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Abstract
Nociceptive nerve fibers use L-glutamate as a fast excitatory neurotransmitter and it is therefore not surprising that both, ionotropic and
metabotropic glutamate receptors play pivotal roles for transmission of nociceptive information in spinal cord. A subtype of ionotropic
glutamate receptors, the kainate receptor, is present in spinal dorsal horn. However, its role has remained obscure as specific antagonists
and agonists have become available only recently. Kainate receptors are present on small, including nociceptive, dorsal root ganglion cells
and on intrinsic dorsal horn neurons, and those two locations can be targeted separately by appropriate agonists and antagonists.
Postsynaptic kainate receptors on spinal dorsal horn neurons are activated by high intensity electrical stimulation of the dorsal root entry
zone that activates nociceptive primary afferent fibers. In contrast, low intensity stimulation that activates only non-nociceptive fibers is
ineffective. Selective blockade of kainate receptors may produce analgesia. Here, we review what is known about localization of kainate
receptors in dorsal root ganglia and spinal dorsal horn and their physiological and pathophysiological importance with special reference to
nociceptive pathways. A short overview on molecular biology and agonist and antagonist pharmacology is included.
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1. Structure and functional properties of kainate
receptors

1.1. Structure
Kainate receptors, in analogy to AMPA receptors, are
thought to be tetramers formed by homo- or heteromeric
association of the kainate receptor subunits KA1, KA2,
GluR5, GluR6 and GluR7 [43]. Kainate receptor subunits
have a molecular mass of |100 kDa and are divided into
high affinity subunits (KA1 and KA2, KD 55–15 nM)
[23,63] and low affinity subunits (GluR5-7, KD 530–100
nM) [6,53]. While homology within these groups is 70–
80% [6,63], it is only 45% between the two groups, and
both groups share a 40% homology to AMPA receptor
subunits [5,63] and a 20% homology to NMDA receptor
subunits [49]. While GluR5-7 homomers are functional
kainate gated ion channels [23,48], KA1 and KA2 only
form functional channel as heteromers with subunits from
the low affinity group [23,63]. Each subunit carries its own
ligand binding site [3,60,66].
Kainate receptor subunits, similar to AMPA receptors,
consist of four hydrophobic domains M1–M4 where M1,
M3 and M4 cross the membrane while the pore-forming
domain M2 forms a loop in the membrane.

ability, mRNA editing, has profound functional implications, including regulation of single channel conductance
and Ca 21 permeability. GluR5 and GluR6 are subject to
mRNA editing at the glutamine / arginine (Q / R) site in the
pore-forming M2 segment [30]. The introduction of a
positively charged arginine in place of a neutral glutamine
leads to decreased Ca 21 and increased Cl 2 permeability
and modification of unitary conductance and rectifying
properties of the channel [11,12,17,30,56]. mRNA editing
is developmentally regulated. For example, most of the
GluR5 subunits in the rat DRG are unedited at E16 while
95% are edited at P7 and this leads to decreased Ca 21
permeability of postnatal as compared to embryonic DRG
kainate receptors [31]. GluR6 can additionally undergo
editing at two sites situated in the M1 domain (I / V and
Y/ C) [30]. Functional diversity is also conferred by
heteromeric assembly of subunits. Thus, while KA1 and
KA2 cannot form functional homomeric channels, they
form functional heteromeric channels with the low affinity
subunits GluR5-7 [23]. KA2 / GluR6 channels are gated by
AMPA while GluR6 homomers are not [23]. GluR5 / KA2
heteromers show more rapid desensitization and different
rectification than homomeric GluR5 channels [23].
Heteromeric assembly of edited and unedited subunits
provides an additional mechanism of functional modulation.

1.2. Functional properties
When activated, kainate receptors become permeable to
monovalent cations (Na 1 , K 1 ). Some types are also
permeable to Ca 21 and Cl 2 (see below). Unitary conductance mostly lies in the low picosiemens range. In DRG
neurons, native kainate receptors showed a unitary conductance of 4–18 pS [24]. Current-voltage relations were
found to be linear in DRG neurons [24] but inward and
outward rectification occur in other systems [23]. Rapid (in
the ms–s range) and strong desensitization is characteristic
for kainate receptors [23,24,40,44,58]. Moreover, desensitization occurs at agonist concentrations two orders of
magnitude lower than receptor activation [40]. This means
that prolonged exogenous agonist application may lead to a
functionally antagonistic effect due to desensitization.
Furthermore, rapid drug application is needed to detect and
accurately quantify agonistic effects. The time course of
recovery from desensitization is in the range of tens of
seconds and depends on the nature of the agonist [40].
The functional properties of kainate receptors are strongly modulated by different mechanisms like alternative
splicing, mRNA editing and heteromeric subunit assembly.
Alternative splicing in the rat gives rise to the GluR5-1 and
GluR5-2a-c isoforms of the GluR5 subunit [39,53] and to
the GluR7a and GluR7b isoforms of the GluR7 subunit
[48]. No alternative splicing of KA1, KA2 or GluR6 has
been reported in the rat, but is present in other species
[21]. The functional role of alternative splicing remains
unknown. In contrast, another form of structural vari-

2. Pharmacology of kainate receptors

2.1. Agonist pharmacology
The classical agonists for kainate receptors, kainate
itself and domoate, show little selectivity at kainate
receptors over AMPA receptors. However, they can be
used as specific kainate receptor agonists in the presence of
the selective noncompetitive AMPA antagonists SYM
2206 or GYKI 53655 [7,39]. In addition, recent studies
have identified ligands which show selectivity for the
GluR5 or GluR5 and GluR6 subunits.
ATPA
((R,S)-2-amino-3(3-hydroxy-5-tert.-butylisoxazol-4-yl)propanoic acid) is a GluR5-preferring agonist
with strong activity at homomeric GluR5 receptors (EC 50
2.1 mM) and native DRG kainate receptors (EC 50 0.3–0.6
mM) but only weak activity at AMPA receptors (EC 50
300–400 mM in hippocampal neurons, 96 mM in cultured
spinal cord neurons) and no activity at GluR6 homomers
[15,65]. However, it is not completely selective for
homomeric GluR5 receptors and not even the GluR5
subunit as it also activates heteromeric GluR5 / KA2 receptors (EC 50 6.3 mM), GluR5 / GluR6 receptors (EC 50 21
mM) and GluR6 / KA2 receptors (EC 50 84 mM) [32,38].
LY 339434 also prefers GluR5 homomers (EC 50 0.8
mM) and native DRG kainate receptors (EC 50 2.5 mM)
over GluR6 homomers (no activation at 100 mM) or
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AMPA receptors (EC 50 .300 mM) but shows strong
activation of NMDA receptors (EC 50 2.5 mM) [52].
Some halogenated willardiine derivatives also show
selectivity at kainate over AMPA receptors. Highest selectivity was found for (S)-5-iodowillardiine (IW) that prefers
native DRG kainate receptors (EC 50 140 nM) over hippocampal AMPA receptors (EC 50 19 mM) [68]. IW
potently activates homomeric GluR5 receptors and
heteromeric GluR5 / KA2 receptors but shows no activity
on homomeric GluR6 or GluR7 receptors and only weak
activity on heteromers of GluR6 and 7 with KA2 [26,57].
(2S,4R)-Methylglutamate (SYM 2081) strongly activates homomeric GluR5 and GluR6 receptors [52] but only
weakly activates AMPA and NMDA receptors [22]. It
elicits a potent and complete desensitization of both
recombinant GluR6 and native DRG kainate receptors and
can therefore be used as a functional antagonist [27].

2.2. Antagonist pharmacology
The classical AMPA / kainate receptor antagonists
CNQX and NBQX display very poor selectivity at AMPA
versus kainate receptors [7,34,41,53,64]. Recent development of the decahydroxyisoquinoline carboxylates allows
the GluR5 receptor to be selectively targeted, but other
types of kainate receptors cannot be selectively inhibited
up to now.
LY 382884 is the newest and most specific compound
from the decahydroxyisoquinoline carboxylate group. It
specifically binds to GluR5 subunits but not to GluR6,
GluR7, KA2 or AMPA receptor subunits [10,51]. It
inhibits kainate-evoked currents in DRG neurons with an
IC 50 of 1 mM. Synaptically evoked AMPA responses in the
hippocampus are inhibited with a much higher IC 50 (87
mM). It has no effect on homomeric GluR6 receptors and
on NMDA-evoked currents in hippocampal neurons at 10
mM [10].
Two older compounds, LY 294486 and LY 293558,
show similar selectivity for GluR5 over other kainate
receptor subunits (IC 50 3.9 mM and 2.5 mM in GluR5
homomers and IC 50 0.62 mM and 1 mM in DRG cells,
respectively) but less or no selectivity over AMPA receptors (IC 50 .30 and 0.5 mM, respectively) [8,15].
NS-102 acts at GluR5 and GluR6 and has been shown to
have good selectivity for kainate receptors over AMPA
receptors in some systems [62,64] but very poor selectivity
in others [41] and in addition, active concentrations of
NS-102 are close to its solubility limit.

2.3. Inhibitors of desensitization
The rapid desensitization at agonist application characteristic for kainate receptors is strongly reduced by the
plant lectin concanavalin A (Con A), and this effect is
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specific for kainate over AMPA receptors [32,37,67]. Con
A binds to N-glycosylated residues present on kainate
receptors [18,19].

3. Distribution of kainate receptors in dorsal root
ganglia and spinal dorsal horn

3.1. Dorsal root ganglia
The first evidence for the existence of kainate receptors
on dorsal root ganglion cells came from the fact that
kainate but not NMDA depolarized dorsal roots of neonatal
rats [1]. The action of kainate on dorsal roots seemed to be
selective for slowly conducting C-fibers as kainate
abolished only the late phase of the dorsal root volley [1].
This was confirmed later by results showing that kainate
selectively depolarized DRG cells with small to intermediate diameters (,30 mm, corresponding to Ad- and
C-fibers) but not large DRG cells (corresponding to Abfibers) [24]. This response was mediated by kainate
receptors as the EC 50 for kainate was 15 mM as compared
to 520 mM for AMPA. More accurately, 92% of neonatal
dorsal root ganglion cells reacting to kainate were labeled
by antibodies to IB4, a marker for C-fibers, and 60% were
immunoreactive for vanilloid receptor 1 that is expressed
by noxious-heat sensitive receptors [31]. However, very
few dorsal root ganglion cells reacting to kainate showed
immunoreactivity for substance P, another marker for
nociceptors [31]. In situ hybridization showed that the
kainate-receptor subunit GluR5 is expressed in small but
not large adult rat DRG neurons [47]. In adult rat dorsal
roots, 10% of the myelinated and 20% of the unmyelinated
fibers showed immunoreactivity to GluR5 / 6 / 7 [25].
Northern blot showed that all kinds of kainate receptor
subunits are present in DRG neurons but that GluR5
largely predominates [37]. The pharmacology, including
sensitivity to AMPA, and desensitization kinetics of
homomeric GluR5 in transfected cells closely match those
of native DRG kainate receptors [24,53], suggesting that
homomeric GluR5 may be the predominant kainate receptor type in DRG neurons. However, in small rat
trigeminal ganglion neurons, GluR5 / KA2 heteromers
seem to be the prevalent kainate receptor type [44]. In
embryonic (E17) rat DRGs, KA2 is expressed in significant quantities [23], suggesting that GluR5 / KA2 heteromers may be another candidate for native DRG kainate
receptors. In any case, the GluR5-subunit-preferring agonist ATPA activates all DRG neurons that are activated by
kainate [65].
Although kainate receptors are thought to be centripetally distributed on primary afferent fibers [1], kainate
receptors are also present in measurable quantities on
unmyelinated fibers in the rat skin [2,14] and on both
myelinated and unmyelinated fibers in rat peripheral
sensory and sensomotor nerves [16]. The proportion of

218

¨
/ Brain Research Reviews 40 (2002) 215–222
R. Ruscheweyh, J. Sandkuhler

unmyelinated and myelinated peripheral nerve fibers immunoreactive for GluR5-7 increased significantly from 27
and 28% to 47 and 43%, respectively, 47 h after inflammation of the innervated area with complete Freund’s adjuvant [13].

3.2. Spinal dorsal horn
Autoradiographic analysis in cat spinal cord showed a
high density of [ 3 H]kainate binding in laminae I and II and
lower density in deeper dorsal horn laminae [35]. In situ
hybridization showed a strong developmental regulation of
dorsal horn kainate receptors. While all subtypes were
present at postnatal day 2, virtually no GluR6 or KA1 was
seen on p10. On p22 and in adult rats, only KA2 was
expressed in rat spinal dorsal horn in significant amounts
[20,54,61]. In contrast, immunohistochemistry showed
strong GluR5 / 6 / 7 labeling in laminae I–III of adult rat
spinal cords that was not limited to central terminals of
primary afferents as it was present both in perikarya and
neuropil [69]. Much of this immunostaining seems to
originate from both myelinated and unmyelinated primary
afferents as it extensively colocalizes with orthogradely
transported isolectin B4 and cholera toxin subunit B and
about two-thirds of the immunostaining for GluR5 / 6 / 7
disappear after rhizotomy [25]. In rabbit spinal cord, only
neuropilar elements were immunostained with GluR5 / 6 / 7
in laminae I–III while cell bodies were stained in deeper
dorsal horn laminae [9]. PCR showed the presence of
GluR5 mRNA in adult rat spinal cord homogenates [4].
Electrophysiological studies have shown that kainate receptors exist on intrinsic dorsal horn neurons and are
selectively activated by stimulation of high-threshold, i.e.,
nociceptive primary afferents [33]. Kainate receptors on
intrinsic dorsal horn neurons seem to be of another type
than those on DRG neurons as they are mostly insensitive
to the GluR5-preferring agonist ATPA [28,29].

4. Contribution of kainate receptors to nociception
Kainate receptors are specifically localized on small to
intermediate diameter DRG neurons that give rise to thinly
myelinated or unmyelinated Ad- and C-fibers, including
nociceptive fibers [24]. This prompted investigators to
study the role of kainate receptors in the transmission of
nociceptive information and pain perception.

4.1. Electrophysiological studies
The effects of kainate receptor agonists and antagonists
in spinal cord were studied in various in vivo and in vitro
models. It has been reported that activation of kainate
receptors on presynaptic nerve terminals of primary afferents by kainate or the GluR5-preferring agonist ATPA

Fig. 1. Superficial spinal dorsal horn kainate receptors are strategically
placed to regulate sensory transmission. At different locations, they can
be differentially targeted by the GluR5-preferring agonist ATPA and the
unselective agonist kainate. (1) Glutamate acting on ATPA-sensitive
kainate autoreceptors on primary afferent terminals has been shown to
inhibit further glutamate release. However, these findings have to be
interpreted with caution because desensitization of kainate receptors may
have occurred by prolonged applications of kainate [29]. (2) Glutamate
released from primary afferents following high-intensity- but not lowintensity-stimulation acts on ATPA-insensitive kainate receptors on
superficial dorsal horn neurons, inducing an excitatory postsynaptic
potential, thus promoting the transmission of nociceptive information
[33]. In addition, the kainate receptor-mediated depolarization may
remove the magnesium block from neighboring NMDA receptors,
allowing Ca 21 entry that is necessary for the induction of long-term
potentiation. (3) Activation of dorsal horn kainate receptors reduces the
evoked release of inhibitory transmitter. The proposed mechanism
involves the diffusion of glutamate released from primary afferents to
neighboring terminals of inhibitory interneurons. There the glutamate has
been shown to act on kainate receptors of both the ATPA-sensitive and
-insensitive type, inducing a membrane depolarization that allows Ca 21
entry through voltage-gated calcium channels (VGCCs). Elevated Ca 21
levels in the terminal promote spontaneous release of glycine and GABA
that by acting on GABA B autoreceptors inhibits action potential-evoked
release of inhibitory transmitter [28]. Figure adapted from Ref. [28].
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reduces glutamate release in the superficial spinal dorsal
horn [29]. Glutamatergic transmission between intrinsic
dorsal horn neurons was also depressed by kainate but not
by ATPA. This suggests that intrinsic dorsal horn neurons
express another type of kainate receptors than primary
afferents that is insensitive to ATPA [29]. However, part of
the inhibitory dorsal horn neurons are sensitive to ATPA
[28]. Dorsal root-evoked ventral root potentials in hemisected neonatal rat spinal cord showed reduction of A- and
C-fiber-evoked polysynaptic responses following application of the GluR5-preferring agonist ATPA while the
GluR5 antagonist LY 382884 reversed the action of ATPA
but had no effects on its own [42]. In these studies, kainate
and APTA generally showed depressant actions on glutamatergic transmission in spinal cord. However, when
kainate receptor agonists were applied exogenously for
prolonged periods of time, the rapid desensitization of
kainate receptors may have converted the agonistic into an
antagonistic effect. Indeed, it has been shown that brief
activation of postsynaptic kainate receptors on superficial
dorsal horn neurons by stimulation of primary afferents
leads to inward currents [33]. These kainate receptormediated excitatory currents had a peak amplitude of 30%
of the combined AMPA / kainate-receptor-mediated currents and showed slower rise and decay kinetics than
mixed currents. Kainate receptors were activated following
high-intensity but not low-intensity dorsal root entry zone
stimulation, suggesting that kainate receptors are only
localized at synapses receiving input from high-threshold
primary afferents. Another probably pronociceptive mechanism of the activation of spinal dorsal horn kainate
receptors involves a reduction of the evoked release of
inhibitory transmitters [28]. The proposed mechanism is
rather complex. Glutamate released from primary afferents
following strong sensory input would reach presynaptic
kainate receptors on terminals of inhibitory dorsal horn
neurons by diffusion in the synaptic glomerulus. Activation of those kainate receptors lead to an increased
spontaneous release of GABA which by a negative feedback at GABA B autoreceptors reduced the action-potential-evoked release of GABA and glycine from the same
nerve terminal [28]. For a summary of the present knowledge on the significance of kainate receptors in spinal
dorsal horn, refer to Fig. 1. According with a tonic
amplification of sensory input by activation of kainate
receptors, the GluR5 antagonist LY 294486 reduced single
spinal motor unit responses to percutaneous low- or highintensity stimulation but ATPA had no effect. Similarly,
LY 294486 reduced responses of dorsal horn wide dynamic range neurons to noxious heat in adult rats and this
seemed to be a presynaptic effect as responses to exogenously applied AMPA or NMDA were not affected [42].
Phasic excitation of nociceptive neurons by kainate receptor agonists fits with the results of some behavioral
studies showing an antinociceptive effect of kainate receptor antagonists in models of acute pain.
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4.2. Behavioral studies
Mixed results were reported for the effects of kainate
receptor antagonists in models of phasic pain. The functional kainate receptor antagonist SYM 2081 given i.t. or
i.p. to adult or neonatal rats had antinociceptive actions in
tail-flick, hot-plate and mechanical pain threshold tests
[33,55]. In contrast, the GluR5-preferring antagonist LY
382884 given i.p. to mice did not increase hot-plate
thresholds [42]. This could either represent a species
difference or an indication that kainate receptors that
contain the GluR5 subunit are not involved in the transmission of all forms of acute pain. As most studies used i.p.
drug application, it is also not clear if the antinociceptive
effects of kainate receptor antagonists are due to actions on
kainate receptors in the spinal cord or elsewhere.

4.3. Role of kainate receptors in plasticity of nociceptive
pathways
Activity- and calcium-dependent plasticity in nociceptive pathways may contribute to allodynia and hyperalgesia
following trauma, inflammation and nerve injury [36,45].
The roles of calcium-permeable glutamate receptors of the
NMDA type, and to some extent that of the AMPA type
have been described previously. Recent studies suggest
that kainate receptors may also be involved. The calcium
permeability of kainate receptors strongly depends upon
post-transcriptional mRNA editing of the GluR5 and
GluR6 subunits which is developmentally regulated [31].
In addition, opening of voltage-dependent calcium channels and removal of the voltage-dependent Mg 21 block of
the NMDA receptor channel can be achieved by kainate
receptor-mediated
depolarization.
At
hippocampal
synapses an NMDA receptor-independent form of longterm potentiation was depressed by blockade of kainate
receptors [10]. In superficial spinal dorsal horn a longlasting depression of NMDA receptor-mediated postsynaptic excitatory synaptic currents was induced by application
of kainate [50]. These results suggest that kainate receptors
are involved in long-term modification of synaptic transmission including nociceptive pathways.
Results from behavioral studies consistently show antinociceptive effects of specific kainate receptor antagonists in models of persistent pain. The functional kainate
receptor antagonist SYM 2081 given i.p. significantly
reduced mechanical allodynia and thermal hyperalgesia in
the chronic constriction injury model [55] and the cold
injury model [59] of neuropathic pain. The GluR5-preferring antagonist LY 382884 produced antinociception in the
late phase of the rat formalin test [51]. Interestingly, a
study in humans using i.v. application of the mixed
AMPA / kainate receptor antagonist LY 293558 showed
reduction of spontaneous pain and mechanical allodynia
following capsaicin injection into the skin but no effect on
brief pain sensations evoked in normal skin [46].
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5. Conclusions
Kainate receptors are involved in the processing of
nociceptive information at several steps, including primary
afferent fibers and intrinsic spinal dorsal horn neurons.
Small, including nociceptive dorsal root ganglion neurons
express kainate receptors containing the GluR5 subunit,
probably GluR5 homomers or GluR5 / KA2 heteromers that
modulate glutamate release from primary afferents. Postsynaptic kainate receptors on superficial dorsal horn neurons seem to be activated selectively by stimulation of
high-threshold primary afferents thereby contributing to
the transmission of nociceptive information. Furthermore,
kainate receptors on intrinsic spinal dorsal horn neurons
seem to be of another type than those on primary afferents,
the former probably not containing the GluR5 subunit to a
large extent. This will allow the differential targeting of
both groups of kainate receptors by selective pharmacological tools and elucidate their respective roles in the
processing of nociceptive information. From electrophysiological studies, it has not yet become clear if activation of
spinal kainate receptors will have pro- or antinociceptive
effects. However, behavioral studies consistently report
antinociceptive actions of kainate receptor antagonists.
While application of mixed AMPA / kainate receptor antagonists as analgesic drugs is limited by side effects, such
as ataxia, kainate receptor antagonists seem to have more
specific antinociceptive actions at least in rats [51].
Some kainate receptors exhibit permeability to Ca 21 and
thus may translate nociceptive excitation into cellular Ca 21
entry. Elevated intracellular Ca 21 concentrations are able
to evoke a wealth of reactions, among them excitotoxicity
and synaptic plasticity. DRG neurons express Ca 21 permeable kainate receptors in embryonic and early postnatal rats
but seem to be impermeable to Ca 21 from P4 [31]. It
remains to be investigated if kainate receptors on intrinsic
dorsal horn neurons exhibit Ca 21 conductance and what
role they play in central sensitization.
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