at A8- and/or C-primary afferent fiber-SG synapses, where we found
that kainate receptors depress or potentiate the excitatory transmission. These studies lead us to
conclude that the GIuRS, but more importantly, GluR6 receptor subunit comprises kainate receptors
that depress or potentiate primary afferent synaptic transmission to the spinal SG region.

2. Results

Conventional intracellular recordings of up to 7h were obtained from 179 substantia gelanitnosa
(SG) neurons in transverse spinal cord slices of wild-type and mutant adult mice. In most of the

experiments, each of the neurons recorded from was in a different spinal cord slice preparation. No
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significant differences were revealed between wild-type and mutant mice in passive (resting
membrane potential, input resistance) or active (stimulus threshold to evoke synaptic response,
amplitude of evoked synaptic response, and conduction velocity) membrane properties (but see also
Table 1). Single shock electrical stimulation of the primary afferent A8 and/or C fibers ina L4 or LS
dorsal root elicited monosynaptic and/or polysynaptic excitatory postsynaptic potentials (EPSPs) in
SG cells that were suppressed by 50-100 uM GYKI 53655, GYKI 52466 or LY 300164, the AMPA
receptor-selective antagonists, and 50 pM DAPS, an NMDA receptor antagonist, in a reversible
manner, suggesting that they were primarily mediated by the AMPA/NMDA subtypes of glutamate
receptor (Gerber et al., 1989a; Randi¢ et al., 1993; Yoshimura and Jessell, 1990) (Fig. 1).

Activation of kainate receptors inhibits A5- and C-primary afferent fiber-evoked excitatory
postsynaptic potentials

In agreement with the previous studies (Gerber et al., 1999; Kerchner et al., 2001b), we found that
superfusion of slices with KA reduced the amplitude of primary afferent fiber-evoked EPSPs in a
dose-dependent manner (0.1-10 uM; Fig. 2A, B). The depression of EPSPs in individual cells was
consistently produced at the concentration of 3 pM KA (Fig. 2A, n = 19 slices from 18 wild-type
mice). The peak depression had a latency of 3-5 min and the effect persisted for more than 20-30 min
after the application of KA was terminated (Fig. 2A). When recording at resting membrane potential,
application of 3 uM KA (2 min) caused a slow, dose-dependent and reversible membrane
depolarization (5.6 + 0.7mV) in 14 out of 19 neurons (Table 3). KA-induced depolarization recovered
to control levels within 3-10 min after washout of KA. The depolarization also occurred in the
presence of 1 pM tetrodotoxin (TTX) (6.5 mV, n = 2), a voltage-dependent Na" channel blocker,
indicating a direct postsynaptic action of kainate receptors on SG neurons.

Besides KA, we also examined the effects of a low (0.3 uM) and moderate dose (1 uM) of domoic
acd (DA), another more potent AMPA/kainate receptor agonist on A3- or C-primary afferent
stimulation-evoked monosynaptic and polysynaptic EPSPs. Previous studies in the CA1l area of the
hippocampus have reported that DA, when applied at a low dose of 0.2 uM, specifically activates
kainate receptors (Bureau et al., 1999; Huettner, 1990). We, therefore, tested the effect of DA (0.3-1
uM, 2 min) on the evoked AMPA receptor-mediated EPSPs recorded in SG cells. The decrease in the
peak amplitude of EPSPs in the SG cells, receiving input from A and/or C-primary afferents,
produced by DA was a dose-dependent in the concentration range tested (Fig. 2C). The DA-induced
depression of EPSPs was associated with a dose-dependent and reversible membrane depolarization
(3.26+:0.8mV for 0.3 uyM,n=3; 7.0 £2.3mV for 1 yM, n=3).
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In this set of experiments, we have also used a newly developed putative GluRS subunit-specific
antagonist, LY382884, to test its ability to reverse the depressant action of KA (3 pM, 2 min) on A-
and/or C-primary afferent fiber-evoked EPSPs. It has been shown that LY382884 antagonizes
responses mediated by kainate receptors at concentrations below those that affect synaptic processes
mediated by AMPA or NMDA receptors in the hippocampus (Bortolotto et al., 1999). In contrast to
the result from the hippocampus, the inclusion of LY382884 (10 uM) to the bath solution depressed
A- and/or C-primary afferent fiber-evoked EPSPs by 23% (n = 7 slices; Fig. 2D). Moreover, the
evoked EPSPs, recorded in the solution containing LY382884, were depressed by KA (3 uM, 2 min)
to a similar degree (18.1 £ 5.0 % inhibition in LY382884, n = 6 slices) when compared to the
depression of the baseline EPSPs by this agent alone, but to a lesser degree when compared to the
KA-induced depression in normal Krebs solution (P <0.01; Fig. 2D). In the presence of LY382884,
the KA depression of EPSPs was accompanied by a similar degree of membrane depolarization (4.2 +
1.5mV, n = 4) to that seen in the Krebs solution.

Although we have shown that KA depresses excitatory glutamatergic transmission in the SG, it is
not known which type of primary afferents and interneurons are the target of the KA action, because
the SG neurons receive glutamatergic inputs from both of these sources (Yoshimura and Jessell,
1989). To determine which synaptic inputs may be regulated by kainate receptors, we next examined
the effects of KA (3 uM, 2 min) on Ad-fiber-evoked monosynaptic and polysynaptic EPSPs and
EPSPs evoked in SG neurons by stimulating C-afferent fibers. All three types of EPSPs examined,
were depressed in peak amplitude by KA, in all cells examined (Fig. 3A-C). However, the A3-fiber
polysynaptic and C-fiber-evoked EPSPs were depressed in peak amplitude by KA (3 uM) to a greater
extent than the Ad-fiber monosynaptic EPSP (Ad-fiber monosynapic EPSP: to 69.3 £ 5.7% of
control, n = 8 slices from 8 mice; Ad-fiber polysynatpic EPSP: to 45.8 + 5.1%, n = § slices from 5
mice, P<0.01; C-fiber-evoked EPSP: to 55.8 £ 5.0%, n = 7 slices from 7 mice, P<0.05; Fig. 3D, Table
2). Moreover, we observed that activation of kainate receptors, besides depressing the amplitude of
Ad-fiber polysynaptic and/or C-fiber-evoked EPSPs, caused a marked depression of the area of AS-
fiber polysynaptic EPSP (Fig. 3E) and C-fiber-evoked EPSP (Fig. 3F). In addition, activation of
kainate receptors enhanced the likelihood of synaptic failure in C-fiber EPSPs, which we defined as a
stimulation event in which an EPSP was not detected above the baseline noise. An example of the
synaptic failures caused by 3 uM KA on C-fiber-evoked presumed monosynaptic EPSP is illustrated
in Fig. 4. In this cell, the effect of KA involved a reduction of the peak amplitude of the EPSP and

also complete failures of transmission (Fig. 4, trace 2).
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Effects of bicuculline and strychnine on modulation of synaptic responses by KA

Given the importance of inhibitory processes in the temporal and spatial control of sensory
responses in the DH (Malcangio and Bowery, 1996; Coggeshall and Carlton, 1997; Hwang et al.,
2001; Ribeiro de Silva and Coimbra, 1982; Todd, 1996), and a recent evidence of the presence of
presynaptic kainate receptors in GABAergic and glycinergic interneurons in the superficial laminae
of the DH (Kerchner et al., 2001; Lee et al., 2002), in the present study we have investigated possible
interaction of KA with inhibitory processes, mediated by GABA , and glycine receptors. Glycine and
GABA are probably co-packaged in and co-released from spinal interneurons (Burger et al., 1991;
Christensen and Fonnum, 1991; Jonas et al., 1998). We tested the possibility that KA-induced
depression of Ad-fiber-evoked monosynaptic, polysynaptic, and C-fiber EPSPs is caused by a long-
term change in the strength of synaptic inhibition by performing experiments in the presence of
bicuculline (5§ uM), CGP 55845 (10 uM), and strychnine (2 uM) to eliminate the GABA,p and
glycine receptor-mediated synaptic inhibition, respectively (Figs. 5-7). Moreover, by adding the
group I and II metabotropic glutamate receptor antagonist (S)-a-methyl-4-carboxyphenyl glycine (S-
MCPG; 500 puM) to the perfusing medium, we also tried to exclude the possibility that KA-induced
interneuronal activity in the SG region could cause the release of a neuromodulator that acts
heterosynaptically to depress excitatory synaptic transmission.

First, we established dose-response curve for the effects of KA on primary afferent-evoked EPSPs,
in the presence of 5 pM bicuculline and 2 uM strychnine (‘cocktail’; Fig. 5A). As seen in Fig. 5A,
KA modulated primary afferent—evoked excitatory transmission in a dose-dependent biphasic
manner. Biphasic effect of KA was revealed with facilitation apparent at a low concentration (30 nM
for 2 min; Fig. 19) and depression at a higher concentration (3 uM for 2 min; Fig. 5B, Table 2). The
degree of KA (3 uM)-induced depression of EPSPs was significantly reduced when compared with
that in a normal Krebs solution (Krebs solution: to 58.0 = 3.9% of control; bic + strych cocktail: to
74.7 + 4.3% of control, n = 16 slices from 9 mice; P<0.01; Fig. 5C). Following washout of KA from
the bath solution, thirteen out of sixteen slices showed almost full recovery in EPSPs, whereas in
three slices no recovery was seen. In a representative neuron receiving polysynaptic input from Ad-
primary afferent fibers, the second application of 3 uM KA, in the presence of 5 uM bicuculline and 2
uM strychnine, showed a reduced depressant effect when compared to the effect produced by the first
application of KA in a normal Krebs solution (Fig. 6A). Similar as in the case of the KA effect on
EPSPs in the Krebs solution, the KA-induced depression was accompanied by the membrane
depolarization (4.6 = 1.1 mV, n = 11 slices; Table 3) when slices were perfused with bicuculline and
strychnine. The ability of KA to suppress primary afferent-evoked EPSPs in the absence of synaptic
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inhibition-mediated by GABA, and glycine receptors was not affected by successive addition of CGP
55845 (10 uM), the GABAg receptor antagonist, and S-MCPG (500 uM), the group II an III
metabotropic glutamate receptor antagonist (Fig. 5C), suggesting that in the presence of bicuculline
and strychnine these receptors did not contribute to the KA-induced depression of excitatory
transmission.

We next examined the possibility that the blockade of synaptic inhibition by bicuculline and
strychnine may differentially affect the KA-induced depression of Ad-fiber-evoked monosynaptic,
polysynaptic and C-fiber-evoked EPSPs. Although, in each of 18 slices bathed in this solution, the
KA (3 uM) decreased the peak amplitude of Ad-fiber-evoked monosynaptic (by 24.0 + 4.8%, n=5;
Figs. 6B, 7A; Table 2) and polysynapic (by 12.3 £ 6.2%, n = 6; Figs. 6A-C, 7B), and EPSPs elicited
at C-fiber strength (by 46.6 £ 9.5%, n = 5; Figs. 6B, C, 7C; Table2) after inhibition was blocked, the
KA depression was only significantly reduced, in comparison to that seen under normal perfusing
conditions, in the SG cells receiving polysynaptic inputs (P<0.01). Besides reducing the EPSP
amplitudes we found that KA reduced the area under the EPSPs (Fig. 6C, 7D). This result is
consistent with anatomical (Hwang et al., 2001) and recent electrophysiological findings (Kerchner et
al., 2001b; Lee et al., 2002) that presynaptic kainate receptors are present on GABA and glycinergic
inhibitory interneurons in the spinal cord DH, where they regulate GABA/glycine release and likely
contribute to the modulation of both inhibitory and excitatory synaptic transmission in the spinal cord
DH. Thus, it can be concluded that whereas the KA-induced long-lasting depression of Ad-fiber-
evoked monosynaptic EPSP (Fig. 7A) and C-fiber-evoked EPSPs (Fig. 7C) occurs independently
from long-term changes in synaptic inhibition, the KA-induced depression of the polysynaptic EPSP
is dependent on the modulation of synaptic inhibition by the kainate receptors.

On the other hand, as illustrated in Fig. 8, a small population of SG cells receiving monosynaptic
(1 out of 5 slices; Fig. 8A) or polysynaptic (3 out of 6 slices; Fig. 8B) inputs from Ad- or C-fibers (1
out of § slices; Fig. 8C), showed transient potentiation, or biphasic effect consisting of initial
depression followed by enhancement of EPSP amplitude by application of KA (3 uM, 2 min). This
effect was never observed in SG cells perfused with the normal Krebs solution. The excitation
frequently occurred within the first minute of the application of KA, or, occasionally several minutes
after washout of KA. We assume that this excitatory effect was a result of a low concentration of KA
during onset of application or upon washout, combined with a decreased inhibitory drive caused by

bicuculline and strychnine.
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Both GluRS and GluR6 subunits contribute to the kainate receptor-induced long-lasting
depression of excitatory synaptic transmission in the substantia gelatinosa

We have used kainate receptor mutant mice lacking GluRS (Miille et al., 2000) or GluR6 (Miille et
al., 1998) subunit to explore their contribution to receptors responsible for the depressant action of
kainate receptors in the SG neurons. This action was postulated to arise from presynaptic GIuRS-
containing kainate receptors based on the action of the putative selective GIuRS agonist ATPA
(Kerchner et al., 2001b), and the observation that GIuRS subunit is highly expressed in small-
diameter DRG cells, on which they may act as autoreceptors (Agrawal and Evans, 1986; Lee et al.,
1999; but see Stegenga and Kalb, 2001).

We compared the effects of kainate receptor activation on the peak amplitude of primary afferent
Ad- and/or C-fibers-evoked EPSPs in SG neurons from wild-type and kainate receptér mutant mice
lacking GIuRS or GIuR6 subunit. Conventional intracellular recordings from SG neurons in acute
slice preparations were made both in the presence, and in the absence, of GABA, receptor- and
glycine receptor-mediated synaptic inhibition. As shown in Fig. 9B, a dose-response curve showed a
higher sensitivity to kainate for SG neurons recorded in wild-type mice as compared to GluRS-
lacking mice. In a representative neuron from a mouse in which the GluRS gene had been disrupted
(GluR5™ genotype; Miille et al., 2000), bath application of 3 uM kainate hardly produced any
depression of primary afferent fiber-evoked EPSPs (Fig. 9A). The concentration required to evoke a
depression of EPSPs in this neuron was increased to 10 — 20 uM (Fig. 9A,B). The latter result
indicates that the depressant effect of higher concentrations of kainate on EPSPs in GluRS mutant
mice may be mediated by activation of other receptors, but not of kainate receptors (Mulle et al.,
1998, 2000; Contractor et al., 2000). The amplitude of Ad- or C-fiber EPSPs was significantly
decreased by 3 uM KA in wild-type mice but only 10-20 pM KA, for the similar degree of depression
in GluRS mutant mice (Fig. 9B). Taken together, these data show that at KA concentrations of up to 3
uM (to a few uM), only kainate receptors are activated by KA in the primary afferent fiber-SG neuron
pathway and that these receptors contain the GluRS subunit.

Summarized data from 25 SG neurons showing the time course of the KA-induced depression of
the EPSPs of SG cells recorded in slices absent from GluRS mutant mice are shown in Fig. 9C. In
almost all slices (22 out of 25 slices; Fig. 9C) KA application caused initial slight depression,
followed by full recovery. In slices obtained from GluRS mutant mice, the KA-depression was
accompanied by membrane depolarization (4.7 £ 0.7 mV, n = 25; Table 3). In addition, it should be
noted that in 7 of 22 SG neurons, KA application caused a remarkable increase in the amplitude of the
monosynaptic, polysynaptic, and C-fiber EPSPs (Fig. 10). This effect was never observed after
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application of 3 pyM KA to wild-type slices perfused with a normal Krebs solution, but was
occassionally (5 of 16 cells) seen when bicuculline and strychnine were included in the perfusing
solution to block GABA, and glycine receptor-mediated synaptic inhibition (Fig. 8).

To determine the identity of the subunit(s) comprising kainate receptor that depresses the Ad-
fiber-evoked monosynaptic or polysynaptic, and C-fiber-evoked excitatory transmission in the spinal
SG neurons, we examined slices obtained from GluRS5 or GluR6 mutant mouse in a normal Krebs
solution or a solution containing 5 pM bicuculline and 2 puM strychnine (Fig. 11). In a normal Krebs
medium, bath application of 3 pM KA for 2min reduced the amplitude of primary afferent Ad-fiber-
evoked monsynapic EPSPs to a similar degree in neurons from wild-type mice, and in mice in which
the GluRS (Figs. 12A, D and 17A; Table 2) or GluR6 (Figs. 15A and 17A; Table 2) subunits had
been disrupted. In contrast, Ad-afferent fiber-evoked polysynaptic and C-fiber-evoked EPSPs were
significantly less depressed in amplitude/area by KA in slices from mice in which there was a null
mutation either in GluRS (Figs. 12, 17A; Table 2) or GluR6 (Figs. 15, 17A; Table 2) genes, than in
the slices from wild-type mice. When bicuculline (10 pM) and strychnine (2 pM) were included in
the perfusing solution to block GABA, and glycine receptors-mediated synaptic inhibition, KA (3
MM, 2 min) application to slices obtained from GluRS mutant mice inhibited primary afferent Ad-
fiber monosynaptic (Figs. 13A, D, 17B; Table 2) and polysynaptic EPSPs (Figs. 13B, E, 17B; Table
2) to a degree similar to that observed in the slices perfused with a normal Krebs solution. However,
in GluRS mutant neurons, bath application of KA produced a depression of C-fiber-evoked EPSPs
that was significantly smaller if compared with that recorded in slices of wild-type mice (Figs. 13C,
F, 17B; Table 2). In contrast to the results obtained in GluRS mutant mice, we found that in neurons
from mice lacking the GluR6 subunit, the application of KA (3 uM, 2 min) had no depressant effect
on monosynaptic (Figs. 16A, 17B; Table 2), polysynaptic (Figs. 16B, E, 17B), or C-fiber-evoked
EPSPs (Fig. 16C, F, 17B; Table2).

Taken together, these data suggest that: 1) under normal physiological conditions the activation of
both GluRS and GluR6-containing receptors contributes to the depression of the excitatory synaptic
transmission in the Ad-fiber-evoked polysynaptic and C afferent fiber-mediated pathways in the SG
region of adult mice; 2) In contrast, in the absence of synaptic inhibition mediated by GABA, and
glycine receptors, GluR6 subunit is critically involved in inhibiting AS- and C-fiber-elicited primary
afferent neurotransmission in the SG region. On a speculative note, our study envisages that
polysynaptic AS- and C-fiber activated pathway, mice lacking GluRS subunit may produce functional
receptors, whereas the removal of GluR6 subunit might prevent either the production of receptors or

their delivery to the presynaptic membrane.
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Besides the small depressant effect of KA on monosynaptic EPSPs in GluRS mutant mice, which
is predominantly mediated by the AMPA receptors, bath application of KA (3 uM, 2 min) depressed
or blocked completely (n = 1; Fig. 14) on the DAPS-sensitive component of EPSP which appeared
following the perfusion of a slice with bicuculline and strychnine. This data indicate that, in contrast
to the effect of KA on the AMPA receptor-mediated transmission, the NMDA receptor-mediated
transmission in the mouse spinal DH may not be affected by the genetic deletion of GIuRS subunit in

kainate receptors.

Activation of kainate receptors on mouse primary afferent neurons reduces mEPSC frequency
and may modulate transmitter release

To provide further evidence for the functional kainate receptors on the adult mouse primary
afferent neurons, and to determine their subunit composition, we have examined whether the
application of KA modifies the frequency of action-potential independent miniature EPSCs
(mEPSCs) recorded from the SG neurons in adult spinal slices of wild-type and GluRS and GluR6
mutant mice. A previous report did find that KA increases frequency of action potential-independent
mEPSCs recorded from capsaicin-sensitive SG neurons in young (P8) rat spinal cord slices (Lee et
al., 1999). This finding supports a role for presynaptic kainate receptors in the regulation of synaptic
transmission in the nociceptive pathway.

To test for the presence of presynaptic kainate receptors at adult mouse spinal SG excitatory
synapses and for their possible role in the presynaptic kainate receptors-mediated depression of
evoked EPSPs, we examined the effect of kainate receptor activation on frequency and amplitude of
the spontaneous mEPSCs recorded by using whole-cell voltage-clamp technique. Recordings from
SG neurons in wild-type spinal slices were made in the presence of 500 nM TTX, which blocked all
voltage-gated Na” current, and 5 pM bicuculline plus 2 uM strychnine to eliminate inhibitory events.
In some experiments, 50 yM DAPV was also used to block NMDA receptors. Neurons were voltage-
clamped at —70 mV, and AMPAR-mediated mEPSCs appeared as inward currents at averaged
background frequency of 10.8 = 5.6s™ (n = 10 slices from 7 mice). Upon application of KA (3 pM, 2
min), the frequency of mEPSCs during the exposure decreased to 64.8 + 4.1% of the control value (n
= 10, P<0.01; Fig. 18), suggesting that KA acted at a presynaptic locus. However, no significant
change in mEPSC amplitude was observed during KA exposure (Fig. 18). Application of 50 uM
GYKI 53655 or 10-20 uM CNQX eliminated mEPSCs, confirming that the postsynaptic events

resulted from release of glutamate and predominant activation of AMPA receptor.
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To determine the subunits comprising kainate receptors underlying the decrease in mEPSC
frequency, we recorded mEPSCs in mutant mice. In contrast to neurons in wild-type mice, mEPSC
frequencies in SG neurons from GluRS or GluR6 mutant mice (GluR5-/-, 83.9 + 6.8% of control, n =
7 slices from 4 mice, P<0.05 vs. wild-type; GluR6-/-, 85.9 + 8.1% of control, n = 7 slices from 3
mice, P<0.05 vs. wild-type; Fig. 18) were significantly less reduced, with no significant change in
mEPSC amplitude (Fig. 18). This result indicates that presynaptic kainate receptors containing
GIuRS or GluR6 subunit can modulate action potential-independent glutamate release at excitatory
synapses in the spinal DH. Surprisingly, a change in the holding current during KA application
occurred in the SG cells from wild-type (-18.3 £ 6.5pA) and GluRS mutant mice (-24.9 = 6.1pA), but
not in the cells from GluR6 mutant mice (-0.7 = 1.7pA, P<0.05 vs. wild-type) (Table 3). This result is
similar to that obtained with the intracellular recordings, where a significant reduction in membrane
depolarization was observed in slices from the GluR6 mutant mice when compared to wild-type or
GIuRS mutant mice (2.9 = 0.7mV, n = 15 GluR6 mutant slices; P<0.01 vs. wild-type or GluRS-/-;
Table 3). This finding indicates a possible presence of the GluR6 kainate receptor subunit on the
postsynaptic membrane of the SG neurons, which is contrary to the previous anatomical data (Hwang

et al., 2000) and the results of the in situ hybridization experiments in rats (Tolle, 1993).

Nanomolar concentration of KA strongly facilitates excitatory synaptic transmission in the SG
KA (30 nM, 2 min) produced a robust and long-lasting enhancement of the DR-evoked dual
component (AMPA/NMDA)-mediated EPSPs (Figs. SA, 19A). This effect, although observed in 1
out of 4 slices performed in the normal Krebs solution, was more frequently recorded in the presence
of 5 uM bicuculline and 2 uM strychnine (n = 5 out of § slices from 5 mice). The mechanism
underlying the facilitation of EPSPs at primary afferent-SG synapses has yet to be elucidated. It has
been recently reported that activation of presynaptic kainate receptors by low doses of KA (50nM)
can facilitate transmitter release from hippocampal mossy fiber synapses (Schmitz et al., 2001). This
result indicates that at mossy fiber synapses this form of synaptic plasticity is mediated, at least in
part, by the long-lasting activation of a kainate autoreceptors. It has been shown in the young (2-3-
week-old) rat spinal DH that long-term potentiation of synaptic transmission, induced by high-
frequency electrical stimulation, was critically dependent on the activation of NMDA receptors
(Randi¢ et al., 1993). To determine, therefore, if the induction of 30nM KA-induced long-lasting
potentiation of synaptic responses is dependent upon NMDA receptors, the recordings were carried
out in the presence of the NMDA receptor antagonist DAPS. We find that perfusion of the slices with
the cocktail solution containing 50 uM DAPS and bicuculline/strychnine blocked the long-lasting
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potentiation of EPSPs induced by a low concentration of KA (30 nM, 2 min; Fig. 19A), indicating the
NMDA-dependency of the effect. The next series of experiments was done using slices from the
GluRS or the GluR6 mutant mice to examine the possible involvement of the GluRS or the GluR6
subunit in the KA (30nM)-induced long-lasting potentiation of EPSPs (Fig. 19B). In GluRS mutant
mice, bath-applied KA (30 nM, 2 min) evoked a short- or long-lasting potentiation in 6 out of 9 slices,
with no change in the rest. However, none of the slices obtained from the GluR6 mutant mice showed
any potentiation of EPSPs (no effect of KA in 5 out of 7 slices, and depression in the rest). The
average time courses for the effects of KA (30 nM, 2 min) in nine GluRS mutant SG cells, and seven
GluR6 mutant cells, were illustrated in Fig. 19B. Interestingly, the long-lasting potentiation of
EPSPs-induced by the low concentration of KA was significantly reduced by the absence of GIuRS,
and completely abolished in GluR6 mutants, suggesting that synaptic plasticity in the adult mouse
spinal cord can be mediated by the GIuRS or GluR6 subunit-containing kainate receptors (Bortolotto,
1999; Gerber et al., 1999; Contractor et al., 2001).

The biphasic action of ATPA on primary afferent fiber-evoked EPSPs

As previously shown (Gerber et al., 1999; Kerchner et al., 2001b), and also in the present study,
the activation of kainate receptor depresses primary afferent-evoked excitatory synaptic transmission
in the rat and mouse SG region, the effect postulated, in a rat study, to arise from activation of
presynaptic kainate receptors containing the GluRS subunit (Kerchner et al., 2001b). In the present
study, we tested this hypothesis by utilizing the putative GluRS selective agonist (R,S)-2-amino-3-(3-
hydroxy-5-tert-butylisoxazol-4-yl) propanoic acid (ATPA; Clarke et al., 1997) and a GIuRS selective
antagonist (3S,4aR,6S,8aR)-6-((4-carboxyphenyl)methyl-1,2,3,4,4a,5,6,7,8,8a-decahydroisoquinoline
-3-carboxylic acid) (LY 382884; O’Neil et al., 1998), as well as gene-targeted mice deficient in the
GIuRS5 subunit of the kainate receptor, to determine whether GluRS subunit is involved in the
depressant effect.

Here we show that bath application of (RS)-ATPA (1-3 uM, for 2 min) in a Krebs-bicarbonate
medium causes predominantly a potentiation of EPSPs in 5 out of 7 cells (one cell depressed, and one
showed no effect) receiving A and/or C fiber primary afferent input (Fig. 20A). This effect was
accompanied by a depolarization of a membrane potential (3.3 + 0.6 mV, n = 6). Summarizing the
data obtained from all seven SG cells, the average time courses showed apparently slow-onset
potentiation of EPSPs (Fig. 20A) with the maximum effect occurring between 9 and 15 min from the
start of drug application. Therefore, we calculated the change in the EPSP amplitude-induced by
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ATPA at 9-15 min window, and plotted in a scatter diagram to later compare with other genotypes
(Fig. 20B).

When bicuculline (5 pM) and strychnine (2 pM) were included in the perfusing solution to block
GABA . and glycine receptors, however, ATPA (1-3 uM for 2 min) reversibly depressed (62.6 £ 13.3
% of control, n = 3; data not shown) the A- and C-afferents-mediated EPSPs in 3 out of 4 SG cells
tested, whereas one was potentiated. Interestingly, the ATPA-induced biphasic action
(depression/potentiation) on EPSPs was not blocked by further addition of 50 uM of DAPS to the
cocktail solution (depression, n = 2; potentiation, n = 1; data not shown), indicating that the ATPA
action is not NMDA-dependent.

In contrast to wild-type mice, SG neurons recorded in slices obtained from GluRS mutant mice
did more frequently show the depression (5 out of 9 slices; Fig. 20B), rather than the potentiation of
EPSPs following the bath application of ATPA (1 or 3 uM, 2 min). The ATPA effect was
accompanied by a depolarization of a membrane potential (3.25 £ 0.6mV, n = 4). The depressant
effect of ATPA seen in the GluRS mutants, was not blocked by bicuculline and strychnine (n = 4;
data not shown), but it was absent in the slices obtained from GluR6 (n = 4) or GluR5/GluR6/KA2
(triple; n = 4) mutant mice (Fig. 20B). Interestingly, the resting membrane potential during KA
application was not changed in GluR6 mutants (0.67 = 1.2 mV, n = 3), but it was hyperpolarized in a
triple mutant mice (-4.7 £ 2.9 mV, n = 3). These results show that: 1) the GIuRS subunit can
contribute to a kainate receptor that regulates excitatory synaptic transmission in the SG region in a
biphasic manner under normal conditions, and 2) the inhibitory tone is critical in determining the
direction of the regulation of sensory transmission.

Taken together, our data indicate that ATPA, claimed as a GluRS subunit selective agonist, has
apparently potentiating effect on spinal synaptic transmission, which is probably mediated by GIluRS5-
containing kainate receptors. In addition, the depressant effect of ATPA on EPSPs, or depolarizing
effect on membrane potential may be a side effect deriving from the activation of other kainate
receptor subunits, or AMPA receptors (Paternain et al., 2000; Clarke and Collingridge, 2002). It has
been reported that in the absence of the blockade of AMPA receptors by GYKI 53655, concentrations
of ATPA greater than 3 uM resulted in inward currents, presumably due to activation of AMPARs
(Lauredsen et al., 1985; Clarke et al., 1997). Thus, our observations may reflect heterogeneity in the
prevalence of GIuRS subunit among excitatory and inhibitory interneurons in the spinal SG or
nonselective action on heteromeric receptors lacking GiuRS unit (Paternian et al., 2000).

Although we have shown that LY382884 reduced the KA-induced depression of EPSPs (Fig. 2),

due to its non-selective depressant action on the basal synaptic transmission in the SG neurons, this
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agent proved not to be useful in our pharmacological analysis of the involvement of GluRS subunit in
the action of ATPA in the SG region.

Kainate receptors are involved in long-term synaptic plasticity at primary afferent synapses in
the mouse substantia gelatinosa

Involvement of kainate receptors in long-term synaptic plasticity has recently been indicated at
hippocampal mossy fiber synapses (Bortolotto et al., 1999; Contractor et al., 2001; Lauri et al., 2001)
and spinal primary afferent synapses (Gerber et al., 1999). However, it is still not clear which subunit
of kainate receptors is involved in the long-term potentiation (LTP) of excitatory synaptic
transmission. Bortolotto et al. (1999) showed that the induction of mossy fiber LTP, which is
independent of NMDA receptor activation (Harris and Cotman, 1986), was occluded in the presence
of the putative GIuRS subunit specific antagonist LY382884. However, Contractor et al. (2001)
demonstrated that the mossy fiber LTP was significantly impaired in GluR6 mutant mice. Therefore,
we tested the hypothesis that the GIluRS subunit may be involved in LTP in the spinal cord, and this
result was reported in an abstract form (Gerber et al., 1999). As summarized in Fig. 21, twenty
minutes after high-frequency tetanic stimulation (3 tetani of 100 pulses at 100Hz) of primary afferent
fibers in dorsal roots to induce LTP, a significant increase in the peak amplitude of A8- and C-
primary afferent fiber-evoked EPSPs was observed in wild-type mice (133.4 + 12.G % of the averaged
baseline response, n = 7; P<0.05), but not in the GluRS mutant mice (100.1 £ 8.7% of baseline,n=9;
P>0.05). However, the mean changes were significantly different between wild-type and GluRS
mutant mice (P<0.05; Fig. 21A). In addition to LTP, a subpopulation of cells showed long-term
depression (LTD; Fig. 21B) when the same stimulation protocol, as for the induction of LTP, was
used. Eighteen minutes after the induction of LTD, a significant depression of EPSPs was observed in
wild-type mice (to 55.1 + 13.3% of the averaged baseline response, n = 7; P<0.01), but not in GluRS
mutant mice (to 81.1 £ 10.4%, n = 3; P>0.05). However, the mean changes were significantly
different between wild-type and the mutant mice (P<0.05). This result suggests that GluR5 kainate

receptor subunit is involved in the synaptic plasticity in the mouse spinal cord DH (Gerber et al.,
1999).

3. Discussion

Mice with disrupted KA receptor subunit genes offer the possibility to investigate the specific
role of KA receptor subtypes in synaptic transmission. The present study revealed that KA receptors
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comprised of GluRS and/or GluR6 subunits have multiple and complex roles in regulating excitatory
synaptic transmission in the substantia gelatinosa region of the spinal cord. Activation of KA
receptors by exogenous agonist kainate can either suppress or facilitate primary afferent fiber A3-
fiber- and/or C-fiber-mediated glutamatergic transmission in the adult mouse substantia gelatinosa of
acutely isolated spinal cord slices. In difference to previous studies, which were based on
pharmacological characterization of KA receptors, we used gene-targeted mice lacking either GluRS
or GluR6 KA receptor subunit to determine the identity of receptor subunits comprising KA receptors
that play a role in modulation of primary afferent neurotransmission. Using this approach, we found
that in the presence of synaptic inhibition, mediated by GABA, and glycine receptors, both GluRS
and GluR6 subunits are involved in inhibiting transmission at the primary afferent A8-fiber-activated
polysynaptic pathways and C-fiber pathways. In the absence of synaptic inhibition, we report that KA
receptors suppress excitatory transmission during intense stimulation, but with more mild levels of
activation, they might be facilitatory. We determined that the GluR6 subunit is critically involved in
inhibiting transmission at both primary afferent AS- and C-fiber monosynaptic pathways, whereas
GIuRS plays a lesser role in inhibiting the C-fiber-activated pathway. Moreover, here we show that
application of kainate at nanomolar concentrations revealed a long-lasting, NMDA receptor-
dependent facilitation of primary afferent neurotransmission. This effect was abolished in GluR6-
deficient mice, but only reduced in GIuRS mutants, suggesting that both GluR5 and GluR6 KA
receptor subunits contribute to the KA receptor-mediated potentiation of excitatory transmission at
synapses on SG neurons. These results suggest: 1) bidirectional regulation of excitatory synaptic
transmission by KA receptors in the substantia gelatinosa; and 2) a role for kainate receptors in short-
and long-term changes in synaptic strength. Biphasic effects of presynaptic kainate receptor activation
on excitatory transmission have been demonstrated at hippocampal mossy fiber synapses with CA3
neurons (Kamiya and Ozawa, 2000; Schmitz et al., 2000, 2001; Contractor et al., 2000)

Kainate receptor-mediated depression of excitatory synaptic transmission

We have briefly reported that application of KA depresses AMPA receptor-mediated excitatory
synaptic transmission in the SG region in slices obtained from adult mice (Gerber et al., 1999). It has
been recently shown that KA and ATPA, a putative selective GluRS-kainate receptor agonist (Clarke
et al, 1997; Hoo et al., 1999), suppressed NMDA receptor-mediated EPSCs in rat DH neurons
evoked by stimulation of synaptically coupled DRG cells in DRG-DH neuron co-cultures (Kerchner
et al.,, 2001b). Moreover, in recordings from young rat (P2-P21) DH neurons in spinal slices, KA
suppressed NMDA receptor-mediated EPSCs, whereas ATPA reduced AMPA receptor-mediated
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EPSCs evoked by dorsal root fiber stimulation (Kerchner et al., 2001b). Based on the observation of
selectivity of ATPA for DRG cell KA receptors, this effect was postulated to arise from activation of
presynaptic kainate receptors-containing GIluRS subunit (Kerchner et al., 2001b). This finding was in
agreement with other evidence indicating that KA receptor expressing GluR5 subunit is present at
high levels on small-diameter DRG neurons (Partin et al., 1993; Sato et al., 1993; Hoo et al., 1999;
Hwang et al., 2001), but is much less prevalent in the spinal cord DH (Télle et al., 1993; Hwang et al.,
2001). However, the contribution of the GluRS, or other subtypes of KA receptor to the AMPA or
NMDA receptor-mediated spinal sensory transmission and plasticity, has yet to be more directly
demonstrated.

In this study we compared the effects of KA on excitatory transmission in monosynaptic and
polysynaptic primary afferent A3- and C-fiber pathways in the SG region in wild-type and KA
receptor GluRS or GluR6 subunit gene-deficient mice, in order to determine which receptor subunits
are involved in the kainate receptor depressant action. We found that in the presence of synaptic
inhibition mediated by GABA, and glycine receptors, KA strongly suppressed polysynaptic EPSPs
evoked by stimulation of primary afferent Ad-fibers, and C-fiber-activated EPSPs (monosynaptic,
polysynaptic), in neurons from wild-type mice. In contrast, the KA depressant effect on EPSP
amplitudes recorded from SG neurons in slices from GIluRS- and GluR6-deficient mice was
significantly reduced, suggesting that both GluRS and GluR6 receptor mechanism does account for, at
least a part of, the KA depressant effect. However, in the absence of synaptic inhibition, we found
that GluR6 subunit is predominantly involved in inhibiting transmission at both primary afferent Ad-
and C-fiber monosynaptic pathways, whereas GluRS subunit plays a lesser role in suppressing the
transmission in the C-fiber-activated pathways.

Our data with mice lacking GluRS or GluR6 KA receptor subunit are at least consistent with the
present evidence suggesting that GluRS and GluR6 can exist as homomeric (Bettler et al., 1990;
Sommer et al., 1992; Sato et al., 1993; Petralia et al., 1994; Swanson et al., 1996, 1998; Wilding and
Huettner, 2001) and/or heteromeric receptor combinations (Bettler et al., 1990; Partin et al., 1993;
Sahara et al., 1997) at primary afferent neurons. Furthermore, it is apparent that GluR6 expressed by
DRG and/or SG interneurons, may have the major functional role in the regulation of transmission at
both primary afferent A5- and C-fiber synapses in the SG region. This possibility does agree with
what is known about the regional expression of individual subunits (Sato et al., 1993; Télle et al.,
1993; Petralia et al., 1994; Yung, 1998; Dai et al., 2002; Hwang et al., 2001, but see Stagenga and
Kalb, 2001).

Because of the apparent divergence between our data from mice lacking GluRS subunit and the
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findings of pharmacological studies with ATPA in the rat spinal slices (Kerchner et al., 2001b), we
examined the possibility for the ATPA-mediated depression of the primary afferent fiber-evoked
EPSPs. We found that ATPA enhanced EPSPs-evoked by primary afferent stimulation in neurons
from wild-type and GluR6-deficient mice; in contrast, suppression of EPSP amplitudes was recorded
from neurons from GIuR5 mutants. One potential explanation that may reconcile apparent
discrepancy between the pharmacological and genetic observations is that ATPA activates
heteromeric DH neuronal receptors-containing both GluRS5 and GluR6 subunits. More recent studies
(Bortolotto et al., 1999; Cui and Mayer, 1999; Paternain et al., 2000) have shown that heteromeric
KA receptor subunit combinations formed by GluRS plus GluR6 or GluR7 subunits retain sensitivity
to ATPA. In addition, there is evidence that ATPA can activate heteromeric receptors formed by co-
expression of the GluR6 and KA2 subunits in HEK 293 cells (Paternain et al., 2000).

It is of interest in relation to our data that in the CA3 region of the hippocampus, KA profoundly
reduced EPSCs at mossy fiber and collateral synapses in neurons from wild-type and GluR5™ mice,
but had no effect on EPSCs in neurons from GluR6” mice (Contractor et al., 2000), the results that
did not support pharmacological experiments with ATPA (Vignes et al., 1998) and LY 382884
(Bortolotto et al., 1999) suggesting a critical role for GluRS receptors at mossy fiber and associational
commissural synapses (Vignes et al., 1998; Bortolotto et al., 1999). In contrast, at perforant path
synapses, KA receptor activation enhanced transmission, and the effect was abolished in both GluRS
and GluR6 knock-out mice (Contractor et al., 2000).

Presynaptic kainate receptors decrease action potential-independent glutamate release

KA receptors are expressed on DRG cell bodies (Huettner, 1990), on peripheral fibers and axon
terminals (Ault and Hildebrand, 1993), and preferentially on central terminals of sensory neurons, on
which they could act as true autoreceptors (Agrawal and Evans, 1986; Lee et al., 1999, 2002;
Kerchner et al., 2001b; Hwang et al., 2001). Previous work has demonstrated strong depolarizing
responses when KA was applied to dorsal roots (Agrawal and Evans, 1986). Evidence has been
recently provided for the involvement of presynaptic kainate receptors in the KA-induced depression
of primary afferent neurotransmission (Lee et al., 1999, 2002; Kerchner et al., 2001b). In the young
rat (P8) spinal cord, Lee et al., (1999) showed that KA application increased the frequency of
spontaneous TTX-insensitive postsynaptic currents (mEPSCs), although the synapses responsible for
these currents (excitatory vs inhibitory; primary afferent synapses vs local synapses) were not
identified. To provide further evidence for the functional KA receptors on the adult mouse primary

afferent neurons, and to determine their subunit composition, we have examined the effects of KA
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receptor activation on frequency and amplitude of mEPSCs recorded from the SG neurons in acutely
isolated spinal slices of wild-type and GluRS- or GluR6-deficient mice. In contrast to the findings in
the young rat spinal cord SG, we found that in a subset of the mouse SG neurons, mEPSC frequencies
were reversibly decreased after activation of KA receptors; this decrease arose from activation of
receptors incorporating both the GluR5 and GluR6 subunit. Although the excitatory synapses
responsible for the mEPSCs are not identified (primary afferent vs local intemeuronal synapses) with
any degree of certainty, the observed decrease in frequency, and the dependence on GluRS and GIuR6
subunits supports the hypothesis that some, if not all, KA effects on mEPSC frequency occurred at
primary afferent synapses, the result in agreement with presynaptic GIuRS and GIluR6 localization in
primary afferent terminals to the superficial laminae of the rat spinal cord (Ribeiro-da-Silva and
Coimbra, 1982; Lee et al., 1999, 2002; Hwang et al.,, 2001). Our data suggest that KA receptor
activation causes a decrease in mEPSC frequency, which could account for the depression of evoked
EPSPs in adult mouse SG neurons.

The mechanism by which KA receptor activation modulates excitatory synaptic transmission,
whether at primary afferent synapses or other central synapses, remains unclear (Frerking and Nicoll,
2000). Studies of the effects of KA receptor agonists on glutamate release from synaptosomes have
provided contradictory results (Zhou et al., 1995; Chittajallu et al., 1996; Perkinton and Sihra, 1999).
One hypothesis, that KA receptors regulate glutamate release by a mechanism involving direct
depolarization of axons or axon terminals, is supported by the finding that in CAl hippocampal
neurons, KA induced a transient facilitation of evoked NMDAR-mediated EPSCs before a prolonged
depression occurred (Chittajallu et al., 1996). More direct evidence that KA receptors mediate axonal
depolarization comes from investigations of mossy fiber synapses demonstrating that presynaptic KA
receptor-mediated depression of synaptic transmission was associated with increased mossy fiber
excitability (Kamiya and Ozawa, 2000; Schmitz et al., 2000). This phenomenon was reproduced
when synaptically released glutamate from mossy fibers, or associational-commissural fibers, was
used instead of KA (Schmitz et al., 2000). A potential link between axonal depolarization and
decrease of glutamate release has been proposed by Kamiya and Ozawa (1998, 2000), who showed
reduced action potential-triggered Ca®* influx into mossy fiber terminals with presynaptic KA
receptor activation. The model proposed to explain these results is that KA receptors are present on
the presynaptic terminal, which decrease release by a depolarization-induced inactivation of
presynaptic calcium channels. Our data are at least consistent with such a model by providing direct
evidence that presynaptic KA receptor activation suppresses primary afferent transmission by

depolarization of presynaptic fibers. As an alternative to an ionotropic effect of KA on presynaptic
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sites, some evidence supports a possible G-protein-mediated action of presynaptic KA receptor
stimulation at CA3-CAl synapses (Frerking et al., 2001).

Activation of kainate receptors potentiates excitatory synaptic transmission

We have recently reported that bath-applied low concentration of KA (30 nM, 2 min) produces a
robust and long-lasting potentiation of AMPA/NMDA receptor-mediated excitatory synaptic
responses in the spinal cord SG. The excitatory effect of KA on evoked synaptic responses was
discovered recently in the Schaffer collateral-commissural synapses on hippocampal CAl neurons
(Chittajallu et al., 1996; 300 nM KA) and mossy fiber synapses on CA3 neurons (Schmitz et al.,
2001). However, in all cases, the enhancement of the AMPA receptor-mediated EPSCs (Schmitz et
al., 2001), synaptic field potential responses (Schmitz et al., 2001), and NMDAR-mediated EPSCs
(Chittajallu et al., 1996; Schmitz et al., 2001) was reversible, indicating that KA receptors mediated a
short-lasting plasticity. A series of detailed experiments done by Schmitz et al. (2001) showed that the
enhancing effect of KA (50 nM) on synaptic responses is associated with a decrease in a paired-pulse
facilitation, and no change in holding current or the responses to iontophoretically applied NMDA in
the stratum lucidum of the hippocampus. Thus, they have excluded a possibility for its postsynaptic
origin. Moreover, they showed that the enhancement of evoked synaptic responses could be
mimicked by 4 mM K”, and repetitive stimulation (25 or 100Hz)-releasing glutamate, suggesting that
the facilitatory effect is exerted by a KA receptor-induced depolarization of presynapic terminal via
ionotropic action. Although the mechanism underlying the KA-induced long-lasting potentiation of
synaptic efficacy in our work is still unknown, it appears that it is the NMDA receptor-dependent
process. More interestingly, the long-lasting enhancement of synaptic transmission was blocked in the
GluR6 knockout mice, but only depressed in the GluRS knockout mice, indicating that the NMDA
receptor-dependent long-lasting potentiation induced by the low concentration of KA is mediated by
KA receptors containing exclusively GluR6, or in addition to a smaller extent GIuRS. In addition, our
finding further suggests that there is a functional interaction between kainate and NMDA receptors
(Ghetti and Heinemann, 2000).

Recently, in the spinal DH, Kerchner et al. (2001b) showed that low concentration (200 nM) of
KA has an ability to enhance evoked inhibitory transmission between DH neurons. This result
provides additional evidence that low concentration of KA may potentiate synaptic strength, although
this happens at inhibitory synapses under a reduced neuronal excitability produced by raising the
concentration of Ca*" and Mg** from 2 mM to 6 mM. Therefore, our result obtained from adult mouse

spinal slices demonstrates a different example of the long-lasting potentiation in the SG region, where
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under the blockade of inhibitory transmission, low concentration of KA can enhance dorsal root-
evoked synaptic transmission in a dose-dependent, the NMDA receptor-dependent, the KA receptor
subunit-dependent, and long-lasting manner. Further, this result may explain the reduced magnitude

of long-term potentiation induced by high-frequency stimulation in the GluRS mutant mice (Fig. 21).

Summary and significance

In this study, we demonstrated that activation of kainate receptors composed of GluRS and GluR6
subunits plays a role in the regulation of excitatory synaptic transmission in the adult mouse spinal
DH neurons, either by a presynaptic or a postsynaptic mechanism. In contrast to previous studies
(Kerchner et al., 2001), our data suggest that the GluR6 subunit is critically involved in suppression
of the A8- and C-fiber-elicited primary afferent neurotransmission in the SG region. Although
anatomical data from young (less than 3 week-old) rat have indicated the relative abundance of
GIluRS subunit and paucity of the GluR6 subunit in the spinal neurons, information on the anatomical
profile of kainate receptor subunits in the adult mouse spinal cord DH, is still not available. Thus, the
developmental regulation of KA receptors and use of a different species may influence the expression
of KA receptor subunits as well as the effect of kainate receptor activation in the spinal cord DH. We,
here, summarize our idea about possible localization of kainate receptor GluRS and GluR6 subunits,
postulated on the basis of anatomical and electrophysiological data from rats and our data obtained in
adult mouse spinal SG: 1) GluR6 subunit is expressed at Ad primary afferent fiber terminals (Hwang
et al., 2001; Partin et al., 1993; Sato et al., 1993); 2) both GluRS and GluR6 subunits are expressed at
C primary afferent fiber terminals (Dai et al., 2002; Hwang et al., 2001; Huettner, 1990; Kerchner et
al., 2001b; Partin et al., 1993; Sato et al., 1993; Tolle et al., 1993; Yung, 1998); 3) GluR6 subunit is
exclusively expressed on the somatic membrane of SG interneurons (Yung, 1998; but see also Tolle
et al., 1993); 4) although these subunit composition of kainate receptors at the terminals of excitatory
or inhibitory interneurons is presently not known, our data suggest that presynaptic terminals of
excitatory intermeurons may have both GluRS and 6.

Evidence indicates that kainate receptors are associated with nociceptive pathways including
primary afferents and DRG neurons (Agrawal and Evans, 1986; Huettner, 1990). Recent studies in
humans suggest that the mixed AMPA/GIuRS antagonist, LY293558, can prevent capsaicin-induced
hyperalgesia and allodynia with no effect on physiological nociception (Sang et al., 1998). Similar
results are reported in animal studies where formalin-induced- (Simmons et al., 1998), but not acute
physiological (Procter et al., 1998), nociceptive responses are reduced by GIuRS selective
decahydroisoquinolines. In addition, it has been shown that a kainate receptor antagonist SYM 2081
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prevents the transmission of nociceptive heat sensation (Li et al., 1999), and reduces allodynia and
hyperalgesia which were induced in neuropathic pain models (Lauren et al., 2000; Sutton et al.,
1999). These data indicate a functional role of kainate receptors in the development, transmission and
maintenance of nociception.

Regulation of excitatory or inhibitory transmission in the DH is essential for proper processing of
nociceptive and other sensory information. According to the gate control theory (Melzack and Wall,
1965), the inhibitory effect exerted by SG cells on first central transmission cells (probably,
projection neurons) is increased by activity in large-diameter fibers and decreased by activity in
small-diameter fibers. Thus, our findings, which provide a new infusion of evidence on subunit
profiles of kainate receptors acting as excitatory or inhibitory regulator for the A3-fiber- or C-fiber-
mediated excitatory transmission on SG neurons, further suggest that the process of nociceptive
transmission in the spinal SG neurons can finely be tuned by the activation of kainate receptors with
different subunit compositions. Therefore, building up information on synaptic or somatic location of
kainate receptor subunits and their physiological functions in the spinal cord DH will provide us with

clues to develop more specific therapeutic strategy for the treatment of pain.

Table 1. Passive and active membrane properties of SG neurons obtained from +/+, GluRS mutant (-/-) and
GluR6-/- mice

++ GluRS-/- GluR6-/-

Resting membrane potential (mV) -74.9 £ 0.9 (89) -74.5 £ 1.0 (59) -78.0+1.6 (31)
Input resistance (MS2) 203.4 +32.8 (31) 184.2 £28.1 (21) 201.5+50.0(13)
Amono-EPSPyesnoa (V at 0.1 ms) 54+0.7 (23) 52+0.6(18) 56+0.4(7)
Amono-EPSPigengiry (V at 0.1 ms) 7.4+0.6 (33) 6.0+0.7 (21) 87+1.0(11)*
Amono-EPSP yiituge (MV) 10.2 £0.7 (33) 11.7£09(19) 103+19(9)
Amono-EPSPcv (nV/s) 3.1+£0.2(41) 3.0+0.3(25) 33+04(18)
C-EPSPcy (nv/s) 0.6 +£0.05 (27) 06+0.1(17) 0.7+£0.2(7)

Values shown are the mean + standard error of mean. The number in parentheses after a value gives the
number of cells. Abbreviations: Amono, monosynatpic Ad-fiber-evoked; C-EPSP, C fiber-evoked EPSPs;
CV, conduction velocity. * indicate a significant difference between +/+ and GluR6-/- groups (P<0.05).
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Table 2. Depression of primary afferent fiber-evoked EPSPs by bath-application of 3uM KA in different
genotypes, synaptic potentials or perfusion media.

Solution
Genotype  Type of input Krebs B+S
++ Am 69.3 £5.7 (8) 76.0 +4.8 (5)
Ap 45.8 £5.1 (5)** vs. Am 87.7+£6.2(6)** vs. Krebs
C 558+5.0(7)* vs. Am 53.4+9.5(5)
GluRS-/- Am 79.9 £3.9 (10) 86.1 £ 2.8 (6)
Ap 80.1 +10.4 (7)* vs. ++ 90.4 £5.6 (8)
C 75.8+£6.4(9)* vs. H+ 73.6 £6.3 (5)* vs. ++
GluR6-/- Am 794 £4.1 (5) 105.6 £ 4.4 (6)** vs. H+
Ap 87.3+10.3 (5)** vs. +H+ 91.5+5.9(5)
Cc 82.2£3.0(7)** vs. ++ 96.2 £ 2.8 (4)** vs. H+

Values expressed as percentage of control (mean + standard error of mean) in the peak amplitude of EPSPs
evoked by stimulation of primary afferent fibers. The number in parentheses after a value gives the number
of cells. Abbreviations: B+S, Krebs solution containing SuM bicuculline and 2uM strychnine; +/+, wild-
type mice; GIuRS-/-, GIuRS mutant mice; GluR6-/-, GluR6 mutant mice; Am, monosynaptic Ad-fiber-
evoked EPSPs; Ap, polysynaptic Ad-fiber-evoked EPSPs; C, C-fiber-evoked EPSPs. Statistical
significance of data is indicated by asterisks: *, P<0.05; **, P<0.01.

Table 3. KA -induced membrane depolarization and holding current changes in +/+, GluRS mutant (-/-) and
GluR6-/- mice

Membrane potential (mV) +/+ GluRS-/- GluR6-/-

Krebs 5.6+0.7 (14) 4.7 +£0.7 (25) 29 +0.7 (15)**
Bic + strych 46%1.1(11) 3.0+04(18) 3.1£09(11)
Holding current (pA)

Bic + strych + TTX -183+6.5(9) -249+6.1(8) -0.7+£17(7)*

Values shown are the mean * standard error of mean. The number in parentheses after a value gives the
number of cells. Krebs, normal Krebs solution; Bic + strych, a solution containing 5 pM bicuculline + 2 pyM
strychnine; TTX, 0.5 uM tetrodotoxin. Statistical significance is indicated by asterisks: *P<0.05 and

**P<0.01, vs. +/+.




Fig. 1. AMPA receptor-mediated excitatory postsynaptic potential.

A) A diagram shows experimental setup characterizing a mouse transverse spinal cord slice
preparation with an attached dorsal root (5-10 mm), bipolar stimulating electrode (platinum wire) and
recording electrode inside glass pipette. SG designates an area of ‘substantia gelatinosa’ which cells
are mostly obtained from.

B) A repetitive stimulation at a frequency of 10 Hz (right) was used to determine synaptic
connectivity. In a representative SG cell, EPSPs, evoked by electrical stimulation of the attached
dorsal root, was identified as Ad-fiber-evoked ‘monosynaptic’ (Amono-) EPSPs on the basis of
constant latency and no failure. EPSP, recorded in another SG cell and determined as ‘monosynaptic’,
was not affected by 50 uM APV, a competitive NMDA receptor antagonist, but completely blocked
by 50 M GYKI 53655, a selective AMPA receptor antagonist.

C) EPSP, which showed variable latencies and failures (not shown) following a repetitive stimulation
at a frequency of 10 Hz (right), was determined as A3-fiber-evoked ‘polysynaptic’ (Apoly-) EPSPs.
Apoly-EPSPs, recorded in another SG cell, were largely blocked by 50 uM APV.

D) The synaptic connectivity of C fiber-evoked (C-) EPSPs (stimulus intensity: 4.2 V/0.5 ms;
conduction velocity, 0.53 m/sec) with constant latency and also a failure (star) at a frequency of 10

Hz (right) was not determined.
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Fig. 2. Kainate receptor agonists suppress primary afferent neurotransmission in the mouse spinal

dorsal horn.

A) A time course graph for nineteen slices obtained from eighteen wild-type mice shows long-lasting
depression of EPSP peak amplitudes produced by bath application of 3uM KA for 2 min. Each point
is mean £ s. e. m of baseline percentages from individual cells at a given time. Vm = -63 to -85 mV,
6-16-week-old mice.

B) The KA-induced depression of EPSPs was dose-dependent (n = 4 — 19 wild-type slices per
concentration; R° = 0.99).

C) Domoate (0.3 or 1 uM), known as a more potent KA receptor agonist, reduced the peak
amplitudes of EPSPs recorded from wild-type slices, in a dose-dependent manner. Time-courses at
each concentration on the graph were pooled from three slices obtained from 3 mice. Vm =-65 to -73
mV, 9-week-old mice.

D) A summary histogram shows that the magnitude of the KA (3 uM, 2 min)-induced depression in
normal Krebs solution is significantly reduced in the presence of a GluRS subunit specific KA
receptor antagonist, LY382884 (10 uM) (42.0 = 3.9% and 18.1 £5.0% inhibition in the absence or
presence of LY382884, respectively; **P<0.01). Interestingly, LY382884 itself depressed the
amplitudes of EPSPs by 22.8 + 7.5% (P<0.05 vs. baseline). Data are presented as means =+ s. e. m.

Each number on the histogram designates the number of cells observed.
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Fig. 3. Kainate receptor activation suppresses A- and C-primary afferent fibers-evoked excitatory
synaptic potentials.

A-C) Three summary graphs showing the time-course of long-lasting depression of peak amplitude of
EPSPs according to different types of synaptic inputs. Amono, A-primary afferent fiber-evoked
monosynaptic EPSP; Apoly, A-primary afferent fiber-evoked polysynaptic EPSP; C-EPSP, C-primary
afferent fiber-evoked EPSP. The peak amplitude of Apoly (8, n = 35 slices from 5 wild-type mice)- or
C (C, n = 7 slices from 7 wild-type mice)-EPSPs was more effectively reduced by KA (3 uM for 2
min) than that of Amono-EPSPs (4, n = 8 slices from 8 wild-type mice). The corresponding time of
sampled traces above graphs is indicated by the number. /nset shows the approximate location of
tested SG cells. Each point is mean + s.e.m at a given time. A, Vm = -63 to -87 mV, 7-13-week-old
mice. B, Vm =-61 to -82 mV, 7-12-week-old mice. C, Vm = -64 to -73 mV, 7-14-week-old mice.

D) A summary histogram showing mean maximum effects of KA on Amono-, Apoly- or C-EPSPs.
The inhibition of Apoly- and C-EPSPs by KA was significantly larger than that of Amono-EPSPs
(Amono, 30.7 = 5.7%, **P<0.01 vs. baseline; Apoly, 54.2 £ 5.1%, **P<0.01 vs. baseline, ##P<0.01
vs. Amono; C-EPSPs, 44.2 = 5.0%, **P<0.01 vs. baseline, #P<0.05 vs. Amono).

E-F) Summary graphs showing the time-course of long-lasting depression of EPSPs in the area under

the curve of Apoly and C.
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Fig. 4. KA increases the probability of synaptic failures and depress the AMPA- and NMDA-
mediated amplitudes of the C-primary afferent fiber-evoked EPSPs.

The graph shows KA (3 uM, 2 min)-induced depression or failures on peak amplitudes of EPSPs
evoked by C fiber stimulation (stimulus intensity, 4.2 V/0.5 ms; conduction velocity, 0.53 m/sec) in a
SG neuron obtained from a wild-type mouse. The latter effect was not present in the presence of 5
uM bicuculline, a GABA, receptor antagonist, and 2 uM strychnine, a glycine receptor antagonist.
Further, components of EPSP were isolated by the addition of LY300164, a selective AMPA receptor
antagonist, and/or DAPV, a competitive NMDA receptor antagonist to the bath solution. The residual
component of EPSP in the presence of 50 uM LY300164 and 50 uM DAPV was blocked by
successive addition of 10 uM CNQX, an AMPA/KA receptor antagonist, indicating that all three
types of ionotropic glutamate receptors, i.e. NMDA, AMPA and KA, mediate the EPSPs. Sample
traces displayed above the graph are individual synaptic responses taken at the times indicated by the

numbers. Bars indicate periods of application of each drug. Vm = -72mV, | 1-week-old mouse.
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Fig. 5. Concentration-dependency of the effects of KA on excitatory synaptic transmission in the

substantia gelatinosa.

A) The effect of KA on the amplitude of EPSPs in the presence of 5 uM bicuculline and 2 uM
strychnine was dose-dependent in wild-type mice. Apparently, 3 uM KA significantly suppressed the
peak amplitude of EPSPs, whereas 0.03 uM KA significantly potentiated. However, no significant
change was seen at the concentrations of 0.01 uM or 0.1 uM.

B) The graph shows the pooled data from sixteen wild-type slices (11 mice) in which KA (3 uM, 2
min) induced long-lasting depression in the presence of bicuculline and strychnine. Vm = -72 to -
83mV, 12-15-week-old mice.

C) A summary histogram of the different effects of KA on primary afferent fibers-evoked EPSPs in
different perfusion media. The depressant action of KA on EPSPs is significantly reduced by 5 uM
bicuculline and 2 uM strychnine, a cocktail solution of bicuculline/strychnine with 10 uM
CGP55845, a GABAGg receptor antagonist, or further addition of 500 uM (S)-MCPG, a mGIuR

antagonist, to the cocktail. *P<0.05, **P<0.01. Each number on the histogram designates the number

of slices observed.
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Fig. 6. The depressant effect of KA on Ad-fiber-evoked polysynaptic EPSPs is reduced in the
blockades of synaptic inhibition.

A) KA (3 uM, 2 min)-induced depression of Ad-fiber-evoked polysynaptic EPSPs amplitudes was
reduced in the presence of 5 uM bicuculline and 2 uM strychnine (bic + strych). 50 uM DAPV
blocked a large portion of the Apoly-EPSPs. Sample traces displayed above the graph are individual
synaptic responses taken at the times indicated by the numbers. Bars indicate periods of application of
each drug. Vm = -82 mV, 12-week-old wild-type mouse.

B-C) Histograms show the significant reduction of the 3 uM KA-induced depression of the Ad-fiber
evoked polysynaptic EPSPs (Apoly) by bicuculline and strychnine in amplitude (B) and area (C)
(**P<0.01). However, no significant difference is found in Ad-fiber monsynaptic EPSPs (Amono) or

C-fiber EPSPs. Each number on the histogram designates the number of slices observed.
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Fig. 7. The blockade of synaptic inhibition reduces the depressant effect of KA on A-primary afferent
fiber-evoked polysynaptic EPSPs.

A-E) Summary graphs show the time-course of 3 uM KA-induced depression in peak amplitudes of
Amono- (4), Apoly- (B) and C-EPSPs (C) and in area under the curve of Apoly- (D) and C-EPSPs
(E) in Krebs solution or a solution containing 5 uM bicuculline and 2 uM strychnine (bic + strych) in
wild-type mice. Each point was expressed as mean = s.e.m. * (P<0.05) and ** (P<0.01) indicate
significant difference between Krebs and bicuculline + strychnine solution at a given time. SG cells in
bic + strych: 4, Vm =-74 to -82 mV, 12-15-week-old mice; B, Vm = -73 to -83mV, 12-15-week-old

mice; C, Vm =-72 to —80 mV, 12-14-week-old mice.
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Fig. 8. The blockade of inhibitory transmission occasionally changes the effect of KA from inhibitory

to excitatory.

In three sampled wild-type SG cells with inputs from monosynaptic (4) and polysynapitc (B) Ad-
fibers, and C fibers (C), 3 uM KA (2 min), in the presence of 5 uM bicuculline and 2 pM strychnine,
increased amplitudes of EPSPs. Interestingly, the effect of KA on C-input EPSPs was biphasic (both
excitatory and inhibitory). A larger portion of monosynaptic A-input EPSPs was blocked by 50 uM
GYKI 53655 (3" trace in A), a selective AMPA receptor antagonist, whereas 50 uM DAPV (3" trace
in B) effectively blocked polysynaptic A-input EPSPs. The time (minute) following the start of KA
application is indicated below the traces. 4, Vm = -82 mV, 13-week-old mouse. B, Vm = -82mV, 14-

week-old mouse. C, Vm = -80 mV, 13 week-old mouse.
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Fig. 9. Reduced depression of primary afferent neurotransmission in GluRS mutant mice.

A) In a representative neuron obtained from a GluR5 mutant mouse, KA (3uM, 2min) exerted a
decrease of the peak amplitude of Amono-EPSPs in a dose-dependent manner. Sample traces
displayed above the graph are individual synaptic responses taken at the times indicated by numbers.
A polysynaptic component can be seen in the decay phase of EPSPs. Vm = -79 mV, 14-week-old
mouse.

B) Dose-response curves were made to summarize the effect of KA (3 uM) on EPSPs in GIluRS
mutant (-/-) mice (closed circles; n = 3 — 25 slices per concentration; R’ = 0.94), and also compared to
the part of dose-response curve of wild-type mice shown in Fig. 2B (open circles). The curve was
shifted to the right, and a statistical significance between wild-type and GluR5-/ mice was observed
only at the concentration of 3 pM (**P<0.01).

C) A summary graph showing the time-course of 3 uM KA-induced depression of EPSPs for 25
slices obtained from 19 GIuRS mutant mice. After 15 min wash out of KA, amplitudes of EPSPs were
recovered to 97.5 £ 5.1% of baseline in GluRS mutant mice. However, at the same time, those in
wild-type mice were 71.4 + 4.8% of baseline (See fig. 2A). Vm = -63 to -85 mV, 9-16-week-old

mice.
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Fig. 10. Activation of KA receptors exerts excitatory effects in subpopulation of GluRS mutant (-/-)
SG cells.

A-C) In three representative SG cells, with monosynaptic Ad-fiber (4), polysynaptic Aé-fiber (B) or
C-fiber (C) input, obtained from GluRS mutant mice, the peak amplitude of EPSPs recorded in Krebs
solution was increased and occasionally reached to the threshold for firing action potentials by dorsal
roots stimulation. Traces, at the corresponding time indicated by numbers, are shown above graphs.
Some of overshoot part of action potentials in 4 and C was truncated by slash. The stars indicate
EPSPs with action potential firing upon the stimulation, which hampers a correct measurement for the
amplitude of EPSP. In B, a large portion of the recovered Apoly-EPSPs was inhibited by 50 uM
DAPV, and the remaining component was completely blocked by the addition of 10 uM CNQX. A,
Vm = -75 mV, 15-week-old mouse. B, Vm = -72 mV, 13-week-old mouse. C, Vm = -67 mV, 11-

week-old mouse.
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Fig. 11. Summary graphs showing each time-course of 3 uM KA-induced depression of EPSPs for all
genotypes in the presence or the absence of 5 uM bicuculline and 2 uM strychnine. The degree of
long-lasting depression by KA in the Krebs solution in wild-type mice was significantly reduced in
GluRS or GluR6 mutant mice. In the bicuculline and strychnine, the depression of EPSP amplitudes
was significantly reduced in GluRS mutant mice, but completely blocked in GluR6 mutant mice. Data
are expressed as mean + s.e.m. * (P<0.05) and **(P<0.01) on the data represent significant difference

against the value in wild-type mice at the same time and solution.
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Fig. 12. GluRS subunit is involved in the long-lasting depression of synaptic transmission induced by
the activation of kainate receptors.

A-F) Representative traces (4-C) recorded from wild-type (upper traces) and GluR5 mutant (-/-)
(lower traces) slices are sampled for graphs summarizing for SG cells with inputs from monosynaptic
Ad-fiber (Amono, n = 10 slices from 9 GluR5-/- mice; D), polysynaptic Ad-fiber (Apoly, n = 7 slices
7 GluR5-/- mice; E) and C-fiber (C-EPSP, n = 9 slices from 6 GluRS-/- mice). KA (3 uM, 2 min)-
induced depression of EPSPs was significantly reduced in GluRS-/- SG cells with inputs from
polysynaptic Ad-fibers (E) and polysynaptic Ad-fibers (F), but not in those from monosynaptic Ad-
fibers (D). The peak amplitude of monosynaptic EPSPs recorded from a GluRS-/- SG cell, was not
affected by 50 uM DAPYV but was almost completely blocked by the addition of 50 uM GYKI 53655
to DAPV. On the other hand, 50 uM DAPYV alone decreased the peak amplitudes of Apoly-EPSPs by
about 50%. The amplitudes of C-EPSPs (C, stimulus intensity, 20 V/0.5 ms; C.V., 0.45 m/s) from a
GluRS-/- SG cell were also decreased by KA in a reversible manner. D, Vm = -75 to -88mV, 14-16-
week-old GluR5-/- mice; E, Vm = -72 to -84 mV, 11-15-week-old GluRS-/- mice; F, Vm =-60 to -83
mV, 11-16-week-old GluR5-/- mice.

G) Diagrams show the approximate location of tested Amono-, Apoly- or C-input SG cells obtained
from wild-type and GluR5-/- mice.

H-I) Summary graphs showing the time-course of long-lasting depression of EPSPs in the area under
the curve of Apoly- (H) and C-EPSPs (/).

On summary graphs (D-F and H-I), asterisks indicate significant differences between wild-type and
GluRS5-/- at a given time (*P<0.05; **P<0.01), and data for wild-type mice are reproduced from
Figure 2 for comparison. Each point is mean + s.e.m. The corresponding times of sampled traces in
A, B and C are indicated by numbers on the graphs (D-F).



Fig. 13. Kainate receptors containing GluRS subunit modulate the C-primary afferent fiber-mediated
excitatory neurotransmission.
A-F) Representative traces (4-C) recorded from wild-type (upper traces) and GluRS mutant (-/-)
(lower traces) slices in the presence of 5 uM bicuculine and 2 uM strychnine (bic + strych) are
sampled for graphs summarizing for SG cells with inputs from monosynaptic Ad-fibers (Amono, n =
6 slices from 6 GluR5-/- mice; D), polysynaptic A3-fibers (Apoly, n = 8 slices from 7 GluRS5-/- mice;
E) and C-fibers (C-EPSP, n = § slices from 4 GluR5-/- mice; F) inputs. A significant reduction of KA
(3 uM, 2 min)-induced depression was observed only in C-EPSPs (F). Blockades of EPSPs by 50 uM
DAPV and 50 uM GYKI53655 are shown in the sampled EPSPs recorded in GluR5-/- SG cells. Test
stimulus intensities for C-EPSP traces in C are 15 V/0.5 msec (c. v., 0.35 m/s) and 30 V/0.5 ms (c.v.,
0.54 mv/s) for wild-type and GluR5-/- SG cells, respectively. D, Vm = -75 to - 88mV, 11-16-week-old
GluRS5-/- mice. E, Vm = -67 to -83 mV, 9-14-week-old GluRS-/- mice. F, Vm =-63 to -83 mV, 8-13-
week-old GluR5-/- mice.
G) Diagrams show the approximate location of tested Amono-, Apoly- or C-input SG cells obtained
from wild-type and GluR5-/- mice.
H-I) Summary graphs, showing the time-courses of changes of EPSPs in the area under the curve of
Apoly- (H) and C-EPSP (J), also support the result from peak amplitude measurement.

On summary graphs (D-F and H-I), asterisks indicate significant difference between wild-type and
GluR5-/- at a give time (*P<0.05. Each point is mean + s.e.m at a given time. The numbers on the

graphs (D-F) indicate the corresponding times of sampled traces in A-C.
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Fig. 14. Activation of kainate receptors differentially modulate AMPA receptor- or NMDA receptor-
mediated synaptic transmission.

In a representative SG neuron, bath-applied 3 uM KA exerted small depression of monosynaptic
EPSP amplitudes (closed circle) both in Krebs solution or in bicuculline (§ uM) and strychnine (2
uM)-containing (bic + strych) solution. However, late component of EPSPs, appeared following the
inclusion of bicuculline and strychnine to the bath solution, was almost completely blocked by KA,
which is prominent in the measurement for EPSP area under the trace curve (open circle). Further,
after wash-out of KA, the recovered late component was completely blocked by 50 pM DAPV,
indicating that it was NMDA receptor-mediated component. The small depression of monosynaptic
component of EPSPs, which was observed in the Krebs or bic + strych solution, still existed under the
condition of NMDA receptor blockade in a similar degree. Sample traces displayed above the graph
are individual synaptic responses taken at the times indicated by numbers. Bars indicate periods of

application of each drug. Vm = -75 mV, 16-week-old mouse.
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Fig. 15. GluR6 kainate receptor subunit is also involved in the long-lasting depression of synaptic
transmission induced by the activation of kainate receptors.

A-C) Graphs show the effects of KA on EPSP amplitudes in SG cells with monosynaptic (4, Amono;
n =3 slices from 5 GluR6 mutant (-/-) mice) and polysynapitc (B, Apoly; n =5 slices from 5 GluR6-
/- mice) Ad-fiber, and C-fiber (C, C-EPSP; n = 7 slices from 6 GluR6-/- mice) inputs. Compared to
wild-type mice, significant reduction in the magnitude of long-lasting depression of EPSPs was
observed in Apoly- and C-EPSP groups, but not in Amono-EPSP group. The traces displayed above
the graph are individual synaptic responses in GluR6-/- mice taken at the times indicated by numbers.
A, Vm = -75 to -90 mV, 13-week-old GluR6-/- mice. B, Vm = -65 to -83 mV, 13-week-old GluR6-/-
mice. C, Vm = -76 to -90 mV, 13-week-old GluR6-/- mice.

D) Diagrams show the approximate location of tested Amono-, Apoly- or C-input SG cells obtained
from GluR6-/- mice.

E-F) Summary graphs, showing the time-courses of changes of EPSPs in the area under the curve of

Apoly (£) and C-EPSP (F), also support the result from peak amplitude measurement.
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Fig. 16. Kainate receptors containing GluR6 subunit contribute to the A- and C-primary afferent
fiber-depression of excitatory neurotransmission.

A-C) Graphs show the effects of KA on EPSP (Amono: n = 6 slices from 6 GluR6-/- mice, Apoly: n
= 5 slices from 4 GIuRS5-/- mice, and C-EPSPs: n = 4 slices from 4 GluR6-/- mice) amplitudes
recorded in the presence of 5 uM bicuculline and 2 uM strychnine (indicated by bars) in GluR6
mutant SG cells. Compared to the wild-type mice, a significant reduction in the magnitude of long-
lasting depression of EPSPs was observed in Amono- and C-EPSP groups, but not in Apoly-EPSP
group. The traces displayed above the graph are individual synaptic responses in GluR6-/- mice taken
at the times indicated by numbers. 4, Vm = -74 to -89 mV, 8-13-week-old GluR6-/- mice. B, Vm = -
71 to -88 mV, 8-13-week-old GluR6-/- mice. C, Vm =-70 to -89 mV, 9-13 week-old GluR6-/- mice.
D) Diagrams show the approximate location of tested Amono-, Apoly- or C-input SG cells obtained
from GIluR6-/- mice.

E-F) Summary graphs, showing the time-courses of changes of EPSPs in the area under the curve of

Apoly (E) and C-EPSP (F), also support the result from peak amplitude measurement.
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Fig. 17. Histograms summarize the effects of KA (3 uM, 2 min) on primary afferent fiber-evoked
EPSPs in Krebs solution (4) and bicuculline and strychnine-containing (bic + strych) solution (B).
Data, expressed as mean + s. e. m. Statistical significance is indicated by * (P<0.05) and ** (P<0.01),

compared to wild-type mice, and by ## (P<0.01) compared to GluR5-/- mice.
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Fig. 18. The KA-induced decrease in miniature EPSC frequency was mediated by the activation of
GluRS5- or GluR6-containing kainate receptors.

A) Left, Sample traces of miniature EPSC (mEPSC) recordings from a SG cell obtained from a wild-
type slice. KA was bath-applied at a concentration of 3 uM for 2 min. Middle, Right, The cumulative
probability histograms show that the inter-event intervals after the application of KA are significantly
longer than that before, but amplitudes are not affected by KA. Vm =-67 mV, 7-week-old mouse.

B) Left, Sample traces of mEPSC recordings from a SG cell obtained from a GluRS mutant (-/-)
mouse. Middle, Right, The cumulative probability histograms show that the inter-event intervals after
KA are significantly longer, but lesser degree to the wild-type cell, than that before KA, but
amplitudes are unchanged. Vm =-65 mV, 9-week-old GluR5-/- mouse.

C) Left, Sample traces of mEPSC recordings from a SG cell obtained from a GluR6-/- mouse. Middle,
Right, even slighter change between before and after KA application was observed in inter-event
intervals and amplitudes cumulative distributions. Vm = -63 mV, 9-week-old GluR6-/- mouse.

D) Histograms summarize all experiments for KA-induced changes in the frequency (left histogram)
or the amplitude (right histogram) of mEPSCs recorded from wild-type, GluRS5-/- and GluR6-/-
mouse slices. The decrease in the frequency of mEPSCs from wild-type slices (-35.2 £4.1%, n =10
slices from 7 mice) was significantly reduced in GluR5-/- (-16.1 + 6.8%, n = 7 slices from 5 mice;
*P<0.05) and GluR6-/- (-14.1 £ 8.1%, n = 7 slices from 3 mice; *P<0.05) mice. No significant
change or difference was observed in amplitude histogram among different genotypes. +/+, Vm = -58
to -73 mV, 7-week-old mice; GluR5-/-, Vm = -61 to -60 mV, 9-week-old mice; GluR6-/-, Vm = -59

to -67 mV, 9-week-old mice.
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Fig. 19. GluRS and GluR6 subunits underlie NMDA receptor-dependent long-lasting potentiation of
excitatory transmission induced by minimal activation of kainate receptors.

A) Top, Sampled traces recorded in the presence of 5 uM bicuculline and 2 uM strychnine (bic +
strych) in a slice obtained from a wild-type (+/+) mouse are shown. The peak amplitude of Ad-fiber-
evoked monosynaptic EPSPs was increased by bath application of 30 nM KA (2min). Middle, In
sampled traces recorded in the presence of bicuculline/strychnine and 50 uM DAPV, the peak
amplitude of Ad-fiber-evoked monosynaptic EPSP was not changed by 30 nM KA. Bottom, Summary
graph for five wild-type slices in the absence of or five wild-type slices in the presence of 50 uM
DAPV, a NMDA receptor blocker, shows that the 30nM KA-induced long-lasting potentiation of
EPSPs was blocked by DAPV. The numbers indicate the corresponding time at which the sample
traces are taken. Vm = -72 to -87 mV, 6-16-week-old mice.

B) A graph summarizing the effect of 30 nM KA (2 min) for nine GluRS mutant (-/-) and seven
GluR6 mutant (-/-) slices in the presence of 5 uM bicuculline and 2 uM strychnine is shown. The
magnitude of long-lasting potentiation induced by 30 nM KA shown in A tends to decrease in the
time-course graph of GluR5-/- mice. However, 30 nM KA-induced long-lasting potentiation was
disappeared in GluR6-/-. GluRS-/-, Vmm = -63 to -81 mV, 8-16-week-old mice; GluR6-/-, Vm = -72 to
-89 mV, 8-13-week-old mice.
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Fig. 20. The selective activation of GluRS-containing kainate receptors is excitatory on primary
afferent neurotransmission.

A) In a pooled graph (n = 7 slices from 6 wild-type mice), bath-applied ATPA (1 uM, 2 min), a
selective GluRS specific agonist, potentiated EPSP peak amplitudes. Sample traces (note: on the basis
of conduction velocity and test stimulus intensity, which are 0.53 m/sec and 4.2 V/0.5ms,
respectively, these traces are considered as C-primary afferent fiber-evoked EPSPs) taken at a
corresponding time indicated by numbers are shown above the graph. Vm = -65 to -85 mV, 8-12-
week-old mice.

B) A scatter diagram summarizes the effect of ATPA in individual SG cells obtained from seven
wild-type, nine GluRS mutant (-/-), four GluR6-/- and four triple-/- (GluRS5-/-/GluR6-/-/KA2-/-)
slices. Each effect was calculated as percent change (positive values, potentiation; negative values,
depression) of EPSP amplitudes at 9-15 min from the onset of ATPA because the peak potentiation of
EPSPs by ATPA in the wild-type was usually observed at this time. Points with error bar (s.e.m.) are
the means of the group. The mean percent change in GluRS-/- mice (-14.3 + 6.9%) was significantly
different from that in wild-type (32.0 £ 17.7%), GluR6-/- (35.5 £ 16.2%), or Triple-/- (3.2 £ 3.0%)
mice (P<0.05).
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Fig. 21. Impaired LTP and LTD in GIuRS mutant mice.

A) Long-term potentiation of A- and/or C-fiber-evoked EPSPs following high-frequency stimulation
(HFS; 100Hz, 1 or 3 tetani) is reduced in GluRS mutant (-/-) mice (+/+, 133.4 £ 12.0% of baseline at
20 min after HFS, n = 7 slices from 7 mice, P<0.01 vs. baseline, 7-week-old, Vm= -57 to -65 mV;
GluR5-/-, 100.1 £ 8.7% at 20 min after HFS, n = 9 slices from 6 mice, 7-10-week-old, Vm=-61 to -
67 mV, P>0.05 vs. baseline; P<0.05, between wild-type and GluRS-/-). Above the graph are
displayed superimposed EPSPs recorded from neurons receiving C-fiber input prior to and 20 min
after HFS in both +/+ and GIluRS-/- mice.

B) Long-term depression of synaptic transmission induced by HFS (100Hz, 1 or 3 tetani) is reduced
in GluR5-/- mice (+/+, 55.1 £ 13.3% of baseline at 18 min after HFS, P<0.01 vs. baseline, n = 7 slices
from 7 mice, 7-12-week-old, Vm= -62 to -83 mV; GluRS -/-, 81.1 % 10.4% of baseline, P>0.05 vs.
baseline, n = 3 slices from 3 mice, 44 to 49 d-old, -54 to -67 mV; P<0.01, between wild-type and
GluRS5-/-). Above the graph are displayed superimposed EPSPs recorded from neurons receiving Ad-
fiber input prior to and 18 min after HFS in both +/+ and GluRS5-/- mice.
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CHAPTER 5. GENERAL CONCLUSION

The spinal superficial dorsal horn (SDH), including substantia gelatinosa (SG), is an area where
primary afferent fibers arising predominantly from skin, but also viscera and muscle, terminate and
form first synaptic relay with dendrites of dorsal horn neurons. Glutamate is a major neurotransmitter
at the primary afferent fiber-DH neuronal synapses, so that it makes glutamatergic synapses. It has
been of great interest since the strength of glutamatergic synaptic transmission in the central nervous
system, including the spinal cord, is not constant and can be modulated by the rate of activity in
synaptic pathways. Therefore, experiments to elucidate the mechanism of physiological modulations
at glutamatergic synapses have intensively been undertaken by neuroscientists.

During my PhD study, I used gene-targeted mice lacking GluR2 AMPA receptor subunit, or
GluRS, GluR6 or GluR5/6/KA2 kainate receptor subunits to determine the functional role of these
subunits comprising AMPA, or kainate receptors, in the adult mouse spinal cord SG region. By using
conventional intracellular (current-clamp) recordings, and also whole-cell voltage-clamp recordings
from in vitro mouse spinal cord slices, I have demonstrated the role of Ca2+-permeable AMPA
receptors in the plasticity of sensory synaptic transmission in GluR2 mutant mice, and the modulatory
role(s) of kainate receptors, composed of at least GluRS or GluRé6 subunits, on spinal excitatory
synaptic transmission at A3- and/or C-primary afferent fiber-SG synapses. Here is a summary of the
facts that I derived from my PhD work:

1) On the basis of the rectifying properties of AMPA receptor-mediated excitatory postsynaptic
currents (EPSCs), the Ca®" permeability through AMPA receptors expressed on the
postsynaptic membrane of SG neurons, was efficiently increased due to the genetic deletion of
GluR2 subunit.

2) The increased Ca®"-permeability through AMPA receptors caused the enhancement of the high-
frequency stimulation (100 Hz)-induced long-term potentiation (LTP) of excitatory
postsynaptic potentials (EPSPs).

3) The enhanced LTP of synaptic transmission, caused by the deletion of GluR2 subunit, was
NMDA receptor-independent and insensitive to the blockade of high-voltage activated L-type

Ca** channels.
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Bath application of kainate (3 pM, 2 min) significantly depressed the primary afferent fiber-
evoked EPSPs recorded in the SG neurons obtained from wild-type mice.

Under physiological conditions, i.e., in the presence of synaptic inhibition, both GluRS and
GIluR6 subunits contribute to the depressant action of kainate at the primary afferent C-fiber-
activated monosynaptic and polysynaptic pathways, and Ad-fiber-activated polysynaptic
pathways.

In the absence of synaptic inhibition kainate produced a smaller depressant effect on C-fiber-
evoked EPSPs in the SG neurons from mice lacking the GIuRS subunit in comparison to that

seen in wild-type mice.

In contrast, in the absence of synaptic inhibition, the application of kainate had no effect on
EPSPs recorded in SG neurons from mice in which the GluR6 gene had been disrupted at AS-
and C-fiber synapses.

The application of KA (3 uM, 2 min) decreases the frequency of spontaneous miniature EPSCs
(mEPSCs) at primary afferent synapses whereas their amplitude remained unchanged. This

finding provides evidences that KA acted presynaptically to reduce evoked transmission.

In contrast to the KA effect in wild-type mice, the mEPSC frequencies in the SG neurons in
slices from the GIuR5 or GluR6 mutant mice were less reduced, and no significant change in
mEPSC amplitude was observed.

After blocking inhibitory inputs, the application of kainate at a low concentration (30 nM, 2
min) revealed a long-lasting NMDA receptor-dependent potentiation of primary afferent

neurotransmission.
In a normal Krebs-bicarbonate medium, bath application of (RS)-ATPA (1-3 uM, 2 min), a
putative GIuRS agonist, causes both potentiation and depression of EPSPs in SG neurons

obtained from wild-type mice.

In contrast to wild-type mice, the application of ATPA (1 or 3 uM, 2 min) causes



13)

14)

15)

16)

104
predominantly depression of EPSPs in SG neurons from GluRS mutant mice.

The potentiating and the depressant effects of ATPA were not modified by bicuculline and
strychnine, but the ATPA depressant effect was blocked by genetic deletion of GluR6 or
GluR5/GluR6/KA2 subunits.

High-frequency tetanic stimulation (100 Hz) induced the long-term potentiation (LTP) of the
Ad- and/or C-primary afferent fiber-evoked EPSPs in wild-type mice, but not in the GluRS
mutant mice.

At a resting membrane potential the application of KA (3 uM, 2 min) caused a slow, dose-
dependent and reversible depolarization in SG neurons of wild-type mice. This effect persisted
in the presence of tetrodotoxin, a Na* channel blocker, indicating a direct postsynaptic action of

kainate receptors on SG neurons.

The KA-induced depolarization persisted in the slices obtained from the GluRS mutant mice,

but it was not present in those from the GluR6 mutant mice.



105
REFERENCES

Agrawal SG, Evans RH (1986) The primary afferent depolarizing action of kainate in the rat. Br J
Pharmacol 87:345-355.

Aniksztejn L, Otani S, Ben-Ari Y (1992) Quisqualate metabotropic receptors modulate NMDA
currents and facilitate induction of long-term potentiation through protein kinase C. Eur. J.
Neurosci 4:500-505.

Ault B, Hildebrand LM (1993) Activation of nociceptive reflexes by peripheral kainate receptors. J
Pharmacol Exp Ther 265:927-932.

Barria A, Miiller D, Derkach V, Griffith LC, Soderling TR (1997) Regulatory phosphorylation of
AMPA-type glutamate receptors by CaM-KII during long-term potentiation. Science 276:2042-
2045.

Bashir ZI, Bortolotto ZA, Davies CH, Beretta N, Irving AJ, Seal AJ, Henley JM, Jane DE, Watkins
JC, Collingridge GL (1993) Induction of LTP in the hippocampus needs synaptic activation of
glutamate metabotropic receptors. Nature 363:347-349.

Beal JA, Bicknell HR (1981) Primary afferent distribution pattern in the marginal zone (lamina 1) of
adult monkey and cat lumbosacral spinal cord. J Comp Neurol 202(2):255-63.

Bennett GJ, Abdelmoumene M, Hayashi H, Duber R (1980) Physiology and morphology of
substantia gelatinosa neurons intracellularly stained with horseradish peroxidase. J Comp Neurol
194:809-827

Bernard A, Khrestochatisky M (1994) Assessing the extent of RNA editing in the TMII regions of
GluRS and GluR6 kainate receptors during the rat brain development. J Neurochem 62:2057-
2060.

Berthele A, Boxall SJ, Urb-NA, Anneser JM, Zieglginsberger W, Urban L, Télle TR (1999)
Distribution and developmental changes in metabotropic glutamate receptor messenger RNA
expression in the rat lumbar spinal cord. Dev Brain Res 112:39-53.

Bettler B, Egebjerg J, Sharma G, Pecht G, Hermans Borgmeyer I, Moll C, Stevens CF, Heinemann S
(1992) Cloning of a putative glutamate receptor: a low affinity kainate-binding subunit. Neuron
8:257-265.

Blaschke M, Keller BU, Rivosecchi R, Hollmann M, Heinemann S, Konnerth A (1993) A single
amino acid determines the subunit-specific spider toxin block of alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionate/kainate receptor channels. Proc Natl Acad Sci USA 90: 6528-6532.



106

Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term potentiation in the
hippocampus. Nature 361:31-39.

Bortolotto ZA, Clarke VR, Delany CM, Parry MC, Smolders I, Vignes M, Ho KH, Miu P, Brinton
BT, Fantaske R, Ogden A, Gates M, Ornstein PL, Lodge D, Bleakman, Collingridge GL (1999)
Kainate receptors are involved in synaptic plasticity. Nature 402:297-301.

Boxall, S.J., Berthele, A., Laurie, D.J., Sommer, B., Zieglginsberger, W., Urban, L. and Télle, T.R.
(1998) Enhanced expression of metabotropic glutamate receptor 3 messenger RNA in the rat
spinal cord during ultraviolet irradiation induced peripheral inflammation. Neuroscience 82:591-
602.

Boyce S, Wyatt A, Webb JK, O’Donnell R, Mason G, Rigby M, Sirinathsinghji D, Hill RG, Rupniak
NMJ (1999) Selective NMDA NR2B antagonists induce antinociception without motor
dysfunction: correlation with restricted localization of NR2B subunit in dorsal homn.
Neuropharmacology 38:611-623.

Brodal A, Rexed B (1953) Spinal afferents to the lateral cervical nucleus in the cat. ] Comp Neurol
98:179-211.

Brown AG (1977) Cutaneous axons and sensory neurons in the spinal cord. Brit Med Bull 33:109-
112.

Brown AG (1981) Organization in the Spinal Cord: The Anatomy and Physiology of Identified
Neurones. Springer-Verlag, Berlin.

Brown AG, Fyffe REW (1981) Form and function of dorsal horn neurons with axons ascending the
dorsal columns in cat. J Physiol 321:31-47.

Brown AG, Rose PK, Snow PJ (1977) The morphology of spinocervical tract neurons revealed by
intracellular injection of horseradish peroxidase. J Physiol 270:747-764.

Brusa R, Zimmerman F, Koh DS, Feldmeyer D, Gass P, Seeburg PH, Sprengel R (1995) Early-onset
epilepsy and postnatal lethality associated with an editing-deficient GluR-B allele in mice.
Science 270:1677-1680.

Bureau I, Bischoff S, Heinemann SF, Mulle C (1999) Kainate receptor-mediated responses in the
CALl field of wild-type and GluR6-deficient mice. J Neurosci 19:653-663.

Burger PM, Hell J, Mehl E, Krasel C, Lottspeich F, Jahn R (1991) GABA and glycine in synaptic
vesicles: storage and transport characteristics. Neuron 7:287-293.

Bumashev N, Khodorova A, Jones P, Helm PJ, Wisden W, Monyer H, Seeburg PH (1992) Calcium-
permeable AMPA-kainate receptors in fusiform cerebellum glial cells. Science 256(5063):1566-
1570.



107

Bumashev N, Villarroel A, Sakmann B (1996) Bimensions and ion selectivity of recombinant AMPA
and kainate receptor channels and their dependence on Q/R site residues. J Physiol (Lond)
496:165-173.

Burnashev N, Zhou Z, Neher E, Sakmann B (1995) Fractional calcium currents through recombinant
GluR channels of the NMDA, AMPA and kainate receptor subtypes. J Physiol (Lond) 485:403-
418.

Bumstein R, Dado RJ, Giesler GJ (1990) The cells of origin of the spinothalamic tract of the rat: a
quantitative reexamination. Brain Res 511:329-337.

Campbell JN, Srinivasa NR, Cohen RH, Manning DC, Khan AA, Meyer RA (1989) Peripheral neural
mechanisms of nociception. In: Textbook of Pain (Wall PD, Melzack R eds) pp 22-42, New
York: Churchill Livingstone.

Carlton SM, Hargett GL, Coggeshall RE (1995) Localization and activation of glutamate receptors in
unmyelinated axons of rat glabrous skin. Neurosci Lett 197:25-28.

Carlton SM, Hargett GL, Coggeshall RE (1998) Plasticity in a-amino-3-hydroxy-S-methyl-<4-
isoxazolepropionic acid receptor subunits in the rat dorsal horn following deafferentation.
Neurosci Lett 242:21-24.

Castillo PE, Malenka RC, Nicoll RA (1997) Kainate receptors mediate a slow postsynaptic current in
hippocampal CA3 neurons. Nature 388:182-186.

Chatterton JE, Awobuluyl M, Premkumar LS, Takahashi H, Talantova M, Shin Y, Cui J, Tu S,
Sevarino KA, Nakanishi N, Tong G, Lipton SA, Zhang D (2002) Excitatory glycine receptors
containing the NR3 family of NMDA receptor subunits. Nature 415:793-798.

Chen J, Sandkiihler J (2000) Induction of homosynaptic long-term depression at spinal synapses of
sensory Ad-fibers requires activation of metabotropic glutamate receptors. Neuroscience
98(1):141-8.

Chen JG Sandkiihler J (1999) Two mechanistically distinct forms of long-term depression exist at
spinal nociceptive synapses. IASP Abstracts 9" World Congress on Pain, p. 415.

Chen L and Huang LYM (1991) Sustained potentiation of NMDA receptor-mediated glutamate
responses through activation of protein kinase C by a p opioid. Neuron 7:319-326.

Chen L and Huang LYM (1992) Protein kinase C reduces Mg** block of NMDA receptor channels as
a mechanism of modulation. Nature 356:521-523.

Chergui K, Bouron A, Normand E, Mulle C (2000) Functional GluR6 kainate receptors in the
striatum: indirect downregulation of synaptic transmission. J Neurosci 20:2175-2182.



108

Chittajaliu R, Braithwaite SP, Clarke VR, Henley JM (1999) Kainate receptors: subunits, synaptic
localization and function. Trends Pharmacol Sci 20:26-35.

Chittajallu R, Vignes M, Dev KK, Barnes JM, Collingridge GL, Henley JM (1996) Regulation of
glutamate release by presynaptic kainate receptors in the hippocampus. Nature 379:78-81.

Chizh BA, Headley PM, Tzschentke TM (2001) NMDA receptor antagonists as analgesics: focus on
the NR2B subtype. Trends Pharmacol Sci 22(12):636-642

Christensen BN, Perl ER (1970) Spinal neurons specifically excited by noxious or thermal stimuli:
marginal zone of the dorsal horn. J Neurophysiol 33: 293-307.

Christensen H and Fonnum F (1991) Uptake of glycine, GABA and glutamate by synaptic vesicles
isolated from different regions of rat CNS. Neurosci Lett 129:217-220.

Chung JM, Kenshalo DR, Gerhart KD, Willis WD (1979) Excitation of primate spinothalamic
neurons by cutaneous C-fiber volleys. J Neurophysiol 42:1354-1369.

Clarke VR, Ballyk BA, Hoo KH, Mandelzys A, Pellizzari A, Bath CP, Thomas J, Sharpe EF, Davies
CH, Ormnstein PL, Schoepp DD, Kamboj RK, Collingridge GL, Lodge D, Bleakman D (1997) A
hippocampal GluRS kainate receptor regulating inhibitory synaptic transmission. Nature 389:599-
603.

Coggeshall RE (1980) The law of separation of function of the spinal roots. Physiol Rev 60:716-755

Coggeshall RE, Carlton SM (1998) Ultrastructural analysis of NMDA, AMPA and kainate receptors
on unmyelinated and myelinated axons in the periphery. J Comp Neurol 391:78-86.

Coggeshell RE, Willis WD (1991) Structure of the dorsal horn. In: Sensory mechanisms of the spinal
cord (2™ Ed), pp79-151, New York: Plenum Press.

Conn PJ, Pin JP (1997) Pharmacology and functions of metabotropic glutamate receptors. Annu Rev
Pharmacol Toxicol 37:205-237.

Contractor A, Swanson GT, Heinemann SF (2001) Kainate receptors are involved in short-and long-
term plasticity at mossy fiber synapses in the hippocampus. Neuron 29:209-216.

Contractor A, Swanson GT, Sailer A, O’Gorman S, Heinemann SF (2000) Identification of the
kainate receptor subunits underlying modulation of excitatory synaptic transmission in the CA3
region of the hippocampus. J Neurosci 20:8269-8278.

Cossart R, Esclapez M, Hirsch JC, Bemard C, Ben-Ari Y (1998) GluRS kainate receptor activation in
interneurons increases tonic inhibition of pyramidal cells. Nat Neurosci 1:470-478.

Craig AD (1978) Spinal and medullary input to the lateral cervical nucleus. J Comp Neurol 181:729-
744.



109

Craig AD (1996) Pain, temperature, and the sense of the body. In: O. Franzen, R. Johansson and L.
Terenius (Eds.), Somesthesis and the Neurobiology of the Somatosensory Cortex. Birkhauser,
Basle, pp.27-39.

Craig AD, Andrew D (1999) Lamina I spinothalamic neurons display temporal summation to
repeated brief contact heat stimuli. Soc Neurosci Abstr 25:148.

Craig AD, Bushnell MC (1994) The thermal grill illusion: unmasking the burn of cold pain. Science
265:252-255.

Craig AD, Kniffki KD (1985) Spinothalamic lumbosacral lamina I cells responsive to skin and
muscle stimulation in the cat. J Physiol 365:197-221.

Craig AD, Serrano LP (1994) Effects of systemic morphine on lamina I spinothalamic tract neurons
in the cat. Brain Res 636:233-244.

Cui C, Mayer ML (1999) Heteromeric kainate receptors formed by the coassembly of GluRS, GluR6,
and GluR7. J Neurosci 19:8281-8291.

Cull-Candy S, Brickley S, Farrant M (2001) NMDA receptor subunits: diversity, development and
disease. Curr Opin Neurobiol 11:327-335.

Dai WM, Christensen KV, Egebjerg J, Ebert B, Lambert JDC (2002) Correlation of the expression of
kainate receptor subtypes to responses evoked in cultured cortical and spinal cord neurones. Brain
Res 926:94-107.

Das S, Sasaki YF, Rothe T, Premkumar LS, Takasu M, Crandall JE, Dikkes P, Conner DA, Rayudu
PV, Cheung W (1998) Increase NMDA current and spine density in mice lacking the NMDA
receptor subunit NR3A. Nature 393:377-381.

Davies J, Evans RH, Francis AA, Watkins JC (1979) Excitatory amino acid receptors and synaptic
excitation in the mammalian central nervous system. J Physiol (Paris) 75:641-654.

De Biasi S, Rustioni A (1988) Glutamate and substance P coexist in primary afferent terminals in the
superficial laminae of spinal cord. Proc Natl Acad Sci U S A 85:7820-7824.

De Koninck Y, Ribeiro-da-Silva A, Henry JL, Cuello AC (1992) Spinal neurons exhibiting a specific
nociceptive response receives abundant substance P-containing synaptic contacts. Proc Natl Acad
Sci U S A 89(11):5073-5077.

DeVries SH, Schwartz EA (1999) Kainate receptors mediate synaptic transmission between cones
and ‘off’ bipolar cells in a mammalian retina. Nature 397:157-160.

Dickenson AH (1990) A cure for wind up: NMDA receptor antagonists as potential analgesics.
Trends Pharmacol Sci 11:307-309.

Dingledine (1999) The glutamate receptor ion channels. Pharmacol Rev 51(1):7-61.



110

Dostrovsky JO, Craig AD (1996) Cooling-specific spinothalamic neurons in the monkey. J
Neurophysiol 76: 3656-3665.

Egebjerg J, Heinemann SF (1993) Ca2+ permeability of unedited and edited versions of the kainate
selective glutamate receptor GluR6. Proc Natl Acad Sci USA 90:755-759.

Ehlers MD, Zhang S, Bernhardt JP, Huganir RL (1996) Inactivation of NMDA receptors by direct
interaction of calmodulin with the NR1 subunit. Cell 84:746-755.

Engelmann HS, Allen TB, MacDermott AB (1999) The distribution of neurons expressing calcium-
permeable AMPA receptors in the superficial laminae of the spinal cord dorsal homn. J. Neurosci.
19:2081-2089.

Frerking M, Malenka RC, Nicoll RA (1998) Synaptic activation of kainate receptors on hippocampal
interneurons. Nat Neurosci 1:479-486.

Frerking M, Nicoll RA (2000) Synaptic kainate receptors. Curr Opin Neurobiol 10:342-351.

Frerking M, Petersen CC, Nicoll RA (1999) Mechanisms underlying kainate receptor-mediated
disinhibition in the hippocampus. Proc Natl Acad Sci USA 96:12917-12922.

Gardner EP, Martin JH (2000) Coding of sensory information. In: Principles of Neural Science
(Kandel E ed), pp 411-429, New York: Elsevier.

Gardner EP, Martin JH, Jessell TM (2000) The bodily senses. In: Principles of Neural Science
(Kandel E ed), pp 430-450, New York: Elsevier.

Gerber G, Cemne R, Randi¢ M (1991) Participation of excitatory amino acid receptors in the slow
excitatory synaptic transmission in rat spinal dorsal horn. Brain Res 561:236-251.

Gerber G, Kangrga I, Ryu PD, Larew JS, Randi¢ M (1989) Multiple effects of phorbol esters in the
rat spinal dorsal horn. J Neurosci 9(10):3606-3617.

Gerber G, Randi¢ M (1989a) Excitatory amino acid-mediated components of synaptically evoked
input from dorsal roots to deep dorsal horn neurons in the rat spinal cord slice. Neurosci Lett
106:211-219.

Gerber G, Randié¢ M (1989b) Participation of excitatory amino acid receptors in the slow excitatory
synaptic transmission in the rat spinal dorsal hom in vitro. Neurosci Lett 106:220-228.

Gerber G, Voitenko N, Hocherman SD, Randié, M (1999) Modulation of excitatory amino acid
induced Ca®" transients in dorsal horn neurons in slices of carrageenan-treated rats. IASP,
Abstracts of 9™ World Congress on Pain, p. 386.

Gerber G, Youn DH, Swanson GT, Sailer A, Heinemann S, Randi¢ M (1999) Kainate receptors

modulate sensory synaptic transmission in the mouse spinal cord. Neurosci Abstr 25:974.



111

Gerber G, Youn DH, Hsu CH, Isaev D, Randi¢ M (2000a) Spinal dorsal horn synaptic plasticity:
involvement of group I metabotropic glutamate receptors. Prog Brain Res 129:115-134.

Gerber G, Zhong J, Youn DH, Randi¢ M (2000b) Group II and Group III metabotropic glutamate
receptor agonists depress synaptic transmission in the rat spinal cord dorsal hom. Neuroscience
100(2):393-406.

Gerke MB, Plenderleith MB (2001) Binding sites for the plant lectin Bandeiraea simplicifolia I-
isolectin B(4) are expressed by nociceptive primary sensory neurones. Brain Res 911(1):101-4.

Ghetti A and Heinemann SF (2000) NMDA-dependent modulation of hippocampal kainate receptors
by calcineurin and Ca**/calmodulin-dependent protein kinase. J Neurosci 20(8):276-2773.

Gobel S (1975) Golgi studies of the substantia gelatinosa of the spinal trigeminal nucleus of the adult
cat. Brain Res 83:333-338.

Gobel S (1978a) Golgi studies of the neurons in layer I of the dorsal horn of the medulla (trigeminal
nucleus caudalis). J Comp Neurol 180:375-394.

Gobel S (1978b) Golgi studies of the neurons in layer II of the dorsal horn of the medulla (trigeminal
nucleus caudalis). J Comp Neurol 180:395414.

Gobel S, Falls WM, Humphrey E (1981) Morphology and synaptic connections of ultrafine primary
axons in lamina I of the spinal dorsal hom: candidates for the terminal axonal arbors of primary
neurons with unmyelinated (C) axons. J Neurosci 1:1163-1179.

Goldstein PA, Lee CJ, MacDermott AB (1995) Variable distribution of Ca**-permeable and Ca®'-
impermeable AMPA receptors on embryonic rat dorsal horn neurons. J Neurophysiol 73:2522-
2533.

Gregor P, O’hara BF, Yang X, Uhl GR (1993) Expression and novel subunit isoforms of glutamate
receptor genes GluRS and GluR6. Neuroreport 4:1343-1346.

Grover LM, Teyler TJ (1990) Two components of long-term potentiation induced by different
patterns of afferent activation. Nature 347(6292):477-479.

Grudt TJ, Perl ER (2002) Correlations between neuronal morphology and electrophysiological
features in the rodent superficial dorsal homn. J Physiol (LL.ond) 540.1:189-207.

Gu JG, Albuquerque C, Lee CJ, MacDermott AB (1996) Synaptic strengthening through activation of
Ca2+-permeable AMPA receptors. Nature 381:793-796.

Gu ZQ, Hesson DP, Pelletier JC, Maccecchini ML Zhou LM, Skolnick P (1995) Synthesis,
resolution, and biological evaluation of the four stereoiosmers of 4-methylglutamic acid: selective
probes of kainate receptors. J Med Chem 38:2518-2520.



112

Guo A, Vulchanova L, Wang J, Li X, Elde R (1999) Immunocytochemical localization of the
vanilloid receptor 1 (VR1): relationship to neuropeptides, the P2X3 purinoceptor and IB4 binding
sites. Eur J Neurosci 11(3):946-58.

Han ZS, Zhang ET, Craig AD (1998) Nociceptive and thermoreceptive lamina I neurons are
anatomically distinct. Nat Neurosci 1:218-225.

Harper AA, Lawson SN (1985a) Conduction velocity is related to morphological cell type in rat
dorsal root ganglion neurones. J Physiol Lond 359:31-46.

Harper AA, Lawson SN (1985b) Electrical properties of rat dorsal root ganglion neurones with
different peripheral nerve conduction velocities. J Physiol Lond 359:47-63.

Harris EW and Cotman CW (1986) Long-term potentiation of guinea pig mossy fiber responses is not
blocked by N-methyl-D-aspartate antagonists. Neurosci Lett 70:132-137.

Heinemann SF, Randi¢ M, Royle GR, Vissel B, Youn DH (2001) Enhanced LTP of primary afferent
neurotransmission in mice deficient in the AMPA receptor GluR2. The 34" international congress
of physiological sciences, New Zealand.

Herb A, Burnashev N, Werner P, Sakmann B, Wisden W, Seeburg PH (1992) The KA-2 subunit of
excitatory amino acid receptors shows widespread expression in brain and forms ion channels
with distantly related subunits. Neuron 8:775-78S5.

Hollmann M, Hartley M, Heinemann S (1991) Ca*" permeability of KA-AMPA-gated glutamate
receptor channels depends on subunit composition. Science 252: 851-853.

Hollmann M, Heinemann S (1994) Cloned glutamate receptors. Annu Rev Neurosci 17:31-108.

Hollmann M, Heinemann S (1994) Cloned glutamate receptors. Annu Rev Neurosci 17:31-108.

Honda CN, Rethelyi M, Petrusz P (1983) Preferential immunohistochemical localization of
vasoactive intestinal polypeptide (VIP) in the sacral spinal cord of the cat: light and electron
microscopic observations. J Neurosci 3:2183-2196.

Hoo K, Legutko B, Rizkalla G, Deverill M, Hawes CR, Ellis GJ, Stensbol TB, Krogsgaard-Larsen P,
Skolnich P, Bleakman D (1999) [’H]ATPA: a high affinity ligand for GluRS kainate receptors.
Neuropharmacology 38:1811-1817.

Howe JR (1996) Homomeric and heteromeric ion channels formed from the kainate-type subunits
GluR6 and KA2 have very small, but different, unitary conductances. J Neurophysiol 76:510-519.

Huettner JE (1990) Glutamate receptor channels in rat DRG neurons: activation by kainate and
quisqualate and blockade of desensitization by Con A. Neuron 5:255-266.

Huettner JE (2001) Kainate receptors: knocking out plasticity. Trends Neurosct 24(7):365-366.



113

Huettner JE and Bean BP (1988) Block of N-methyl-D-aspartate-activated current by the
anticonvulsant MK 801: selective binding to open channels. Proc Natl Acad Sci 85:1307.

Hwang SJ, Pagliardini S, Phend K, Valtschanoff JG, Rustioni A (2000) Presynaptic kainite receptors
in the rat dorsal horn. Abstr Soc Neurosci 26:1133.

Hwang SJ, Pagliardini S, Rustioni A, Valtschanoff JG (2001) Presynaptic kainate receptors in
primary afferents to the superficial laminae of the rat spinal cord. J Comp Neurol 436:275-289.

Isa T, Itazawa S, lino M, Tsuzuki K, Ozawa S (1996) Distribution of neurons expressing inwardly
rectifying and Ca2+-permeable AMPA receptors in rat hippocampal slices. J Physiol 491.3:719-
733.

Jahr CE, Jessell TM (1985) Synaptic transmission between dorsal root ganglion and dorsal hom
neurons in culture: antagonism of monosynaptic excitatory postsynaptic potentials and glutamate
excitation by kynurenate. J Neurosci 5:2281-2289.

Janssens N, Lesage AS (2001) Glutamate receptor subunit expression in primary neuronal and
secondary glial cultures. J Neurochem 77:1457-1474.

Jia Z, Agopyan N, Miu P, Xiong Z, Henderson J, Gerlai R, Taverna FA, Velumian A, MacDonald J,
Carlen P, Abramow-Newerly W, Roder J (1996) Enhance LTP in mice deficient in the AMPA
receptor GluR2. Neuron 1795): 945-956.

Jia, H., Rustioni, A. and Valtschanoff, J.G. (1999) Metabotropic glutamate receptors in superficial
laminae of the rat dorsal hom. J Comp Neurol, 410:627-642.

Jonas P, Bischofberger J, Sandkuhler J (1998) Corelease of two fast neurotransmitters at a central
synapse. Science 281:419-424.

Jones MG, Lodge D (1991) comparison of some arthropod toxins and toxin fragments as antagonists
of excitatory amino acid induced excitation of rat spinal neurons. Eur J Pharmacol 204: 203-209.

Kamiya H, Ozawa S (1998) Kainate receptor-mediated inhibition of presynaptic Ca2+ influx and
EPSP in area CA1 of the rat hippocampus. J Physiol (Lond) 509:833-845.

Kamiya H, Ozawa S (2000) Kainate receptor-mediated presynaptic inhibition at the mouse
hippocampal mossy fibre synapse. J Physiol (Lond) 523:653-665.

Kangrga I, Gerber G, Randi¢ M (1988) N-methyl-D-aspartate receptor mediated component of fast
and slow excitatory synaptic transmission in the rat spinal dorsal horn. Soc Neurosci Abstr,
15:227

Kangrga [, Randi¢ M (1990) Tachykinins and calcitonin gene-related peptide enhance release of
endogenous glutamate and aspartate from the rat spinal dorsal hom slice. J Neurosci 10:2026-
2038.



114

Kangrga I, Randi¢ M (1991) Outflow of endogenous aspartate and glutamate from the rat spinal
dorsal horn in vitro by activation of low- and high-threshold primary afferent fibers. Modulation
by mu-opioids. Brain Res 553:347-352.

Kelso SR, Nelson TE, Leonard JP (1992) Protein kinase C-mediated enhancement of NMDA currents
by metabotropic glutamate receptors in Xenopus oocytes. J Physiol (Lond) 449:705-718.

Kerchner GA, Wang GD, Qiu SC, Huettner JE, Zhuo M (2001a) Direct presynaptic regulation of
GABA/glycine release by kainate receptors in the dorsal homn: an ionotropic mechanism. Neuron
32:477-488.

Kerchner GA, Wilding TJ, Li P, Zhuo M, Huettner JE (2001b) Presynaptic kainate receptors regulate
spinal sensory transmission. J Neurosci 21:59-66.

Kidd FL, Isaac JT (1999) Developmental and activity-dependent regulation of kainate receptors at
thalamocortical synapses. Nature 400:569-573.

Koh DS, Geiger JRP, Jonas P, Sakmann B (1995) Caz*-permeable AMPA and NMDA receptor
channels in basket cells of rat hippocampal dendate gyrus. J Physiol 485:383-402.

Kohler M, Burnashev N, Sakmann B, Seeburg PH (1993) Determinants of Ca2+ permeability in both
TM1 and TM2 of high affinity kainate receptor channels: diversity by RNA editing. Neuron
10:491-500.

Kumazawa T and Perl ER (1978) Excitation of marginal and substantia gelatinosa neurons in the
primate spinal cord: indications of their place in dorsal horn functional organization. J Comp
Neurol 177:417-434.

Laird JM, Cervero F (1989) A comparative study of the changes in receptive-field properties of
multireceptive and nocireceptive rat dorsal horn neurons following noxious mechanical
stimulation. J Neurophysiol 62:854-863.

Lambolez B, Audinat E, Bochet P, Crepel F, Rossier J (1992) AMPA receptor subunits expressed by
single Purkinje cells. Neuron 9:247-258.

LaMotte (1977) Distribution of the tract of Lissauer and the dorsal root fibers in the primate spinal
cord. J Comp Neurol 172:529-562.

Langford LA, Coggeshall RE (1979) Branching of sensory axons in the dorsal root and evidence for
the absence of dorsal root efferent fibers. J Comp Neurol 184:193-204.

Langford LA, Coggeshall RE (1981) Branching of sensory axons in the peripheral nerve of the rat. J
Comp Neurol 203:745-750.



115

Lauren ET, Dionne RA, Fricton JR, Hodges J, Kajander K (2000) SYM-2081 a kainate receptor
antagonist reduces allodynia and hyperalgesia in a freeze injury model of neuropathic pain. Brain
Res 858:106-120.

Lauri SE, Bortolotto ZA, Bleakman D, Ornstein PL, Lodge D, Isaac JT, Collingridge GL (2001) A
critical role of a facilitatory presynaptic kainate receptor in mossy fiber LTP. Neuron 32(4):697-
709.

Lauridsen J, Honoré T, Krogsgaard-Larsen P (1985) Ibotenic acid analogues. Synthesis, molecular
flexibility, and in vitro activity of agonists and antagonists at central glutamic acid receptors. J
Med Chem 28:668-672.

Lawson SN, Crepps BA, Perl ER (1997) Relationship of substance P to afferent characteristics of
dorsal root ganglion neurons in guinea pig. J Physiol (Lond) 505:177-191.

Lee CJ, Engelman HS, MacDermott AB (1999) Activation of kainate receptors on rat sensory
neurons evokes action potential firing and may modulate transmitter release. Ann N Y Acad Sci
868:546-549.

Lee CJ, Bardoni R, Tong CK, Engelmann HS, Joseph DJ, Magherini PC, MacDermott AB (2002)
Functional expression of AMPA receptors on central terminals of rat dorsal root ganglion neurons
and presynaptic inhibition of glutamate release. Neuron 35:135-146.

Lee CJ, Kong H, Manzini MC, Albuquerque C, Chao MV, MacDermott AB (2001) Kainate receptors
expressed by a subpopulation of developing nociceptors rapidly switch from high to low Ca*
permeability. J Neurosci 21:4572-4581.

Lee HK, Barbarosie M, Kameyama K, Bear MF, Huganir RL (2000) Regulation of distinct AMPA
receptor phosphorylation sites during bi-directional synaptic plasticity. Nature 405:955-959

Lerma J, Paternain V, Rodriguez-Moreno, Lopez-Garcia J (2001) Molecular physiology of kainate
receptors. Physiol Rev 81(3):971-998.

Lerma J, Patemain AV, Naranjo JR, Mellstrom B (1993) Functional kainate-selective glutamate
receptors in cultured hippocampal neurons. Proc Natl Acad Sci USA 90:11688-11692.

Lester RA, Clements JD, Westbrook GL, Jahr CE (1990) Channel kinetics determine the time course
of NMDA receptor-mediated synaptic currents. Nature 346:565-567.

Li H, Rogawski MA (1998) GluRS5 kainate receptor mediated synaptic transmission in rat basolateral
amygdala in vitro. Neuropharmacology 37:1279-1286.

Li P, Wilding TJ, Kim SJ, Calejesan AA, Huettner JE, Zhuo M (1999) Kainate-receptor-mediated

sensory synaptic transmission in mammalian spinal cord. Nature 397:161-163.



116

Li, H., Ohishi, H., Kinoshita, A., Shigemoto, R., Nomura, S. and Mizuno, N. (1997) Localization of a
metabotropic glutamate receptor, mGluR7, in axon terminals of presumed nociceptive, primary
afferent fibers in the superficial layers of the spinal dorsal horn: an electron microscope study in
the rat. Neurosci Lett, 223:153-156.

Light AR, Kavookjian AM (1988) Morphology and ultrastructure of physiologically identified
substantia gelatinosa (lamina II) neurons with axons that terminate in deeper dorsal horn laminae
(III-V). J Comp Neurol 267:172-189.

Light AR, Perl ER (1977) Differential termination of large-diameter and small-diameter primary
afferent fibers in the spinal dorsal gray matter as indicated by labeling the horseradish peroxidase.
Neurosci Lett 6:59-63.

Light AR, Perl ER (1979a) Reexamination of the dorsal root projection to the spinal dorsal horn
including observations on the differential termination of coarse and fine fibers. J Comp Neurol
186:117-132.

Light AR, Perl ER (1979b) Spinal termination of functionally identified primary afferent neurons
with slowly conducting myelinated fibers. J] Comp Neurol 186: 133-150.

Lima D, Coimbra A (1986) A Golgi study of the neuronal population of the marginal zone (lamina I)
of the rat spinal cord. J Comp Neurol 244:53-71.

Linden DJ, Connor JA (1995) Long-term synaptic depression. Annu Rev Neurosci 18:319-357.

Lisman JE, Malenka RC, Nicoll RA, Malinow R (1997) Learning mechanisms: the case for CaM-KII.
Science 276:2001-2002.

Liu QS, Patrylo PR, Gao XB, van den Pol AN (1999) Kainate acts at presynaptic receptors to increase
GABA release from hypothalamic neurons. J Neurophysiol 82:1059-1062.

Liu SQ, Cull-Candy SG (2000) Synaptic plasticity at calcium-permeable AMPA receptors induces a
switch in receptor subtype. Nature 405:434-458

Liu X-G, Sandkiihler J (1995) Long-term potentiation of C-fiber-evoked potentials in the rat spinal
dorsal horn is prevented by spinal N-methyl-D-aspartic acid receptor blockage. Neurosci Lett
191:43-46.

Liu X-G, Sandkiihler J (1997) Characterization of long-term potentiation of C-fiber-evoked potentials
in spinal dorsal homn of adult rat: essential role of NK1 and NK2 receptors. J Neurophysiol
78:1973-1982.

Liu X-G, Sandkiihler J (1998) Activation of spinal N-methyl-D-aspartate or neurokinin receptors
induces long-term potentiation of spinal C-fibre-evoked potentials. Neuroscience 86:1209-1216.



117

Luque JM, Bleuel Z, Malherbe P, Richards JG (1994) Alternatively spliced isoforms of the N-methyl-
D-aspartate receptor subunit 1 are differentially distributed within the rat spinal cord.
Neuroscience 63:629-635.

Lynn B, Carpenter SE (1982) Primary afferent units from the hairy skin of the rat hind limb. Brain
Res 238(1):29-43.

Ma W, Ribeiro-Da-Silva A, De Koninck Y, Radhakrishnan V, Henry JL, Cuello AC (1996)
Quantitative analysis of substance P-immunoreactive boutons on physiologically characterized
dorsal horn neurons in the cat lumbar spinal cord. J Comp Neurol 376(1):45-64.

MacDermott AB, Mayer ML, Westbrook GL, Smith SJ, Barker JL (1986) NMDA -receptor activation
increases cytoplasmic calcium concentration in cultured spinal cord neurons. Nature 321:519-
522.

MacDermott AB, Role LW, Siegelbaum SA (1999) Presynaptic ionotropic receptors and the control
of transmitter release. Annu Rev Neurosci 22:443-485.

MacDonald JF, Mody I, Salter MW (1989) Regulation of N-methyl-D-aspartate receptors revealed by
intracellular dialysis of murine neurons in culture. J Physiol (Lond) 414:17-34.

Mahanty NK, Sah P (1998) Calcium-permeable AMPA receptors mediate long-term potentiation in
interneurons in the amygdala, Nature 394, 683-687.

Malenka RC and Nicoll RA (1999) Long-term potentiation — a decade of progress? Science
285:1870-1874.

Malenka RC, Nicoll RA (1997) Silent synapses speak up. Neurons 19:473-476.

Matsuura H (1967) Histochemical observation of bovine spinal ganglia. Histochemie II:152-160.

Maxwell DJ, Koerber HR (1986) Fine structure of collateral axons originating from feline
spinocervical tract neurons. Brain Res 363: 199-203.

Mayer ML, Westbrook GL (1987) The physiology of excitatory amino acids in the vertebrate central
nervous system. Prog Neurobiol 28:197-276.

Mayer ML, Westbrook GL, Guthrie PB (1984) Voltage-dependent block by Mg2+ of NMDA
responses in spinal cord neurones. Nature 309:261-263.

McClung JR, Castro AJ (1978) Rexed's laminar scheme as it applies to the rat cervical spinal cord.
Exp Neurol 58(1):145-8.

Melzack R and Wall PD (1965) Pain mechanisms: a new theory. Science 150:971-979.

Molander C, Xu Q, Grant G (1984) The cytoarchitectonic organization of the spinal cord in the rat. L.
The lower thoracic and lumbosacral cord. J Comp Neurol 230:133-141.



118

Momiyama A (2000) Distinct synaptic and extrasynaptic NMDA receptors identified in dorsal horn
neurons of the adult rat spinal cord. J Physiol 523.3:621-628.

Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH (1994) Developmental and regional
expression in the rat brain and functional properties of four NMDA receptors. Neuron 12:529-
540.

Moore KA, Baba H, Woolf CJ (2000) Synaptic transmission and plasticity in the superficial dorsal
horn. Prog Brain Res 129:63-80.

Mulle C, Sailer A, Perez-Otano I, Dickinson-Anson H, Castillo PE, Bureau I, Maron C, Gage FH,
Mann JR, Bettler B, Heinemann SF (1998) Altered synaptic physiology and reduced
susceptibility to kainate-induced seizures in GluR6-deficient mice. Nature 392:601-605.

Miille C, Sailer A, Swanson GT, Brana C, O’Gormon S, Bettler B, Heinemann SF (2000) Subunit
composition of kainate receptors in hippocampal interneurons. Neuron 28:475-84.

Nagy JI, Hunt SP (1983) The termination of primary afferents within the rat dorsal horn: evidence for
rearrangement following capsaicin treatment. J Comp Neurol 218(2):145-58.

Nakanishi, S. (1994) Metabotropic glutamate receptors: synaptic transmission, modulation and
plasticity. Neuron 13:1031-1037.

Neugebauer, V., Chen, P.S. and Willis, W.D. (1998) Involvement of metabotropic glutamate receptor
subtype mGluR1 in brief nociceptive transmission and capsaicin-induced central sensitization of
primate STT cells. Soc Neurosci Abstr 24:586.

Neugebauer, V., Liicke, T. and Schaible, H.G. (1994) Requirement of metabotropic glutamate
receptors for the generation of inflammation-evoked hyperexcitability in rat spinal cord neurons.
Eur J Neurosci 6:1179-1186.

O’Connor JJ, Rowan MJ, Anwyl R (1994) Long-lasting enhancement of NMDA receptor-mediated
synaptic transmission by metabotropic glutamate receptor activation. Nature 367:557-560.

O’Connor JJ, Rowan 4], Anwyl R (1995) Tetanically induced similar increase in the AMPA and
NMDA receptor components of the excitatory postsynaptic current: investigations of the
involvement of mGlu receptors. J Neurosci 15:2013-2020.

Ohishi H, Nomura S, Ding YQ, Shigemoto R, Wada E, Kinoshita A, Li JL, Neki A, Nakanishi S,
Mizuno N (1995) Presynaptic localization of a metabotropic glutamate receptor, mGluR?7, in the
primary afferent neurons: an immunohistochemical study in the rat. Neurosci Lett, 202:85-88.

Ohishi H, Shigemoto R, Nakanishi S, Mizuno N (1993) Distribution of the messenger RNA for a
metabotropic glutamate receptor, mGluR2, in the central nervous system of the rat. Neuroscience
53:1009-1018.



119

O'Neill MJ, Bond A, Omstein PL, Ward MA, Hicks CA, Hoo K, Bleakman D, Lodge D (1998)
Decahydroisoquinolines: novel competitive AMPA/kainate antagonists with neuroprotective
effects in global cerebral ischaemia. Neuropharmacology 37:1211-1222.

Partin KN, Patneau DK, Winters CA, Mayer ML, Buonanno A (1993) A selective modulation of
desensitization at AMPA versus kainate receptors by cyclothiazide and concanavalin A. Neuron
11:1069-1082.

Paschen W, Dux E, Djuricic B (1994) Developmental changes in the extent of RNA editing of
glutamate receptor subunit GluRS in rat brain. Neurosci Lett 174:109-112.

Paschen W, Schmitt J, Dux E, Djuricic B (1995) Temporal analysis of the upregulation of GluRS
mRNA editing with age: regional evaluation. Dev Brain Res 86:359-363.

Paschen W, Schmitt J, Gissel C, Dux E (1997) Developmental changes of RNA editing of glutamate
receptor subunits GluRS and GIuR6: in vivo versus in vitro. Dev Brain Res 98:271-280.

Paternain AV, Herrera MT, Nieto MA, Lerma J (2000) GluRS and GluR6 kainate receptor subunits
coexist in hippocampal neurons and coassemble to form functional receptors. J Neurosci 20:196-
205.

Pelletier JC, Hesson DP, Jones KA, Costa AM (1996) Substituted 1,2-dihydro-phthamalazines:
Potent, selective and noncompetitive inhibitors of AMPA receptors. ] Med Chem 39: 343-346.
Perez-Otano I, Schulteis CT, Contractor A, Lipton SA, Trimmer JS, Sucher NJ, Heinemann SF
(2001) Assembly with the NR1 subunit is required for surface expression of NR3A-containing

NMDA receptors. J Neurosci 21(4):1228-37.

Perkinton MS, Sihra TS (1999) A high-affinity presynaptic kainate-type glutamate receptor facilitates
glutamate exocytosis from cerebral cortex nerve terminals (synaptosomes). Neuroscience
90:1281-1292.

Petralia RS, Wang YX, Wenthold RJ (1994) Histological and ultrastructural localization of the
kainate receptor subunits, KA2 and GluR6/7, in the rat nervous system using selective antipeptide
antibodies. J Comp Neurol 349:85-110.

Pin JP, Duvoisin R (1995) The metabotropic glutamate receptors: structure and functions.
Neuropharmacology 34:1-26.

Pockett, S. (1995) Spinal cord synaptic plasticity and chronic pain. Anesth Analog 80:173-179.

Popratiloff A, Weinberg RJ, Rustioni A (1996) AMPA receptor subunits underlying terminals of fine-
caliber primary fibers. J Neurosci 16:3363-3372.

Prado De Carvalho et al (1996) The endogenous agonist quinolinic acid and the non-endogenous
homoquinolinic acid discriminate between NMDAR?2 receptors subunits. Neurochem Int 28:445.



120

Priestley T, Woodruff GN, Kemp JA (1989) Antagonism of responses to excitatory amino acids on
rat cortical neurons by the spider toxin, argiotoxin636. Br J Pharmacol 97:1315-1323.

Procter MJ, Houghton AK, Faber ESL, Chizh BA, Omstein PL, Lodge D, Headley PM (1998)
Actions of kainate and AMPA selective glutamate receptor ligands on nociceptive processing in
the spinal cord. Neuropharmacology 37:1287-1297.

Proshansky E, Egger MD (1977) Staining of the dorsal root projection to the cat’s dorsal horn by
anterograde movement of horseradish peroxidase. Neurosci Lett 5:103-110.

Ralston HJ (1968) The fine structure of neurons in the dorsal homn of the cat spinal cord. J Comp
Neurol 132:275-302.

Ralston HJ (1979) The fine structure of laminae I, II and III of the macaque spinal cord. J Comp
Neurol 184:619-642.

Ralston HJ 3rd, Ralston DD (1979) The distribution of dorsal root axons in laminae I, II and III of the
macaque spinal cord: a quantitative electron microscope study. J Comp Neurol 184(4):643-84.
Ralston HJ, Ralston DD (1982) The distribution of dorsal root axons to laminae IV, V, and VI of the
macaque spinal cord: A quantitative electron microscopic study. J Comp Neurol 212:435-448.
Ramoén y Cajai S (1909) Histologic du systeme nerveux de 'homme et des vertebres. Vol. I, pp 908-

911, Inst. Cajal, Madrid (reprinted in 1952).

Randi¢ M and Youn DH (2001) Synaptic plasticity in the superficial dorsal hom. Satellite symposium
“Neuobiology of learning and memory” of the 34" international congress of physiological
sciences, New Zealand.

Randi¢ M, Jiang MC, Cerne R (1993) Long-term potentiation and long-term depression of primary
afferent neurotransmission in the rat spinal cord. J Neurosci 13:5228-5241.

Randi¢ M, Zhong J, Youn DH, Gerber G, Park SK, Chung JM (1999) Involvement of Group I and II
mGluRs in spinal dorsal horn synaptic function following tissue or nerve injury. IASP Abstr. 9"
World Congress on Pain p 38.

Randié, M. (1996) Plasticity of excitatory synaptic transmission in the spinal cord dorsal homn. Prog
Brain Res 113:463-506.

Rastad J, Jankowska E and Westman J (1977) Arborization of initial axon collaterals of spinocervical
tract cells stained intracellularly with horseradish peroxidase. Brain Res 135:1-10.

Rethelyl M (1984) Synaptic connectivity in the spinal dorsal hom. In: Handbook of the Spinal Cord,
pp- 137-175. R. A. Davidoff(ed.). Dekker, New York.

Rexed B (1952) The cytoarchtectonic organization of the spinal cord in the cat. J Comp Neurol
96:415-466.



121

Ribeiro-da-Silva A, Coimbra A (1982) Two types of synaptic glomeruli and their distribution in
laminae I-III of the rat spinal cord. J Comp Neurol 209(2):176-186.

Robertson B, Grant G (1985) A comparison between wheat germ agglutinin-and choleragenoid-
horseradish peroxidase as anterogradely transported markers in central branches of primary
sensory neurones in the rat with some observations in the cat. Neuroscience 14(3):895-905.

Rodriguez-Moreno A, Herreras O, Lerma J (1997) Kainate receptors presynaptically downregulate
GABAergic inhibition in the rat hippocampus. Neuron 19:893-901.

Rodriguez-Moreno A, Lerma J (1998) Kainate receptor modulation of GABA release involves a
metabotropic function. Neuron 20:1211-1218.

Sailer A, Swanson GT, Perez-otano I, O’Leary L, Malkmus SA, Dyck RH, Dickinson-anson H,
Schiffer HH, Maron ¢, Yaksh TL, Gage FH, O’Gorman S, Heinemann SF (1999) Generation and
analysis of GluR5(Q636R) kainate receptor mutant mice. J Neurosci 19:8757-8764.

Sakamoto H, Spike RC, Todd AJ (1999) Neurons in laminae III and IV of the rat spinal cord with the
neurokinin-1 receptor receive few contacts from unmyelinated primary afferents which do not
contain substance P. Neuroscience 94(3):903-8.

Sandkiihler J, Chen JG, Cheng G, Randi¢ M (1997) Low-frequency stimulation of afferent Ad-fibers
induces long-term depression at primary afferent synapses with substantia gelatinosa neurons in
the rat. J Neurosci 17:6483-6491.

Sandkiihler J, Liu, X. (1998) Induction of long-term potentiation at spinal synapses by noxious
stimulation or nerve injury. Eur J Neurosci 10:2476-2480.

Sang CN, Hostetter MP, Gracely RH, Chappell A, Schoepp DD, Lee G, Whitcup S, Caruso R, Max
MB (1998) Effects of AMPA/kainate antagonists in humans: reduction of hyperalgesia at at
subsedative doses. Anesthesiology 89:1060-7.

Sato K, Kiyama H, Park HT, Tohyama M (1993a) AMPA, KA and NMDA receptors are expressed in
the rat DRG neurones. NeuroReport 4:1263-1265.

Sato K, Kiyama H, Tohyama M (1993b) The differential expression patterns of messenger RNAs
encoding non-N-methyl-D-aspartate glutamate receptor subunits (GluR1-4) in the rat brain.
Neuroscience 52:515-539.

Scheibel ME, Scheibel AB (1968) Terminal axon patterns in cat spinal cord. II: The dorsal homn.
Brain Res 9:32-58.

Schiffer HH, Swanson GT, Heinemann SF (1997) Rat GluR7 and a carboxy-terminal splice variant,

Glur7b, are functional kainate receptor subunits with a low sensitivity to glutamate. Neuron
19:1141-1146.



122

Schmitt J, Dux E, Gissel C, Paschen W (1996) Regional analysis of developmental changes in the
extent of GluR6 mRNA editing in rat brain. Dev Brain Res 91:153-157.

Schmitz D, Frerking M, Nicoll RA (2000) Synaptic activation of presynaptic kainate receptors on
hippocampal mossy fiber synapses. Neuron 27:327-338.

Schmitz D, Mellor J, Nicoll RA (2001) Presynaptic kainate receptor mediation of frequency
facilitation at hippocampal mossy fiber synapses. Science 291:1972-1976.

Seeburg PH, Higuchi M, Sprengcl R (1998) RNA editing of brain glutamate receptor channels:
mechanism and physiology. Brain Res Brain Res Rev 26(2-3):217-29.

Shi SH, Hayashi Y, Petralia R, Zaman S, Wenthold R, Svoboda K and Malinow R (1999) Rapid spine
delivery and redistribution of AMPA receptors after synaptic NMDA receptor activation. Science
284:1811-1816.

Shigemoto, R., Nakanishi, S. and Mizuno, N. (1992) Distribution of the mRNA for a metabotropic
glutamate receptor (mGluR1) in the central nervous system: an in situ hybridization study in adult
and developing rat. J Comp Neurol 322:121-1385.

Silverman JD, Kruger L (1990) Selective neuronal glycoconjugate expression in sensory and
autonomic ganglia: relation of lectin reactivity to peptide and enzyme markers. J Neurocytol
19(5):789-801.

Simmons RMA, Li DL, Hoo KH, Deverill M, Ornstein PL, Iyengar S (1998) Kainate GluRS5 receptor
subtype mediates the nociceptive response to formalin in the rat. Neuropharmacology 37:25-36.

Sommer B, Burnashev N, Verdoorn TA, Keinanen K, Sakmann B, Seeburg PH (1992) A glutamate
receptor channel with high affinity for domoate and kainate. EMBO J 11:1651-1656.

Sorkin LS, Yaksh TL, Doom CM (1999) Mechanical allodynia in rats is blocked by a Ca*" permeable
AMPA receptor antagonist. NeuroReport 10:3523-3526.

Sorkin LS, Yaksh TL, Doom CM (2001) Pain models display differential sensitivity to Ca2+-
permeable non-NMDA glutamate receptor antagonists. Anesthesiology 95(4):956-973.

Spike RC, Kerr R, Maxwell DJ, Todd AJ (1998) GluR1 and GluR2/3 subunits of the AMPA-type
glutamate receptor are associated with particular types of neurone in laminae I-III of the spinal
dorsal horn of the rat. Eur J Neuorsci 10:324-333.

Stegenga SL, Kalb RG (2001) Developmental regulation of N-methyl-D-aspartate- and kainate-type
glutamate receptor expression in the rat spinal cord. Neuroscience 105:499-507.

Stein E, Cok JA, Seeburg PH, Verdoom TA (1992) Complex pharmacological properties of
recombinant AMPA receptors subtypes. Mol Pharmacol 42: 864-871.



123

Sugiura Y, Lee CL, Perl ER (1986) Central projections of identified, unmyelinated (C) afferent fibers
innervating mammalian skin. Science 234:358-361.

Sugiura Y, Terui N, Hosoya Y (1989) Difference in distribution of central terminals between visceral
and somatic unmyelinated (C) primary afferent fibers. J Neurophysiol 62:834-840.

Surmeier DJ, Honda CN, Willis WD (1988) Natural grouping of primate spinothalamic neurons based
on cutaneous stimulation. Physiological and anatomical features. J Neurophysiol 59:833-860.
Sutton JL, Maccecchini ML, Kajander KC (1999) The kainate receptor antagonist 2S,4R-4-
methylglutamate attenuates mechanical allodynia and thermal hyperalgesia in a rat model of

nerve injury. Neuroscience 91(1):283-292.

Svendsen F, Tjolsen A, Gjerstad J, Hole K (1999) Long term potentiation of single WDR neurons in
spinalized rats. Brain Res 816:487-492.

Svendsen F, Tjolsen A, Hole K (1997) LTP of spinal A beta and C-fibre evoked responses after
electrical sciatic nerve stimulation. NeuroReport 8:3427-3430.

Svendsen F, Tjoelsen A, Hole K (1998) AMPA and NMDA receptor-dependent spinal LTP after
nociceptive tetanic stimulation. Neuroreport 9:1185-1190.

Swanson GT, Feldmeyer D, Kaneda M, Cull-Candy SG (1996) Effect of RNA editing and subunit co-
assembly on single-channel properties of recombinant kainate receptors. J Physiol (Lond)
492:129-142.

Szentagothai J (1964) Neuronal and synaptic arrangement in the substantia gelatinosa Rolandi. J
Comp Neurol 122:219-239.

Todd AJ (1989) Cells in laminae III and IV of rat spinal dorsal horn receive monosynaptic primary
afferent input in lamina II. J Comp Neurol 289:676-686.

Todd AJ, Mckenzie J (1989) GABA-immunoreactive neurons in the dorsal horn of the rat spinal cord.
Neuroscience 31:799-806.

Todd AJ, Spike RC (1993) The localization of classical transmitters and neuropeptides within
neurons in laminae [-III of the mammalian spinal dorsal horn. Prog Neurobiol 41(5):609-45.

Todd AJ, Sullivan AC (1990) Light microscope study of the coexistence of GABA-like and glycine-
like immunoreactivities in the spinal cord of the rat. ] Comp Neurol 296(3):496-505.

Tolle TR, Berthele A, Zieglginsberger W, Seeburg PH, Wisden W (1993) The differential expression
of 16 NMDA and non-NMDA receptor subunits in the rat spinal cord and in periaqueductal gray.
J Neurosci 13(12):5009-28.

Térebjork HE, Ochoa JL (1990) New method to identify nociceptor units innervating glabrous skin of
the human hand. Exp Brain Res 81(3):509-14.



124

Turner RW, Baimbridge KG, Miller JJ (1982) Calcium induced long term potentiation in the
hippocampus. Neuroscience 7:1411-1416.

Valerio A., Paterlini, M., Boifava, M., Memo, M. and Spano, P. (1997a) Metabotropic glutamate
receptor mRNA expression in rat spinal cord. NeuroReport, 8:2695-2699.

Vicini S, Wang JF, Li JH, Zhu WJ, Wang YH, Luo JH, Wolfe BB, Grayson DR (1998) Functional
and pharmacological differences between recombinant N-methyl-D-aspartate receptors. J
Neurophysiol 79:555-556.

Vidnyanszky ZH,-Mori J, Négyessy LR, +Egg D, Knopfel T, Kuhn R, Gorcs TJ (1994) Cellular and
subcellular localization of the mGluRSa metabotropic glutamate receptor in the rat spinal cord.
NeuroReport, 6:209-213.

Vierck CJ Jr, Cannon RL, Fry G, Maixner W, Whitsel BL (1997) Characteristics of temporal
summation of second pain sensations elicited by brief contact of glabrous skin by a preheated
thermode. J Neurophysiol 78(2):992-1002.

Vignes M, Clarke VR, Parry MJ, Bleakman D, Lodge D, Ornstein PL, Collingridge GL (1998) The
GluRS subtype of kainate receptor regulates excitatory synaptic transmission in areas CA1 and
CAZ3 of the rat hippocampus. Neuropharmacology 37:1269-1277.

Vignes M, Collingridge GL (1997) The synaptic activation of kainate receptors. Nature 388:179-182.

Watkins JC, Krogsgaard-Larsen P, Honore T (1990) Structure-activity relationships in the
development of excitatory amino acid receptor agonists and competitive antagonists. Trends
Pharmacol Sci 11(1):25-33.

Wemer P, Voigt M, Keinanen K, Wisden W, Seeburg PH (1991) Cloning of a putative high-affinity
kainate receptor expressed predominantly in hippocampal CA3 cells. Nature 351:742-744.

Wilding TJ, Huettner JE (1995) Differential antagonism of alpha-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid-preferring and kainate-preferring receptors by 2,3-benzodiazepines. Mol
Pharmacol 47:582-587.

Wilding TJ, Huettner JE (1996) Antagonist pharmacology of kainate- and a-amino-3hydroxy-5-
methyl-4-isoxazolepropionic acid-preferring receptors. Mol Pharmacol 49:540-546.

Willis WD, Kenshalo DR Jr, Leonard RB (1979) The cells of origin of the primate spinothalamic
tract. J Comp Neurol 188:543-574.

Wong EHW, Kemp JA, Priestly T, Knight AR, Woodruff GN and Iverson LL (1986) The
anticonvulsant MK801 is a potent and N-methyl-D-aspartate antagonist. Proc Natl Acad Sci
83:7104.



125

Wroblewski JT, Danysz W (1989) Modulation of glutamate receptors: molecular mechanisms and
functional implications. Annu Rev Pharmacol Toxicol 29:441-474.

Wyllie DJ, Behe P, Colquhoun D (1998) Single-channel activations and concentration jumps:
comparison of recombinant NR1a/NR2A and NR1a/NR2D NMDA receptors. J Physiol (Lond)
510:1-18.

Yoshimura M, Jessell T (1990) Amino acid-mediated EPSPs at primary afferent synapses with
substantia gelatinosa neurones in the rat spinal cord. J Physiol 430:315-335.

Yoshimura M, Jessell TM (1989) Primary afferent-evoked synaptic responses and slow potential
generation in rat substantia gelatinosa neurons in vitro. J Neurophysiol 62:96-108.

Youn DH, Vissel B, Royle G, Heinemann SF, Randi¢ M (2000) Enhanced LTP of primary afferent
neurotransmission in mice deficient in the AMPA receptor GluR2. Abstr Soc Neurosci 26:909.

Young, M.R., Fleetwood-Walker, S.M., Dickinson, T., Blackburn-Munro, G., Sparrow, H., Birch,
P.J. and Bountra, C. (1997) Behavioural and electrophysiological evidence supporting a role for
group I metabotropic glutamate receptors in the mediation of nociceptive inputs to the rat spinal
cord. Brain Res., 777:161-169.

Young, M.R., Fleetwood-Walker, S.M., Mitchell, R. and Dickinson, T. (1995) The involvement of
metabotropic glutamate receptors and their intracellular signalling pathways in sustained
nociceptive transmission in rat dorsal horn neurons. Neuropharmacology, 34:1033-1041.

Young, M.R., Fleetwood-Walker, S.M., Mitchell, R. and Munro, F.E. (1994) Evidence for a role of
metabotropic glutamate receptors in sustained nociceptive inputs to rat dorsal horn neurons.
Neuropharmacology, 33:141-144.

Yung KKL (1998) Localization of glutamate receptors in dorsal horn of rat spinal cord. NeuroReport
9:1639-1644.

Zhang ET, Craig AD (1997) Morphology and distribution of spinothalamic lamina I neurons in the
monkey. J Neurosci 17(9):3274-84.

Zhang ET, Han ZS, Craig AD (1996) Morphological classes of spinothalamic lamina I neurons in the
cat. J Comp Neurol 367:537-549.

Zhong J, Gerber G, Kojic L. and Randi¢ M (2000) Dual modulation of excitatory synaptic
transmission by agonists at Group I metabotropic glutamate receptors in the rat spinal dorsal
horn. Brain Res 887(2):359-77.

Zhong J, Gerber G, Randié¢, M (1998) Involvement of Group I metabotropic glutamate receptors in
LTP and LTD in the spinal dorsal horn of normal and carrageenan-treated rats. Soc Neurosci
Abstr 24:2024.



126

Zhou M, Peterson CL, Lu YB, Nadler JV (1995) Release of glutamate and aspartate from CAl
synaptosomes: selective modulation of aspartate release by ionotropic glutamate receptor ligands.
J Neurochem 64:1556-1566.

Zhu JJ, Esteban JA, Hayashi Y, Malinow R (2000) Postnatal synaptic potentiation: Delivery of
GluR4-containing AMPA receptors by spontaneous activity. Nat Neurosci 3(11):1098-1106.

Zou SP, Guo W, Dubner R, Ren K (2000) Selective upregulation of kainate (KA) receptor subunit
mRNA and Q/R editing in the spinal cord after inflammation. Abstr Soc Neurosci 26:1134.



127
ACKNOWLEDGMENTS

First of all, I would like to express my sincere gratitude to my major professor, Dr. Mirjana
Randi¢, for her mentorship, guidance and support through my PhD program. Her diligent and
encouraging training helped me independently work in science. I thank all of my committee
members, Drs. Charles Drewes, Richard J. Martin, Vjekoslav Miletic, Donald Sakaguchi and Esturo
Uemura, for their advice and encouragement during my program.

[ thank my collegues, Dr. Gabor Gerber, Dr. Miloslav Kolaj, Dr. Nana Voitenko, Dr. Dmitri Isaev,
Jie Zhong, and Chung-hsin Hsu, for their encouragement and friendship, and my collaborators, Drs.
Bryce Vissel, Geoffrey Swanson and Stephen F. Heinemann, for providing me with knockout mice. I
also would like to thank Mr. William Robertson and Ms. Ling Ng for their technical assistance, Dr.
Kathleen Mullin and Ms. Dianne McDonald for mice breeding, and all the friends in Biomedical
Sciences Department for their friendship.

Finally, I would like to gratefully express my appreciation to my wife, son, parents and all my
family members for their endless support and love.



	2002
	Synaptic transmission and plasticity in the spinal cord substantia gelatinosa: the role of GluR2, GluR5 and GluR6 glutamate receptor subunits
	Dong-ho Youn
	Recommended Citation


	tmp.1409850520.pdf.clnCl

