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Kainate receptors are abundantly expressed in the hippocam-
pus. Mice with disruption of kainate receptor subunits allow the
genetic dissection of the role of each kainate receptor subunits
in the synaptic physiology of the hippocampus, as well as in
excitotoxic processes. We have compared the action of do-
moate and kainate on CA1 pyramidal neurons in slices from
wild-type and GluR6—/— mice. The difference in the amplitude
of inward currents evoked by domoate and kainate between
wild-type and GluR6—/— mice demonstrates the presence of
functional kainate receptors in CA1 pyramidal neurons. Block of
domoate-activated inward currents by the AMPA receptor an-
tagonists 2,3-dihydroxy-6-nitro-7-sulfonyl-benzo(F)quinoxaline
(1 pm) and 1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-
7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine) (GYKI
53655) (50 um) is complete in GIuR6—/— mice but only partial in

wild-type mice. In the presence of GYKI 53655, kainate recep-
tor activation dramatically increases the frequency of sponta-
neous IPSCs in CA1 pyramidal cells from wild-type, as well as
GIuR6—/—, mice. This results from the kainate receptor-
mediated activation of a sustained inward current and an in-
creased action potential firing in afferent GABAergic interneu-
rons of the CA1 field. These effects are observed in wild-type,
as well as GluR6—/—, mice. Kainate receptors also decrease
the amplitude of evoked IPSCs in CA1 pyramidal cells by
increasing synaptic failures in wild-type and GIuR6—/— mice.
These results indicate that in CA1 pyramidal cells, distinct
subtypes of kainate receptors mediate several functionally an-
tagonistic effects.
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Glutamate is the major excitatory neurotransmitter in the verte-
brate CNS. It acts on three major types of ligand-gated ion
channels, which are defined by the agonists NMDA, AMPA, and
kainate. The family of kainate receptors (KARs) is composed of
five subunits (GluR5-GluR7, KA1-KA2) that can assemble to
form functional channels but do not coassemble with subunits
from the AMPA receptor (AMPAR) family (GluR1-GluR4)
(Nakanishi, 1992; Seeburg, 1993; Hollmann and Heinemann,
1994; Bettler and Mulle, 1995). AMPARs and KARs can be
activated by kainate and domoate. In many instances, it is not
clear whether the effect of these agonmists is mediated by the
activation of AMPA or of KARs. Kainate and domoate evoke
nondesensitizing currents from AMPAR channels but evoke fast
desensitizing currents from recombinant and native KAR chan-
nels (Huettner, 1990; Lerma et al., 1993; Sahara et al., 1997,
Wilding and Huettner, 1997).

Although KAR subunit genes are widely expressed throughout
the brain (Wisden and Seeburg, 1993), the presence of functional
KARs in the CNS and their role in synaptic transmission has long
remained elusive. The lower abundance of these receptors com-
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pared with AMPARs, the fast-desensitizing response to gluta-
mate receptor agonists, and the lack of specific pharmacological
tools have hampered the functional characterization of KARs.
The development of selective antagonists for AMPARs (Pater-
nain et al., 1995; Wilding and Huettner, 1995; Bleakman et al.,
1996) and the characterization of selective agonist and antago-
nists for the GluR5 subunit (Clarke et al., 1997) has given a new
development to the study of KARs in the brain. Hippocampus has
been the focus of the majority of recent studies on the role of
KARs. Taking advantage of 1-(4-aminophenyl)-3-methylcarbamyl-
4-methyl-7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine)
(GYKI 53655) (L'Y30068), an antagonist of AMPARs that does
not affect KARs, functional KARs have been characterized in
hippocampal neurons in culture and in the slice preparation. The
physiological properties of responses mediated by KARs in embry-
onic hippocampal neurons in culture (Lerma et al., 1993), which
resemble those mediated by homomeric recombinant GluR6 re-
ceptors, show profound desensitization to kainate. In postnatal
hippocampal neurons in culture, KAR-evoked currents show in-
complete desensitization (Wilding and Huettner, 1997). In the slice
preparation, bath application of kainate in the presence of GYKI
53655 activate large inward currents in CA3 neurons, suggesting
that KARs in CA3 neurons do not show complete desensitization
(Castillo et al., 1997). KARs can be synaptically activated at mossy
fiber—CA3 synapses (Castillo et al., 1997; Vignes and Collingridge,
1997). Analysis of GluRé6-deficient mice has demonstrated the
implication of the GluR6 subunit in the high sensitivity of CA3
neurons to kainate and in synaptic transmission in the mossy fiber
pathway (Mulle et al., 1998). KARs are also thought to modulate
synaptic transmission by acting at a presynaptic site in CA3 and
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CA1 pyramidal cells (Represa et al., 1987; Chittajallu et al., 1996;
Clarke et al., 1997; Rodriguez-Moreno et al., 1997, Kamiya and
Ozawa, 1998).

CAl pyramidal cells are known to be far less sensitive to
kainate than CA3 pyramidal cells (Robinson and Deadwyler,
1981; Westbrook and Lothman, 1983). In the rat, kainate (1-5
uM) only mildly affects membrane potential in CAl pyramidal
cells (Fisher and Alger, 1984; Clarke et al., 1997) and evokes
inward currents of small amplitude (Castillo et al., 1997). How-
ever, KAR genes are abundant in the CAl field. We have reex-
amined the question of the presence of functional KARs in CA1l
pyramidal cells. For this purpose, we have tested the response of
CAl neurons to application of domoate and kainate in a slice
preparation, and we have compared these responses in wild-type
and GluR6—/— mice.

MATERIALS AND METHODS

Hippocampal slices (300-wm-thick) were prepared from 13- to 25-d-old
mice. Mice were killed by decapitation after cervical dislocation, and
slices were cut from the whole forebrain in the sagittal plane in an
ice-cold oxygenated solution. Slices were first kept for 1 hr in oxygenated
HCO;-H,PO, buffered saline (see composition below) at 32°C and then
kept at room temperature for up to 6 hr before being transferred to the
experimental setup.

CA1 neurons were visualized throughout the recording session with an
upright microscope equipped with Nomarski optics (Axioscop; Zeiss,
Oberkochen, Germany). Tight-seal whole-cell recordings were obtained
from neurons visually identified as pyramidal cells or nonpyramidal cells
according to their location in or outside the pyramidal cell layer. Re-
cordings were performed at room temperature. The slice was continu-
ously perfused with a physiological saline of the following composition
(in mMm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,, 26
NaHCOj, and 25 glucose, pH 7.4 when bubbled with a mixture of 95%
0O, and 5% CO,. Whole-cell voltage-clamp experiments were performed
with a Cs-based internal solution containing (in mm): 140 CsCl, 2
MgCl,, 1 CaCl,, 10 EGTA, 10 HEPES, and 2 Na-ATP. Recording patch
electrodes were pulled from borosilicate glass and had resistances of
2.3-3.0 MQ when filled with a CsCl-based solution.

Whole-cell membrane currents were recorded with a computer-driven
amplifier (EPC9; HEKA, Lambrecht, Germany). Access resistance
(5-18 MQ) was regularly monitored. Extracellular recordings of action
potentials from interneurons were made in the cell-attached configura-
tion. IPSCs were evoked at 3 sec intervals by applying short (200 usec)
current pulses through an extracellular saline-filled pipette placed in
stratum oriens. EPSCs were evoked by stimulating the Schaeffer collat-
erals at 10 sec intervals with a pipette placed in the stratum radiatum.

Spontaneous synaptic currents and voltage data were filtered at 10 kHz
and acquired continuously on a computer disk using the Pulse program
(HEKA). The detection and analysis of spontaneous synaptic currents
were performed using Detectivent, a program written by N. Ankri
(Ankri et al., 1994). Data were further analyzed using macros written for
IGOR (Wavemetrix, Inc.). For the presentation of average values from
several cells, averages are presented as mean = SE.

Pharmacological agents were delivered either by bath perfusion or by
means of a multibarrel gravity-fed system composed of four to six
capillaries, which was positioned just above the slice and could be moved
laterally.

Most salts and chemicals were obtained from Sigma (St. Louis, MO).
Domoate was purchased from Tocris Cookson (Bristol, UK). GYKI
53655 (LY300168) was a generous gift from Lilly Research Laboratories
(Indianapolis, IN).

In situ hybridization. Adult male mice of different strains [129Sv]
C57BL/6 mouse (The Jackson Laboratory, Bar Harbor, ME); hybrid
129SvJxC57BL/6; in-house inbred mouse Tif (MAG [Spf])], weighing
18-25 gm, were used. Animals were killed by decapitation, and the brains
were carefully and rapidly removed and embedded into cryoglue (OCT;
Miles, Elkhart, IN) for cryosectioning. Coronal sections (10-um-thick)
were thaw-mounted onto slides precoated with poly-L-lysine (Electron
Microscopy Sciences, Ft. Washington, PA). Consecutive sections were
mounted on different slides allowing hybridization with each of the five
K AR subunits. The sections from the 129Sv] mouse, taken at the level of
the dorsal hippocampus, were used for the quantitative analysis. In this
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study, we have used riboprobes coding for GluRS (5" antisense, 656 bp),
GluR6 (5’ antisense, 997 bp), GIuR7 (5’ antisense, 476bp), KA1 (5’
antisense, 215bp), and KA2 (5’ antisense, 342bp). These riboprobes had
been checked previously for specificity and used extensively for mapping
studies in the basal ganglia (Bischoff et al., 1997). In situ hybridization
histochemistry was performed as described previously. The only modi-
fication used was an increase of the final high-stringency posthybridiza-
tion wash to 75-80°C.

Quantitative analysis was performed on sections exposed to nuclear
emulsion and counterstained with cresyl violet. The procedure uses a
macro specifically written for this purpose with the help of the basic
KS-400 software package (Kontron, Munich, Germany). The level of
expression was measured in identified cells within the layers of the
hippocampal formation and expressed as the percentage of the surface of
each cell that is covered by silver grains. For this purpose, digitized
images of microscope fields at 200X magnification at bright-field fol-
lowed by dark-field illumination were imported via a CCD camera to a
personal computer for analysis. Six to eight fields for each side of a
section were processed for measurements. For each field, the clearly
identifiable cells were circled by hand, but quantification was processed
automatically. The individual cellular expression levels of the pooled
fields were analyzed statistically for normal Gauss distribution, and data
were expressed as mean = SD values. Almost all pyramidal cells in the
CA1 and CA3 fields were included in the quantitation. A similar number
of cells of the caudate putamen (primarily medium spiny neurons),
adjacent to the hippocampal formation, was also examined for compar-
ison purposes.

RESULTS

Expression of KAR subunit genes in the

mouse hippocampus

In situ hybridization experiments with antisense RNA probe
specific for the five KAR subunit genes were performed in 129Sv
and C57B16 mice (Fig. 1) to compare with previous reports using
oligonucleotides in the rat (Wisden and Seeburg, 1993). Macro-
scopic analysis reveals that GluRS exhibits a punctated profile
throughout the hippocampus, with no signal in the pyramidal and
granule cell layers. GluR6 and KA2 are the most abundant
subunits, with marked expression in the principal cell layers and
the hilus (Egebjerg et al., 1991; Herb et al., 1992). GluR7 is
primarily expressed in the granular layer of the dentate gyrus and
in a few interneurons in the stratum oriens and stratum radiatum.
K AL is markedly expressed in the CA3 pyramidal layer but very
weakly in the CAl and dentate gyrus. To compare the level of
expression of GluR6 in the CA1 and CA3 fields, we made quan-
titative measurements at the microscopic level (see Materials and
Methods) (Fig. 2). At dark-field illumination, the spread of silver
grains appears consistently less dense in the CA1 than in the CA3
field. Quantitative measurements reveal that the level of expres-
sion per cell is twice as high in CA3 (40.3 = 13.2) than in CAl
(20.0 = 9.7) pyramidal neurons. The expression level in CA3 was
close to that in the medium spiny neurons of the caudate putamen
(48.2 £ 12.0), which exhibits among the highest GluR6 expression
levels within the brain (Bischoff et al., 1997). The GluRS5 subunit
was barely detectable in the pyramidal neurons of both CA1 and
CA3. GIuRS5 was very highly expressed in most (but not all)
interneurons identified by Nissl-staining within the molecular
layers (stratum oriens and stratum radiatum) of both CAl and
CA3 fields. GluR6 also appears expressed in a number of these
interneurons in both layers, although in fewer cells and with a
lower level of expression.

Selective activation of KARs by low concentrations of
domoate and kainate

Given the consistent expression of the GluR6 gene in CAl pyra-
midal cells, we searched for the presence of GluR6-containing
kainate responses in these neurons by comparing wild-type and
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Figure 1.

Mapping of the mRNA encoding the five KAR subunits in the anterior dorsal hippocampus of 129Sv] mouse brain as assessed with **S-labeled

riboprobes. Photomicrographs were taken by the stereomicroscope (10X) under bright-field (A4) or dark-field (B-F) illumination. 4 is a section processed
for cresyl violet counterstaining. The dark-field representations in B—F reveal considerable differences in the expression pattern of each KAR subunit.

GluR6-deficient mice (Mulle et al., 1998). We performed whole-
cell recordings from CA1 pyramidal cells and applied domoate and
kainate to the slice. In the presence of TTX (500 nm), picrotoxin
(100 um), and p,L.-AP-5 (100 um), domoate activated a sustained
inward current at concentrations as low as 200 nm (121 = 42 pA;

= 5) (Fig. 34) in wild-type but not in GluR6—/— mice (n = 5).
At a concentration of 500 nMm, domoate activated large inward
currents in wild-type mice (365 * 91 pA; n = 4) and only small

inward currents in GluR6—/— mice (58 * 13 pA;n = 7). Similarly,
kainate activated a small inward current at a concentration of 3 um
(31.8 = 13.0 pA; n = 4) in wild-type but not in GluR6—/— mice
(n = 5) (Fig. 3B). The amplitude of the currents evoked by 10 um
kainate was also significantly larger in wild-type (480.3 = 198.0 pA;
n = 4) than in GluR6—/— mice (73.0 = 10.6 pA; n = 4). A
significant difference was thus observed in the amplitudes of inward
currents evoked by low concentrations of domoate and kainate
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Figure 2. Cellular expression of GluRS
and GluR6 subunits at high magnification
(200x). Expression of GluR5 and GluR6
subunits in the pyramidal cell layers and
interneurons of the stratum oriens (s.0.)
and stratum radiatum (s.r.) of CAl and
CA3 fields. GluRS is highly expressed in
the interneurons of the nonpyramidal
layer, but some strongly labeled cells ap-
pear also among the pyramidal neurons.
GluR6 is primarily expressed in the pyra-
midal cells, but scattered dimly labeled
cells are also seen in the stratum oriens
and radiatum of both CA1 and CA3 fields.

between wild-type and GluR6—/— mice (for each agonist concen-
tration, p < 0.01; Mann—-Whitney U test) (Fig. 3B). These results
indicate the presence of functional GluR6-containing KARs in
CAL1 pyramidal cells. These data also define the range of concen-
trations for which domoate and kainate predominantly activate a
KAR-mediated response.

Antagonism of AMPARs and KARs by 2,3-dihydroxy-6-
nitro-7-sulfonyl-benzo(F)quinoxaline and GYKI 53655

We compared the effects of the competitive antagonist 2,3-dihy-
droxy-6-nitro-7-sulfonyl-benzo(F)quinoxaline (NBQX) and the
noncompetitive antagonist GYKI 53655 on domoate-activated
inward currents in wild-type and GluR6—/— mice. Quinoxa-

Bureau et al. « Kainate Receptors in the CA1 Field

GIuR6

linediones have initially been characterized as selective antago-
nists of AMPARs (Sheardown et al., 1990). Previous work on
DRG and hippocampal neurons in culture has suggested that
quinoxaline derivatives, such as CNQX, are only slightly more
selective antagonists for AMPARs than for KARs (Paternain et
al.,, 1996; Wilding and Huettner, 1996). However, NBQX was
reported to be far more potent against AMPAR response in
acutely isolated Purkinje cells than on recombinant GluR6 recep-
tors (Bleakman et al., 1996). The use of KAR subunit-deficient
mice should prove useful for determining the selectivity of these
agents for native AMPARs and KARs in brain slices. To test for
the potential use of NBQX as a selective AMPAR antagonist, we
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have compared the effect of this antagonist in CAl and CA3
pyramidal cells from wild-type and GluR6—/— mice. In
GluR6—/— mice, NBQX (1 uMm) blocked the AMPAR-mediated
currents evoked by domoate (1 um) in CA1 (100% inhibition; n =
6 cells) (Fig. 4) and CA3 (>95% inhibition; n = 3 cells) (Fig. 5)
pyramidal cells. In wild-type mice, NBQX (1 uM) only partially
blocked inward currents activated by domoate (1 um) in CAl
pyramidal cells (amplitude of the residual current, 335 = 35 pA;
n = 9) (Fig. 4). This residual current, which was blocked by high
concentration of NBQX (100 um) and was absent in GluR6—/—
mice, is likely mediated by the activation of GluR6-containing
KARs. In addition, in CA3 pyramidal cells from wild-type mice,
NBQX (1 uMm) did not significantly block the large inward current
activated by domoate (500 nm) (1214 = 176 pA;n = 4;p > 0.2;
Mann-Whitney U test) (Fig. 5), which is mediated by KAR
activation (as evidenced by the absence of such a current in
GluR6—/— mice). These results imply that NBQX, under certain
experimental conditions, is a fairly selective AMPAR antagonist
that can be used to unmask KAR responses evoked by domoate
and kainate in CA1 and CA3 pyramidal cells. Because NBQX is
a competitive antagonist, it might prove ineffective in blocking
AMPAR-mediated responses evoked by higher concentrations of
AMPAR agonists. We thus tested the effects of NBQX on EPSCs
evoked by stimulating the Schaeffer collaterals in CA1 pyramidal
cells from wild-type and GluR6-deficient mice in which AMPARs
are activated by millimolar concentrations of glutamate. NBQX, at
a concentration of 1 um, blocked evoked EPSCs by 86 * 2 (n = 4)
and 91 = 2% (n = 4) in wild-type and GluR6-deficient mice,
respectively (Fig. 6A4). Evoked EPSCs were blocked by >99% in
wild-type (n = 4) and GluR6-deficient (n = 4) mice by 3 um
NBQX. These data make it unlikely that the inward current re-

___|100pA
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Figure 3. Comparison of the response of CAl pyramidal
cells to domoate and kainate in wild-type and GluR6—/—
mice. A, Whole-cell currents activated by domoate in wild-
type (left) and GluR6—/— (right) mice by domoate (open
horizontal bar). At a concentration of 200 nM, domoate acti-
vated a small inward current in wild-type but not in
GluR6—/— mice. At a concentration of 500 nMm, domoate
activated an inward current in GluR6—/— mice, which was
much smaller than in wild-type mice. B, Pooled data of the
average amplitudes of inward currents activated by domoate
and kainate in wild-type (open bars) and GluR6—/— ( filled
bars) mice. The bar graphs show mean * SEM values.
Numbers in parentheses represent the number of cells tested.
Membrane holding potential was —70 mV. All solutions were
applied using a multibarrel perfusion system and contained
TTX (500 nm), D,L-AP-5 (50 uMm), and picrotoxin (100 um).
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Figure 4. Antagonism of domoate-activated inward currents in CAl
pyramidal cells by NBQX and GYKI 53655 in wild-type and GluR6—/—
mice. Pooled data of the mean amplitude of currents activated by do-
moate (1 uM) in the presence and absence of NBQX or GYKI 53655. The
bar graphs show mean = SEM values. Numbers in parentheses represent
the number of cells tested. All solutions were applied using a multibarrel
perfusion system and contained TTX (500 nm), D,L-AP-5 (50 um), and
picrotoxin (100 um).
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Figure 6. Antagonism of evoked EPSCs in CAl
pyramidal cells by NBQX and GYKI 53655 in wild- 3uM SuM .ﬁ 50uM
type and GluR6—/— mice. EPSCs were evoked by

focal stimulations of the Schaeffer collaterals. Each
trace represents the average of 10 consecutive record-
ings. A, Evoked EPSCs were primarily blocked by 1

control control

control
uM NBQX and completely blocked by 3 um NBQX A
in both wild-type and GluR6—/— mice. B, GYKI 2p J25pA 25pA
53655 (50 um) totally blocked evoked EPSCs in wild- 10ms 10ms 10ms
type mice. All solutions were bath-applied and con- . n AL
tained picrotoxin (100 uM) and D,L-AP-5 (50 um). wild-type GluR6-/ wild-type

corded in the presence of domoate (1 um) and NBQX (1 um) could
be caused by, in part, the displacement of NBQX by glutamate
released from unclamped neurons in the slice.

GYKI 53655 (LY30068), a selective noncompetitive antagonist
of AMPARs, has proven useful in the functional characterization
of KARs (Paternain et al., 1995; Wilding and Huettner, 1995). In
the presence of GYKI 53655 (50 um), domoate evoked a sus-
tained inward current in CAl pyramidal cells from wild-type
mice (199 = 40 pA; n = 13), whereas no current was detected in
GluR6—/— mice (n = 4) (Fig. 4). This finding confirms the
presence of functional KARs in CA1 pyramidal cells. It must be
noted that the KAR-mediated inward current recorded in the
presence of GYKI 53655 was on average slightly smaller than that
recorded in the presence of NBQX (p < 0.02; Mann—Whitney U
test). Experiments in which NBQX (1 um) and NBOX (1 um)
plus GYKI 53655 (50 um) were applied successively showed that
GYKI 53655 further decreased the amplitude of inward currents
activated by domoate by 26 = 3% (n = 4). Although the slice
preparation does not allow a quantitative pharmacological eval-
uation of this aspect, our results suggest that GYKI 53655 might
partly block steady-state KAR-mediated responses in CA1 pyra-
midal cells. In agreement with previous studies in the rat (Castillo
et al., 1997), we also found that GYKI 53655 (50 um) completely
blocked EPSCs evoked in CA1 pyramidal cells by stimulation of
the Schaeffer collaterals (Fig. 6B).

Activation of KARs increases the rate of spontaneous
GABAergic synaptic currents in CA1 pyramidal cells in
both wild-type and GIluR6—/— mice

In the presence of NBQX (1 um) or both NBQX (1 um) and
GYKI 53655 (50 um), KAR activation produced two distinct

effects in CA1l pyramidal cells from wild-type mice. Domoate
(500 nm) activated an inward current likely caused by the direct
activation of KARs, because a similar inward current was ob-
served in the presence of TTX and picrotoxin. In all cells tested,
domoate and kainate (3 wm) also markedly increased the fre-
quency of spontaneous postsynaptic currents in a rapid and re-
versible manner (Fig. 7). These synaptic currents were blocked by
picrotoxin but not by antagonists selective for NMDA receptors
(D,.-AP-5) and AMPARs (NBQX and GYKI 53655) and were
thus GABAergic IPSCs. On average, spontaneous IPSC fre-
quency, increased by a factor of 3.0 = 0.2 (n = 6) and 1.7 = 0.2
(n = 5) after bath application of 500 nm domoate and 3 um
kainate, respectively. We often noted the occurrence of large-
amplitude IPSCs rapidly after onset of domoate application,
which were not observed during the control period (Fig. 8). A
more detailed examination (Fig. 7B) showed that domoate in-
creased the frequency of IPSCs displaying a wide range of
amplitudes.

In GluR6—/— mice, domoate (500 nM) did not activate any
significant inward current (Fig. 84), in keeping with the results
obtained in the presence of picrotoxin and TTX. However, in the
presence of GYKI 53655 (50 um), domoate increased the rate of
spontaneous IPSCs (Fig. 84) from a basal level of 9.5 = 3.8 Hz
(n = 5) to a maximal level of 16.1 = 6 Hz (n = 5). On average,
spontaneous IPSC frequency increased by a factor of 2.0 £ 0.2
(n = 5). NBQX, at a concentration of 50 um, totally blocked
domoate-induced increase of IPSC frequency (Fig. 8B). This
effect of domoate on spontaneous IPSC frequency is thus prob-
ably mediated by the activation of KARs. This receptor differs
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from KARs mediating the inward current in CA1 pyramidal cells,
because it is still observed in GluR6—/— mice.

Functional KARs in interneurons from the CA1 field

Increase in the rate of spontaneous IPSCs in CA1 pyramidal cells
is probably caused by an increased action potential discharge in
GABAergic neurons afferent to CAl pyramidal cells. We thus
checked for the presence of functional KARs activated under
conditions of bath application of KAR agonists in interneurons of
the CA1 field. Voltage-clamp whole-cell recordings were obtained
from visually identified neurons located in both stratum oriens
(five cells in wild-type mice, five cells in GluR6—/— mice) and
stratum radiatum (eight cells in wild-type mice, seven cells in
GluR6—/— mice). As illustrated in Figure 94, domoate (1 um),
applied in the presence of GYKI 53655 (50 uMm) or a low con-
centration of NBQX (1 uM) (data not shown) evoked a sustained
inward current in almost all neurons tested in both wild-type and
GluR6—/— mice. In the presence of GYKI 53655 (50 um), the
amplitude of the inward current evoked by domoate (1 um)
ranged from 40 to 290 pA in wild-type mice (average amplitude,
182 = 22 pA; n = 8) and from 20 to 320 pA in GluR6—/— mice
(average amplitude, 204 = 42pA; n = 5). Functional KARs are
thus found on CAl interneurons, but the response evoked by
activation of these KARSs is not abolished in the GluR6—/— mice,
indicating that they are composed of subunits different from
GluR6.

The effect of KAR activation on action potential discharge was
studied in identified interneurons of the CAl stratum oriens and
stratum radiatum using the cell-attached configuration. Under
our control conditions, in the presence of GYKI 53655, interneu-
rons were generally silent. Bath application of domoate (500 nm)
or kainate (2 uMm) lead to a rapid and slowly reversible increase in
action potential firing (Fig. 9B) in both wild-type (six of seven
cells) and GluR6—/— (five of six cells) mice. On average, do-
moate (500 nm) increased action potential firing to a value of 18 =
5 and 10 = 2 Hz in wild-type and GluR6—/— mice, respectively.
These results clearly indicate that KARs activate an inward

ical saline supplemented with 4 mm CaCl,, 4 mm MgCl,,
and 100 u™m D,L-AP-5.

current in CAl interneurons, which leads to depolarization and
action potential discharge, an effect that fully explains the in-
crease in spontaneous IPSC frequency observed in CA1l pyrami-
dal cells.

KARs downregulate evoked IPSCs in both wild-type
and GluR6—/— mice

In rat CAl pyramidal cells, kainate is known to decrease evoked
GABAergic synaptic transmission (Sloviter and Damiano, 1981;
Fisher and Alger, 1984), an effect recently shown to be mediated
by activation of KARs (Clarke et al., 1997; Rodriguez-Moreno et
al., 1997). We thus examined this latter effect of kainate in
wild-type and GluR6—/— mice. IPSCs were evoked in mouse
CA1 pyramidal cells by focal stimulation in the stratum oriens in
the presence of GYKI 53655 (50 um) and D,L.-AP-5 (100 um).
After a stable control period, perfusion of the slice with domoate
(500 nm) or kainate (3 uMm) (for 1-2 min) lead in most cases to a
rapid and reversible decrease in the amplitude of evoked IPSCs.
The extent of this decrease varied from cell to cell and in a given
cell could differ when displacing the stimulating electrode to
stimulate a different set of afferent GABAergic fibers. We regu-
larly observed a striking increase in the number of failures (Fig.
10A4), consistent with a presynaptic effect of KAR activation. On
average, the amplitude of the evoked IPSCs decreased by 59 =
8% (n = 7T; range, 36-96%) with 3 uM kainate. This decrease in
evoked synaptic transmission took place despite the above men-
tioned increase in spontaneous IPSC frequency, which was clearly
seen in all cells (Fig. 10B, second trace). In GluR6—/— mice,
kainate (3 uM) decreased evoked GABAergic synaptic transmis-
sion to a similar extent. An increase in the number of failures was
a common feature (Fig. 10), which was observed in addition to an
increase in the frequency of spontaneous IPSCs. On average,
kainate (3 pum) decreased evoked IPSC amplitude by 56 = 12%
(n = 7; range, 0-94%), a value not statistically different from that
reported in wild-type mice. In contrast with the rapid and pro-
found effects of these agonists on the frequency of spontaneous
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Figure 8. KAR-mediated increase in spontaneous IPSC frequency in
CA1 pyramidal cells of GluR6—/— mice. A, Top trace, Sample of contin-
uous recording of spontaneous IPSCs in a pyramidal cell of a GluR6—/—
mouse. Domoate (500 nm) in the presence of GYKI 53655 (50 um),
applied during the time indicated by the horizontal bars, increased spon-
taneous IPSC frequency. Bottom trace, In the same cell, addition of 50 um
NBQX completely blocked the effects of domoate. B, Plot for the same
cell of the mean frequency of spontaneous IPSCs detected during 10 sec
sample intervals against time. Open horizontal bars, The time during which
domoate was applied; gray horizontal bar, the time during which GYKI
53655 (50 um) was applied; closed horizontal bar, the time during which
NBQX (50 uMm) was applied. The slice was bathed with physiological
saline supplemented with 4 mm CaCl,, 4 mMm MgCl,, and 100 uM
D,L-AP-5.

IPSCs and on the amplitude of evoked IPSCs, we did not observe
any rapid and striking change in the frequency of miniature
IPSCs (mIPSCs) recorded in the presence of TTX (500 nm) after
superfusion with KAR agonists. A moderate decrease in mIPSC
frequency (10-30%) was observed in only three of nine cells for
domoate (1 uMm) and kainate (10 um) after prolonged application
of the agonist (>4 min) (data not shown).

DISCUSSION

Mice with disrupted KAR subunit genes offer the possibility to
clarify the specific role of KAR subtypes in synaptic transmission
and in the neurotoxic effects of kainate. In the present study, we
demonstrate the presence of at least two distinct subtypes of
KARs in pyramidal cells and interneurons of the CA1 field of the
hippocampus by comparing the electrophysiological responses to
kainate and domoate of neurons from wild-type and GluR6—/—
mice. Despite the well known downregulation of evoked
GABAergic synaptic transmission by KAR agonists, we also show
that KAR agonists increase spontaneous IPSC frequency in CA1
pyramidal cells by increasing action potential discharge in pre-
synaptic GABAergic interneurons.
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Figure 9. Functional KARs in CA1l stratum oriens interneurons from
wild-type and GluR6—/— mice. Left panels, Wild-type mice. Right panels,
GluR6—/— mice. A, Domoate (1 uM) activated an inward current in
stratum oriens interneurons of both wild-type and GluR6—/— mice in the
presence of GYKI 53655 (50 um). B, Samples of continuous recording of
action potential firing activity in stratum oriens interneurons. In both
wild-type and GluR6—/— mice, domoate (500 nm) induced a reversible
increase in spike frequency in interneurons in the presence of GYKI
53655 (50 um). C, Plots for the same cells of the mean frequency of spikes
detected during 20 sec sample intervals against time. Open horizontal bars
indicate the time during which domoate (500 nm) was applied.

Functional KARs in CA1 pyramidal cells

and interneurons

The demonstration of the presence of functional KARs has been
made in only a few neuronal populations. In the CNS, KARs
were first characterized in hippocampal neurons in culture (Le-
rma et al, 1993). Significant differences are observed in the
properties of KARs recorded in neurons cultured from embry-
onic or postnatal rats (Lerma et al., 1993; Wilding and Huettner,
1997). It is important to demonstrate the presence of functional
KAR:s in identified populations of hippocampal neurons, which
express specific combinations of KAR subunit genes (Wisden and
Seeburg, 1993; present study). KARs participate in synaptic
transmission at the mossy fiber—CA3 synapse (Castillo et al,
1997; Vignes and Collingridge, 1997). The analysis of GluR6—/—
mice has indicated that functional KARs in CA3 pyramidal cells
involved in synaptic transmission are assembled from the GluR6
subunit (Mulle et al., 1998). CA3 pyramidal cells are far more
sensitive to KAR agonists than CA1 pyramidal cells (Robinson
and Deadwyler, 1981; Westbrook and Lothman, 1983; Castillo et
al., 1997). In fact, it is not known whether functional KARs are
present in CAl pyramidal cells. In recent studies using GYKI
53655 to block AMPARS, no clear evidence was given for inward
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currents activated by KAR agonists in CAl pyramidal cells
(Clarke et al., 1997; Rodriguez-Moreno et al., 1997).

CA1 pyramidal cells, like CA3 pyramidal cells, are known to
express the GIuR6 subunit gene (Egebjerg et al., 1991; Wisden
and Seeburg, 1993), although a quantitative analysis of the ex-
pression of the GluR6 subunit gene revealed a lower abundance
of the GluR6 transcripts in CAl cells compared with CA3 pyra-
midal cells (present study). We have thus compared the response
of CA1 pyramidal cells to application of domoate or kainate in
hippocampal slices from wild-type and GluR6—/— mice. In con-
trast with previous studies on cultured hippocampal neurons, the
responses to kainate and domoate that we observed in the slice
preparation represent the steady-state receptor activity. Steady-
state activation of KAR is, however, an important parameter in
understanding the excitotoxic effects of KAR agonists. A clear-
cut difference in the amplitude of inward currents activated by
low concentrations of kainate and domoate was observed be-
tween wild-type and GluR6—/— CA1 pyramidal cells, indicating
the presence of functional GluR6-containing KARs in CA1 py-
ramidal cells. The inward current evoked by activation of KARs
is of smaller amplitude in CA1 pyramidal cells (3 uMm kainate, 32
pA) than in CA3 pyramidal cells (3 uM kainate, 678 pA) (Mulle
et al., 1998). Furthermore, kainate activates detectable inward
currents at concentrations of kainate as low as 300 nm in CA3
pyramidal cells. This large difference (an order of magnitude) in
the sensitivity to kainate between CAl and CA3 pyramidal cells
is in good agreement with earlier reports (Robinson and Dead-
wyler, 1981; Castillo et al., 1997). Several interpretations can
account for this difference. First, functional KARs are less abun-
dant in CAl than in CA3 pyramidal cells, as suggested by the
lower expression of the GluR6 gene in CAl pyramidal cells. An
additional explanation for the difference in sensitivity is that

Figure 10. KAR-mediated effect on evoked IPSCs in CA1l
pyramidal cells from wild-type and GluR6—/— mice. Left
panels, Wild-type mouse. Right panels, GluR6—/— mouse. A4,
Plots of the amplitude of IPSCs evoked in a CAl pyramidal
cell by focal stimulations in CA1 stratum oriens. Kainate (3
uM) in the presence of GYKI 53655 (50 uM), applied during
the time indicated by the horizontal bars, induced a reversible
increase in the failure rate of evoked IPSCs in both wild-
type and GluR6—/— mice. B, For the same cell, superposi-
tion of four consecutive recordings. Kainate (3 uM) lead to a
reversible increase in spontaneous IPSC frequency and a
failure rate of evoked IPSCs in the presence of GYKI 53655
(50 uMm) in wild-type and GluR6—/— mice.

KARs in CA3 and CA1 have different functional and pharmaco-
logical properties. An important factor in determining the ampli-
tude of a KAR-mediated response in the slice preparation lies in
the desensitization properties and in the level of the steady-state
current. Recombinant KARs generated from homomeric GluR6
subunit displays pharmacological and physiological properties dis-
tinct from those of recombinant KARs generated by coexpression
of GluR6 and KA2 (Herb et al., 1992; Partin et al., 1993; Howe,
1996). The properties of heteromeric GluR6-KA1 receptors
have not been analyzed (but see Partin et al., 1993). It remains
possible that coassembly of GluR6 with either KA1 or KA2
subunits produces KARs with distinct pharmacological and de-
sensitization properties. Slower desensitization of heteromeric
GluR6-K A1 receptors could for instance account for the large
difference in the response to bath application of kainate between
CA3 and CA1 pyramidal neurons. Our data provide preliminary
evidence in favor of a difference in the pharmacological proper-
ties of KARs in CAl and CA3 pyramidal cells. For instance, at
concentrations in which the agonists act primarily on KARs,
kainate (3 uMm) activates an inward current 20 times larger in CA3
than in CA1 pyramidal cells, whereas the difference with domoate
(500 nm) is only by a factor 3.

We show that the GluRS gene is highly expressed in mouse
hippocampal interneurons of stratum oriens and stratum radia-
tum, as reported for the rat (Wisden and Seeburg, 1993). We
show the presence of functional KARs in CAl interneurons from
wild-type, as well as GluR6—/—, mice. In agreement with this
result, GluR6 transcripts were found only at a low level in both
stratum oriens and stratum radiatum neurons. KARs present on
hippocampal interneurons are thus likely assembled from the
GluRS5 subunit. These findings demonstrate the diversity of KAR
subtypes within the hippocampus.
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KARs and the regulation of synaptic inhibition in CA1
pyramidal cells

Synaptic inhibition in the CAl region of the hippocampus is
generated by an heterogeneous group of local circuit interneurons
located in stratum oriens and stratum radiatum (Freund and
Buzsaki, 1996). An important finding of the present work is that
activation of KARs increases the frequency of spontaneous IP-
SCs in CAl pyramidal cells. This effect is explained by a sharp
increase in the rate of action potentials in afferent GABAergic
interneurons. Action potentials are triggered by the depolarizing
action of KARs present in these neurons. In GluR6—/— mice,
KAR activation also increases the rate of spontaneous IPSCs in
CA1 pyramidal cells and the rate of action potential discharge in
CAl interneurons. A small but significant difference (p < 0.05),
however, was observed in the effect of domoate on spontaneous
IPSC frequency between wild-type and GluR6—/— mice. There
is no simple explanation for this result. A direct excitation of CAl
interneurons by CA3 pyramidal cells could be partly involved in
the depolarization of interneurons but would require activation
of a glutamate receptor insensitive to GYKI 53655 and p,L.-AP-5.
Alternatively, GluR6-containing KARs could be present in a few
interneurons, as suggested by our in situ hybridization experi-
ments. It must be noted, however, that no significant difference in
the amplitude of inward currents evoked by domoate in CAl
interneurons was found.

Kainate has long been known to decrease evoked GABAergic
synaptic transmission in CA1 pyramidal cells (Sloviter and Dami-
ano, 1981; Fisher and Alger, 1984), an effect mediated by the
activation of KARs (Clarke et al., 1997; Rodriguez-Moreno et al.,
1997). In rat CA1l pyramidal cells, kainate increases the failure
rate of evoked IPSCs and attenuates mIPSC frequency, sugges-
tive of a presynaptic action of KARs (Rodriguez-Moreno et al.,
1997). In accordance with these results, KAR activation de-
creases the amplitude of evoked IPSCs in both wild-type and
GluR6—/— mice. This finding indicates that this effect of kainate
is not mediated indirectly by a retrograde signal that could be
released after activation of postsynaptic (GluR6-containing)
KARs. It also adds to the pharmacological evidence involving
GluRS5 as a KAR subunit involved in the process (Clarke et al.,
1997). However, the localization of GluR5-containing KARs at
an axonal-presynaptic location is at the moment speculative. In
contrast with results obtained in the rat (Rodriguez-Moreno et
al., 1997), we have observed a moderate attenuation in the fre-
quency of mIPSCs in only a minority of CAl pyramidal cells
tested. The reason for this difference is not clear but might be
attributed to a species difference. A number of authors have
reported concomitantly an increase in spontaneous IPSC fre-
quency and an increase in failure rate (Llano and Marty, 1995).
The decrease in IPSC amplitude and probability could be a direct
consequence of the large increase in action potential firing of
afferent interneurons, leading to refractoriness of axon terminal
regions. The increase in failure rate might explain the difference
between the increase in the frequency of spontaneous IPSCs
recorded in CA1 pyramidal cells and the larger increase in action
potential firing in GABAergic afferent interneurons. Neverthe-
less, the main conclusion is that activation of KARs in interneu-
rons predominantly provides an inhibitory drive to CA1 pyrami-
dal cells.

The physiological output of the activation of KARs in CAl
pyramidal cells is thus the result of a balance between opposite
mechanisms: a direct depolarization of pyramidal cells and an
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indirect inhibition caused by excitation of afferent GABAergic
interneurons. These findings need to be placed in the general
context of the hippocampal network. Although these results do
not directly adress the way in which KARs are physiologically
activated, they are nevertheless important for studies on kainate-
induced excitotoxicity given the possibility it offers to differen-
tially affect the distinct mechanisms using subunit-specific phar-
macological agents.

Note added in proof: While this article was being reviewed, two
papers were published [Cossart R, Esclapez M, Hirsch JC,
Bernard C, Ben-Ari Y (1998) Nature Neuroscience 1:470-478;
Frerking M, Malenka RC, Nicoll R (1998) Nature Neuro-
science 1:479-486] showing that, similar to our results, kainate
receptor activation in rat CAl interneurons increases tonic
inhibition in CA1l pyramidal cells.
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