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Kainate receptors (KARs) play an important role in synaptic physiology, plasticity, and pathological phenomena such as epilepsy.
However, the physiological implications for neuronal networks of the distinct expression patterns of KAR subunits are unknown. Using
KAR knock-out mice, we show that subunits glutamate receptor (GluR) 5 and GluR6 play distinct roles in kainate-induced gamma
oscillations and epileptiform burst activity. Ablation of GluR5 leads to a higher susceptibility of the network to the oscillogenic and
epileptogenic effects of kainate, whereas lack of GluR6 prevents kainate-induced gamma oscillations or epileptiform bursts. Based on
experimental and simulated neuronal network data as well as the consequences of GluR5 and GluR6 expression for cellular and synaptic
physiology, we propose that the functional interplay of GluR5-containing KARs on axons of interneurons and GluR6-containing KARs in
the somatodendritic region of both interneurons and pyramidal cells underlie the oscillogenic and epileptogenic effects of kainate.
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Introduction
Kainate receptors (KARs) are widely expressed in the hippocam-
pal formation with the various subunits [glutamate receptor
(GluR) 5–7, KA1–2] showing distinct expression patterns (Wis-
den and Seeburg, 1993; Bureau et al., 1999). Contrasting our
knowledge of KAR expression, our understanding of their role in
synaptic and network function is limited. Functional KARs are
expressed at both presynaptic and postsynaptic sites, and their
activation has a multitude of effects (Chittajallu et al., 1996;
Castillo et al., 1997; Clarke et al., 1997; Rodriguez-Moreno et al.,
1997, 2000; Vignes and Collingridge, 1997; Cossart et al., 1998,
2001; Frerking et al., 1998, 1999; Contractor et al., 2000, 2001;
Schmitz et al., 2000, 2001a; Semyanov and Kullmann, 2001) (for
review, see Lerma et al., 2001; Lerma, 2003).

The distinct distribution pattern of KAR subunits strongly sug-
gests that KARs fulfill different roles in the neuronal network that
depend on their localization. Surprisingly, the roles of specific KAR
subunits in generating rhythmic activity in neuronal networks have
never been investigated. Such oscillations, especially in the gamma
frequency band (20–80 Hz), play an important role in learning,
memory, and cognition (Gray et al., 1989; Singer, 1993). KAR antag-

onists prevent induction of mossy fiber long-term potentiation
(Bortolotto et al., 1999), which is considered important for learning
and memory (Muller et al., 2002). Moreover, kainate injection is
used as an animal model for epileptogenesis (Ben-Ari, 1985; Ben-Ari
and Cossart, 2000), and in some types of epilepsy (Prince, 1978),
learning and memory deficits as well as cognitive decline is observed
(Teitelbaum et al., 1990; Viskontas et al., 2000). In the present study,
we use genetically engineered homozygous mice lacking various
KAR subunits [henceforth GluR5�/� (Mulle et al., 2000),
GluR6�/� (Mulle et al., 1998), GluR7�/�, and KA2�/� (Contractor
et al., 2003)] to investigate an involvement of KARs in gamma oscil-
lations and their underlying cellular and synaptic mechanisms. We
demonstrate that kainate-induced extracellular gamma oscillations
arise from synchronized intracellular currents and show that abla-
tion of the GluR5 subunit renders the hippocampal network more
susceptible to both the oscillogenic and epileptogenic effects of kai-
nate. In contrast, lack of the GluR6 subunit prevents both kainate-
induced gamma oscillations and epileptiform bursts. Our data sup-
port distinct roles for KARs containing GluR5 expressed on axons of
interneurons and for GluR6-containing KARs expressed in the so-
matodendritic region of both interneurons and pyramidal cells.

Materials and Methods
Hippocampal slice preparation. Mice were anesthetized by isoflurane vol-
atile inhalation and decapitated according to National Institutes of
Health guidelines. Horizontal hippocampal slices were prepared from
20- to 25-d-old (450 �m thickness, extracellular field recordings and
concomitant “blind” patch-clamp recordings) or 13- to 16-d-old (250
�m thickness, all other patch-clamp recordings) animals of either sex as
described previously (Fisahn et al., 2002). Slices were maintained at room
temperature (22°C) in a submerged holding chamber. For extracellular
field and concomitant patch-clamp recordings, slices were transferred to
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an interface chamber and maintained at 35°C at the interface between
warm, humidified, carbogen gas (95% O2/5% CO2) and artificial CSF
(ACSF) containing the following (in mM): 130 NaCl, 3.5 KCl, 24
NaHCO3, 1.25 NaH2PO4, 1.5 CaCl2, 1.5 MgCl2, and 10 glucose. For
patch-clamp recordings, slices were transferred to a submerged record-
ing chamber and superfused with ACSF at room temperature.

Electrophysiology. Extracellular field recordings were made in st. radia-
tum of the hippocampal area CA3 and patch-clamp recordings from
somata of pyramidal cells and identified interneurons of area CA3 as
described previously (Fisahn et al., 1998, 2002). The anatomical identity
of interneurons was confirmed post hoc and most closely resemble basket
cells, a subgroup of interneurons that synapses onto the somatic domain
of pyramidal cells as well as other interneurons and play a major role in
controlling the frequency of rhythmic network activity (Freund and
Buzsaki, 1996).

Briefly, glass microelectrodes (resistance, 3– 4 M� for both extracel-
lular and patch-clamp recordings) were made from thin-walled borosili-
cate glass TW150F (World Precision Instruments, Sarasota, FL). They
contained the following recording solutions: for extracellular field re-
cordings, electrodes were filled with oxygenated ACSF; for patch-clamp
recordings of IPSCs (in mM), 140 cesium methylsulfate, 10 HEPES, 0.6
EGTA, 2 ATPNa2, 0.3 GTPNa2, 2 MgCl2; for patch-clamp recordings of
kainate-induced inward currents, depolarizations, and Ih (in mM), 130
K-gluconate, 2 ATPNa2, 0.3 GTPNa2, 10 HEPES, 10 BAPTA, 1 MgCl2.
Biocytin (0.5%) was added to the internal solution when recording from
interneurons to allow post hoc identification. For patch-clamp recordings
of IsAHP, the solution contained the following (in mM): 140 potassium
methylsulfate, 10 HEPES, 0.6 EGTA, 2 ATPNa2, 0.3 GTPNa2, 2 MgCl2.
Osmolarity was adjusted to 270 –280 mOsmol, pH 7.3. Drugs were pur-
chased from Tocris Cookson (Bristol, UK) [kainate, metabotropic GluR
antagonist �-methyl-4-carboxyphenylglycine ( S-MCPG), DNQX,
D-APV,GABAB receptor (GABABR) antagonist (�)-(2S)-5,5-dimethyl-
2-morpholineacetic acid (SCH50911), hyperpolarization-activated ion
channel blocker 4-(N-ethyl-N-phenylamino)-1,2-dimethyl-6-(methyl-
amino) pyrimidinium chloride (ZD7288)] or Sigma [TTX, AMPA receptor
(AMPAR) antagonist 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-
5H-2,3-benzodiazepine (GYKI53655), picrotoxin, biocytin]. All drugs were
diluted directly from frozen stock solutions into the superfusion medium.
Patch-clamp recordings were made using an Axopatch-1D amplifier with
pClamp acquisition software (Axon Instruments, Foster City, CA). When
recording evoked IPSCs (eIPSCs), slices were stimulated at sites close to the
stratum pyramidale–stratum radiatum border by patch pipettes filled with
oxygenated ACSF (as described above). Current pulses (�100 �sec, 40–100
�A amplitude) were delivered at a frequency of 0.1 Hz.

Interface chamber versus submerged chamber recordings. Recording ex-
tracellular field activity in an interface chamber allows for a better signal-
to-noise ratio. However, to elucidate the cellular effects of kainate, patch-
clamp recordings of single cells are necessary (dual extracellular–
intracellular recordings using blind patch clamp in the interface chamber
were only made to obtain data on the temporal relationship of intracel-
lular and extracellular events). Despite the different recording configu-
rations used in interface and submerged chambers (see Hippocampal
Slice Preparation), the oscillation-inducing effects and the cellular effects
of kainate can be compared in a meaningful manner. Bath temperature
only affects the peak frequency of kainate-induced gamma oscillation
(24°C, 17.1 � 0.4 Hz; 29°C, 23.8 � 0.5 Hz; 34°C, 34.6 � 0.7 Hz; 39°C,
47.7 � 1.1 Hz; n � 3) (supplemental material, available at www.jneurosci.
org). Moreover, different slice thickness (250 vs 450 �m; n � 3) and
animal age (p10 vs p28; n � 3) had no effect on kainate-induced gamma
oscillations (supplemental material, available at www.jneurosci.org).
This demonstrates that the neuronal network in a P10 mouse is already
sufficiently developed and interconnected to generate gamma oscilla-
tions and correlates well with the suggested role of gamma oscillations in
learning, memory, and cognition (Gray et al., 1989; Singer, 1993; Bragin
et al., 1995).

KAR knock-out mice. One potential concern in knock-out studies is
compensation by other receptor subunits. However, to date, there is no
evidence for functional or molecular compensation in the KAR knock-
out mice. Specifically, Mulle et al. (1998) have shown that there is no

increased expression of KA1 in GluR6 �/� animals. In addition, studies
in dorsal root ganglion (Mulle et al., 2000) have shown no compensation
after targeted elimination of the principal kainate receptor subunit in
these neurons. Our studies also show that elimination of the principal
subunit in CA3 pyramidal cells leads to loss of the kainate-mediated
current, suggesting no functional ionotropic-mediated compensation.
We did not specifically look at the expression of the KA1 and KA2 recep-
tor subunit in our study. However, given that these receptor subunits by
themselves do not form functional receptors, the overall expression of
these subunits should not influence our conclusion, which relied on
elimination of kainate receptor-mediated depolarization.

Kainate receptor knock-out mice originated from a mixed 129/Sv and
C57/Bl6 background that were backcrossed for at least 10 generations to
129Sv/Ev mice to provide an isogenic 129Sv/Ev strain. After six genera-
tions of mating to 129Sv/Ev, �99% of the genetic background is 129Sv/
Ev. To minimize the numbers of animals used, knock-out mice from
homozygote crossings were compared with control recordings taken
from 129Sv/Ev wild-type (WT) crossings.

Data analysis. Commercially available and in-house algorithms using
Axograph (Axon Instruments) and KaleidaGraph software (Synergy
Software, Reading, PA) were used for analyses. Power spectra were ob-
tained over 60-sec-long recording periods using a Fast Fourier Trans-
form algorithm. Data are represented as mean � SEM. The Student’s t
test was used for statistical analyses. The paired-pulse ratio (PPR) was
calculated as the meanP2/meanP1 (Kim and Alger, 2001), where P1 and
P2 were the amplitude of the first and second evoked event, respectively.
P2 amplitude was measured after subtraction of the remaining P1 “tail”
current. Spikelets were detected as unitary events with a fixed amplitude
and a rise time �3 msec.

Computer modeling. The network model used was adapted from the
one described by Traub et al. (2003). Briefly, it contains 3072 pyramidal
neurons and 384 interneurons (basket, axo-axonic, and dendrite con-
tacting). Each neuron is multicompartmental and has branching den-
drites and a segment of axon. Details of intrinsic cell properties and
connectivity (except for between-interneuron gap junctions) are given in
the study by Traub et al. (2000). The network contains the following
synaptic interactions: AMPA receptor-mediated to pyramidal cells and
interneurons, and GABAA receptor (GABAAR)-mediated to pyramidal
cells and interneurons (with the exception that axo-axonic cells do not
contact interneurons). The network also contains gap junctions between
the axons of pyramidal cells (Schmitz et al., 2001b) and between the
dendrites of interneurons [with properties as described by Traub et al.
(2001) and effects as described by Traub et al. (2003)]. Importantly, the
model was altered to allow a two component synaptic excitation of in-
terneurons: a fast AMPA component (tau, 1 msec) and a slower and
smaller kainate component (tau, 5 msec). The time course (in millisec-
onds) of interneuron EPSC conductance (in nanosiemens) in the com-
puter model was: c � f(t) � 1.25t exp(�t) � 0.015t exp(�t/5). For
additional details on parameters and/or a copy of the program, please
contact R.D.T. (roger.traub@downstate.edu).

Results
Kainate-induced gamma oscillations in WT and knock-out
mouse hippocampus
Extracellular field recordings were initially used to characterize
rhythmic network activity induced by ionotropic glutamate re-
ceptor agonists in the CA3 area of hippocampal slice preparations
from WT mice. Bath application of the KAR agonists kainate
(100 – 600 nM; n � 20) (Fig. 1A,D) (Hormuzdi et al., 2001) and
domoate (100 nM; n � 16; data not shown) induced gamma
oscillations in the CA3 hippocampal area, the power of which
increased with agonist concentration, whereas its peak frequency
remained unaffected (4.3 � 2.2 10�9V 2 at 600 nM kainate; 38.4 �
5.3 Hz; n � 14) (Fig. 1D). In contrast, superfusion of the AMPAR
agonist AMPA (1–10 �M; n � 6) failed to alter baseline network
activity beyond a small increase in noise across the whole fre-
quency spectrum (data not shown).
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Kainate-induced gamma oscillations persisted in the presence
of the NMDAR antagonist D-APV (50 �M; n � 6) and the broad-
spectrum mGluR antagonist (S)-MCPG (200 �M; n � 6) (Fig.
2A). Importantly, kainate-induced gamma oscillations persisted
in the presence of the selective AMPAR antagonist GYKI53655
(50 �M; n � 6) but were abolished by the AMPAR/KAR antago-
nist DNQX (20 �M; n � 6) (Fig. 2A). Also, the ability of kainate to
induce gamma oscillations remained unaffected by previous ap-
plication of GYKI53655 (50 �M), besides a decrease in peak fre-
quency to 19.7 � 4.1 Hz (n � 3), which was confirmed in a
computer model of kainate-induced gamma oscillations adapted
from Traub et al. (2003) (see Materials and Methods). Kainate-

induced gamma oscillations persisted both in the presence of the
cholinergic antagonist atropine (20 �M; n � 6) (Fig. 2B), a con-
centration sufficient to block muscarine-induced gamma oscilla-
tions (Fisahn et al., 1998), as well as in M1�/� mice in which
muscarine-induced gamma oscillations were abolished (Fisahn
et al., 2002), confirming that kainate-induced gamma oscillations
do not rely on cholinergic–muscarinic mechanisms also known
to induce this activity in hippocampus (Fisahn et al., 1998). Fi-
nally, kainate-induced gamma oscillations were abolished by the
GABAAR antagonist bicuculline (3 �M; n � 6) (Fig. 2B), reveal-
ing a dependence on intact inhibitory neurotransmission via
GABAARs. Elimination of synaptic inhibition via GABAARs in
the computer model leads to cessation of gamma oscillations and
confirms the experimental data.

Given the wide expression of KAR subunits in the hippocam-
pus, we next investigated which were necessary for kainate-
induced gamma oscillations. In slices from GluR7�/� (3.9 � 2.5
10�9V 2 at 600 nM kainate; 39.7 � 6.1 Hz; n � 10; data not shown)
and KA2�/� (4.6 � 2.7 10�9V 2 at 600 nM kainate; 40.1 � 5.8 Hz;
n � 10; data not shown) mice, kainate-induced gamma oscilla-
tions were indistinguishable from WT, ruling out a role for either
of these subunits. Interestingly, in GluR5�/� hippocampal slices,

Figure 1. Kainate-induced gamma oscillations are disrupted in GluR6 �/� but not
GluR5 �/� hippocampal slices. A, Example traces of extracellular field recordings in the CA3
area. In WT slices, no rhythmic network activity is seen in control conditions (no drug; thin line).
Bath application of kainate induces gamma oscillations (kainate concentration that resulted in
the maximal amplitude oscillations is shown; thick line). Increasing the kainate concentration
leads to a breakdown of gamma oscillations (dotted line). Power spectra of the recorded traces
are shown below. B, In GluR5 �/� slices, maximal amplitude gamma oscillations are induced
by much lower concentrations of kainate compared with WT (thick line). Increasing the kainate
concentration leads to the occurrence of epileptiform burst activity (dotted line; 500 �V scale
bar applies only to 150 nM kainate trace). Power spectra of the recorded traces are shown below
(the power spectrum of the trace showing an epileptiform burst is too large to be displayed). C,
In GluR6 �/� slices, kainate fails to induce either gamma oscillations or epileptiform bursts
(thick line). Power spectra of the recorded traces are shown below. D, Summary diagram show-
ing the dependence of gamma oscillation power (integrated between 20 and 60 Hz) on kainate
concentration. WT and GluR5 �/� data points are shown only for kainate concentrations that
resulted in gamma oscillations (n � 6 for WT, GluR5 �/�, and GluR6 �/�).

Figure 2. Pharmacology of kainate-induced gamma oscillations in hippocampal slices. A,
Example traces of extracellular field recordings in the CA3 area. Kainate-induced gamma oscil-
lations do not depend on NMDAR, mGluR, or AMPAR activation but on KARs (n � 6). B, Kainate-
induced gamma oscillations do not depend on cholinergic receptors but do require intact inhib-
itory GABAergic neurotransmission (n � 6). C, In GluR6 �/� slices, kainate-induced gamma
oscillations are absent but can still be induced by muscarine (n � 4).
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the concentration of kainate sufficient to elicit gamma oscilla-
tions of maximum and comparable power was significantly lower
(6.0 � 2.6 10�9V 2 at 100 nM kainate; 39.7 � 5.9 Hz; n � 6) than
observed in WT (Fig. 1A,D), whereas the pharmacological char-
acteristics of the activity in GluR5�/� remained comparable
(data not shown). In WT, when the kainate concentration was
increased further, gamma oscillations broke down and ceased
(1000 nM; n � 6) (Fig. 1A), whereas a similar manipulation in
GluR5�/� resulted in epileptiform activity as evidenced by inter-
ictal bursting (150 nM; n � 6) (Fig. 1B). Epileptiform bursts were
not observed in WT hippocampal slices at concentrations of kai-
nate up to 1000 nM. In contrast, kainate failed to induce either
gamma oscillations or epileptiform bursts in GluR6�/� hippo-
campal slices (100 – 600 nM; n � 6) (Fig. 1C,D). Superfusion with
20 �M muscarine reliably induced gamma oscillations in
GluR6�/� hippocampal slices (n � 4) (Fig. 2C), confirming that
the inability of the hippocampal network to generate rhythmic
activity did not arise from altered neuronal circuitry in the
GluR6�/� hippocampus.

Extracellular oscillations depend on inhibitory
synaptic events
Rhythmic extracellular activity depends on and reflects ensemble
synaptic activity, particularly inhibitory events but also excitatory
events and action potentials. Concomitant recordings of extra-
cellular gamma oscillations and whole-cell voltage clamp from
single CA3 pyramidal cells demonstrate that IPSCs occur ran-
domly under control conditions with the extracellular field show-
ing only background noise. After superfusion with 100 nM kai-
nate, IPSCs occur rhythmically in the gamma frequency range in
parallel with the developing extracellular gamma activity (n � 4)
(Fig. 3A). When GABAA receptor activation is blocked with 5 �M

bicuculline, IPSCs are markedly reduced and consequently, the
extracellular gamma oscillation disappears (n � 4) (Fig. 3A).

Additional confirmation of the dependence of extracellular
gamma oscillations on inhibitory events was obtained by increas-
ing the time course of IPSCs using barbiturates. Concomitant
recordings of extracellular and intracellular activity show that 20
�M pentobarbital reversibly decreases the frequency of IPSCs oc-
curring in the presence of 100 nM kainate. Consequently, this
results in a reversible decrease in the frequency of extracellular
gamma oscillations (n � 3) (Fig. 3B), similar to what has been
described in muscarine-induced gamma oscillations (Fisahn et
al., 1998) and demonstrates the dependence of extracellular
gamma oscillations on inhibitory synaptic currents.

Events measured intracellularly during ongoing kainate-
induced gamma oscillations occur at precise time points within
an extracellularly recorded oscillation cycle. Concomitant re-
cordings of extracellular and intracellular activity and their tem-
poral correlation show that IPSCs occur in antiphase and EPSCs
in phase with the extracellular gamma oscillation (n � 4 for each)
(Fig. 4A). Investigations in the whole animal have shown that
specific interneuron populations with different synaptic target
profiles fire action potentials phase locked to specific time points
in the extracellular oscillation cycle and are likely to have precise
roles in oscillatory activity (Klausberger et al., 2003, 2004).

Kainate-induced effects in pyramidal cells and interneurons
To confirm that exogenous kainate selectively activated KARs
and not AMPARs, we next performed whole-cell patch-clamp
recordings in voltage-clamped CA3 pyramidal cells (Vh � �60
mV). In the absence of AMPAR antagonists, 100 nM and 3 �M

kainate induced inward currents of �43.2 � 6.5 pA (n � 5) and

�223.9 � 38.6 pA (n � 4) in WT pyramidal cells, respectively.
Under the same conditions, 100 nM kainate induced an inward
current of �35.5 � 7.8 pA) in GluR5�/� pyramidal cells. In
contrast, 3 �M kainate failed to induce an inward current in

Figure 3. Kainate-induced gamma oscillations depend on inhibitory synaptic currents. Con-
comitantly recorded intracellular IPSCs (whole-cell patch-clamp mode) and extracellular field
activity in WT hippocampal slices show rhythmicity in the gamma frequency range after super-
fusion with 100 nM kainate (thick line). A, Blocking GABAA receptors with 5 �M bicuculline
terminates extracellular and intracellular gamma oscillations (n � 4; dotted line). Power spec-
tra are shown below the example traces. B, Lengthening the time course of IPSCs by application
of the benzodiazepine pentobarbital (20 �M) reversibly decreases the frequency of the intra-
cellular and extracellular gamma oscillation (n�3; thick line; wash, dotted line). Power spectra
are shown below the example traces.
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GluR6�/� pyramidal cells (�0.8 � 0.8 pA; p � 0.005; n � 3; 100
�M picrotoxin, 50 �M D-APV, 1 �M TTX present) (Fig. 4B). In
the presence of the AMPAR antagonist GYKI53655 (50 �M), the
inward current induced by 100 nM kainate persisted in both WT
(�46.8 � 8.1 pA) and GluR5�/� (�28.6 � 7.0 pA), whereas it
remained negligible in GluR6�/� pyramidal cells (�0.5 � 0.3
pA; n � 6 each; 100 �M picrotoxin, 50 �M D-APV, 1 �M TTX
present; data not shown). The kainate-induced inward current in
WT and GluR5�/� pyramidal cells was abolished by the AMPAR/
KAR antagonist DNQX (20 �M; n � 5 each; data not shown).
Therefore, kainate, in the concentrations used in this study, does
not activate AMPARs on CA3 pyramidal cells. Consistent with
the observed inward current, under current-clamp conditions,
kainate (100 nM) depolarized (11.7 � 1.2 mV) and increased
action potential firing (0.8 � 0.1 Hz) in WT pyramidal cells
initially held just below firing threshold (Vm � Vrmp � �62.2 �
2.0 mV; n � 6). In contrast, kainate failed to depolarize (0.5 � 0.5
mV; p � 0.0002) or increase action potential firing (0.02 � 0.02
Hz) in GluR6�/� pyramidal cells (Vm � Vrmp � �58.8 � 1.7
mV; p � 0.0002; n � 5; no other drugs present) (Fig. 4B). To-
gether, these data demonstrate that a GluR6-dependent mem-
brane depolarization is likely an essential component for gener-
ation of gamma oscillatory activity.

Similarly, in visually identified hippocampal interneurons at
the CA3 stratum pyramidale–radiatum border, kainate (100 nM)
under voltage-clamp conditions (Vh � �60 mV) induced pro-
nounced inward currents in WT (�50.8 � 9.5 pA; n � 8) and
GluR5�/� preparations (�71.4 � 11.6 pA; n � 5). In contrast,
kainate had only a minimal effect in GluR6�/� interneurons (Fig.
4C,D) (�1.9 � 1.3 pA; n � 5; 100 �M picrotoxin, 50 �M

GYKI53655, 50 �M D-APV, 1 �M TTX present). Under current-
clamp conditions (interneurons initially held just below firing
threshold), kainate (100 nM) caused a membrane depolarization
and an increase in action potential firing in WT (9.5 � 2.0 mV;
3.2 � 0.6 Hz; Vm � Vrmp � �61.7 � 0.9 mV; n � 11) and
GluR5�/� interneurons (16.8 � 1.7 mV; 11.9 � 1.4 Hz; Vm �
Vrmp � �63.3 � 2.0 mV; n � 9; no other drugs present) (Fig.
4C,D). Conversely, kainate failed to depolarize GluR6�/� inter-
neurons (0.4 � 0.3 mV; 0.0 � 0.0 Hz; Vm � Vrmp � �58.0 � 2.0
mV; n � 5; no other drugs present) (Fig. 4C). Surprisingly, the
kainate-induced depolarization and firing increase in GluR5�/�

interneurons was significantly larger than observed in WT (Fig.
4D). Because the isolated inward currents were not significantly
different in WT and GluR5�/� (Fig. 4D), this discrepancy may
result from an additional effect arising via the excitatory network.
It is possible that GluR5-containing KARs play a role in promot-
ing spontaneous GABA release from interneurons as described
previously (Semyanov and Kullmann, 2001). Consequently, a
lack of GluR5 would result in reduced GABA release and a concom-
itant decrease in hippocampal inhibitory tone permitting a greater
depolarization by excitatory afferents. Consistent with this hypoth-
esis, partial blockade of GABAARs with picrotoxin (10 �M) resulted
in a significantly larger kainate-induced depolarization and in-
creased firing frequency in WT interneurons and approached the

Figure 4. Kainate-induced inward current and depolarization are absent in GluR6 �/� py-
ramidal cells and interneurons. A, Concomitant recording of IPSCs and EPSCs (whole-cell patch
clamp) and extracellular gamma oscillations. The corresponding cross-correlation analyses
show IPSCs are in antiphase and EPSCs are in phase with the extracellular gamma oscillation
(n � 4). B, In the absence of AMPAR antagonists, kainate (arrows) induces inward currents in
CA3 pyramidal cells of WT but fails to induce any inward current at even the highest kainate
concentration tested in pyramidal cells of GluR6 �/� hippocampal slices (voltage clamp; Vh �
�60 mV). In current clamp (pyramidal cells held below firing threshold), bath application of
100 nM kainate (arrows) leads to a depolarization and increase in firing frequency in WT (Vm �
�62.2 � 2.0 mV) but not GluR6 �/� pyramidal cells (Vm � �58.8 � 1.7 mV). Action
potentials are truncated for figure clarity. C, In voltage clamp (Vh ��60 mV), bath application
of 100 nM kainate (arrows) induces an inward current in WT (�50.8 � 9.5 pA) but not
GluR6 �/� interneurons (�1.9 � 1.3 pA). In current clamp (interneurons held below firing
threshold), bath application of 100 nM kainate (arrows) leads to a depolarization and increase in
firing frequency in WT (Vm � �61.7 � 0.9 mV) but not GluR6 �/� interneurons (Vm �
�58.0 � 2.0 mV). Action potentials are truncated for figure clarity. D, Summary histograms of

4

the experiments in C. The kainate-induced inward current is absent in GluR6 �/� interneurons
(n � 5; GluR5 �/�, n � 5; WT, n � 8; p � 0.002). Kainate-induced depolarization and
increase in firing frequency are significantly bigger in GluR5 �/� (Vm � �63.3 � 2.0 mV)
than in WT interneurons. Partly compromising inhibitory neurotransmission by application of
10 �M picrotoxin results in increased depolarization and firing frequency in WT interneurons
(n � 11 for WT; n � 9 for GluR5 �/�; n � 5 for GluR6 �/�; n � 4 for WT plus picrotoxin; *p �
0.02 for depolarization; p � 0.0001 for frequency).
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values observed in GluR5�/� interneurons (13.6 � 1.4 mV; 11.2 �
2.1 Hz; n � 4) (Fig. 4D). Together, these data suggest that KARs
containing GluR6 (but not GluR5) are essential for the depolariza-
tion and increased excitability of pyramidal cells and interneurons
and highlight a potential novel role for GluR5 receptors in regulating
the inhibitory tone of local circuit interneurons.

Kainate-induced increases in sIPSC amplitude and frequency
are absent in GluR6 �/�

Results from extracellular field recordings (Fig. 2A) demon-
strated that AMPA receptor activation is not a critical component
for kainate-induced gamma oscillations, ruling out a major role
for AMPAreceptor-mediated synaptic activity. In contrast, func-
tional GABAA receptors are critical for kainate-induced gamma
oscillations (Figs. 2B, 3A). To determine the impact of the kain-
ate-induced increase in interneuron excitability on the local cir-
cuitry, we next recorded sIPSCs and mIPSCs in CA3 pyramidal
cells. Under voltage clamp (Vh � 0 mV), kainate increased the
mean sIPSC amplitude in WT (from 20.8 � 1.1 to 46.0 � 4.1 pA;
n � 6) and in GluR5�/� (from 8.6 � 0.9 to 17.6 � 2.4 pA; n � 6).
In GluR6�/�, sIPSC amplitude remained unchanged by kainate
(Fig. 5 A, B) (18.6 � 3.1 to 19.0 � 3.5 pA; n � 5; 50 �M

GYKI53655, 50 �M D-APV, and 20 �M GABABR antagonist

SCH50911 present). Similarly, kainate sig-
nificantly increased sIPSC frequency in
WT (14.9 � 1.0 to 18.3 � 0.1 Hz; n � 6)
and GluR5�/� pyramidal cells (8.0 � 1.0
to 17.0 � 0.3 Hz; n � 6), whereas sIPSC
frequency was unchanged in GluR6 �/�

(10.7 � 2.4 to 12.2 � 2.3 Hz; n � 5) (Fig.
5A,C). It is interesting to note that the basal
level of IPSC amplitude and frequency is sig-
nificantly lower in GluR5�/� compared
with WT. This could indicate a lowered ex-
citability in the inhibitory axonal network
and a resulting lowered efficacy of GABAer-
gic synapses as recently described by Jiang et
al. (2001).

In contrast, 100 nM kainate was without
effect on mIPSC amplitude or frequency
in WT (10.0 � 0.8 to 10.2 � 0.7 pA; 4.4 �
0.4 to 4.3 � 0.3 Hz) and GluR5�/� pyra-
midal cells (8.0 � 0.2 to 7.3 � 0.3 pA; 6.8 �
0.4 to 6.8 � 0.5 Hz; n � 4 each; data not
shown; 50 �M GYKI53655, 50 �M D-APV,
20 �M SCH50911, 1 �M TTX present; no
significant differences between WT and
GluR5�/�). The failure of kainate to alter
mIPSC frequency in WT pyramidal cells is
consistent with previous findings (Cossart
et al., 1998; Frerking et al., 1998, 1999;
Semyanov and Kullmann, 2001) (but see
Rodriguez-Moreno et al., 1997) and
argues against a direct action of kainate
on possible terminal KARs to regulate
spontaneous transmitter release at inter-
neuron-to-pyramidal cell synapses.

A kainate-induced decrease in eIPSC
amplitude is absent in GluR6 �/�

Previous studies have indicated that kainate
increases sIPSC frequency but decreases
eIPSC amplitude (Rodriguez-Moreno et al.,

1997; Cossart et al., 1998; Frerking et al., 1998, 1999). These
seemingly contradictory results have been explained either by
direct actions of kainate on GABA release via presynaptic KARs
(Rodriguez-Moreno et al., 1997; Rodriguez-Moreno and Lerma,
1998) or by a kainate-induced increase in GABA release, which
acts on both presynaptic and postsynaptic GABARs (Frerking et
al., 1998, 1999). In the latter scenario, both presynaptic GABABRs
and postsynaptic GABAARs are activated, which subsequently
depresses further GABA release and decreases the postsynaptic
input resistance (increase postsynaptic shunting), respectively
(Frerking et al., 1999).

Consistent with previous reports, the effect of kainate on
eIPSC amplitude and PPR contradicted its effects on sIPSCs. Un-
der control conditions, eIPSC (Vh � �60 mV) invariably showed
paired pulse depression in both WT (PPR, 0.79 � 0.05; n � 5)
and GluR6�/� pyramidal cells (PPR, 0.81 � 0.04; n � 4). In
contrast, eIPSCs invariably showed facilitation in GluR5�/� py-
ramidal cells (PPR, 1.27 � 0.12; n � 5), indicative of a lower
initial release probability (Fig. 6A,B). Kainate (100 nM) decreased
the eIPSC amplitude in both WT (to 52.4 � 5.7%; n � 5) and
GluR5�/� (to 63.8 � 2.6%; n � 4) but not GluR6�/� pyramidal
cells (Fig. 6A,C) (98.3 � 1.7%; n � 5; 50 �M GYKI53655, 50 �M

D-APV, 20 �M SCH50911 present) without altering the PPR in

Figure 5. Kainate-induced changes in sIPSC are absent in GluR6 �/� but not WT and GluR5 �/� hippocampal pyramidal cells.
A, In voltage clamp (Vh � 0 mV), bath application of kainate induces an increase in sIPSC amplitude and frequency in both WT and
GluR5 �/� but not GluR6 �/� pyramidal cells. sIPSCs are observed as upward deflections at 0 mV. B, Summary histogram for
sIPSC amplitude analysis and representative cumulative probability plots of the experiment in A (control, black bars and thin lines;
kainate, white bars and thick lines). Kainate increases sIPSC amplitude in WT. In GluR5 �/�, sIPSC control amplitude is less than
half of WT control amplitude. Kainate increases sIPSC amplitude in GluR5 �/� to WT control levels. In GluR6 �/�, sIPSC amplitude
remains unchanged by kainate at WT control levels (n � 6 for WT and GluR5 �/�; n � 5 for GluR6 �/�; *p � 0.02 for WT; p �
0.09 for GluR5 �/�). C, Summary histogram for sIPSC frequency analysis and representative cumulative probability plots of the
experiment in A (control, black bars and thin lines; kainate, white bars and thick lines). Kainate increases sIPSC frequency in WT as
well as GluR5 �/�. However, sIPSC control frequency in GluR5 �/� is approximately half of WT sIPSC control frequency. In
GluR6 �/�, sIPSC frequency remains unchanged by kainate near WT control levels (n � 6 for WT and GluR5 �/�; n � 5 for
GluR6 �/�; *p � 0.1 for WT; p � 0.02 for GluR5 �/�).
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WT (PPR, 0.78 � 0.04; n � 5), GluR5�/� (PPR, 1.25 � 0.15; n �
5) and GluR6�/� pyramidal cells (PPR, 0.79 � 0.06; n � 4) (Fig.
6A,B). Consistent with the hypothesis that the kainate-induced
increase in spontaneous GABA release increases postsynaptic
shunting, a concomitant reduction in input resistance in both
WT and GluR5�/� pyramidal cells (WT, �57.5 � 5.0%, n � 9;
GluR5�/�, �47.2 � 5.5%, n � 6) and interneurons (WT,
�51.3 � 4.3%, n � 8; GluR5�/�, �44.2 � 2.2%, n � 7) (Fig. 6D)
was observed. In GluR6�/�, the input resistance change is signif-
icantly smaller in both pyramidal cells (7.0 � 12.9%; n � 7) and
interneurons (�15.1 � 7.8%; n � 5) (Fig. 6D). Together, these
data argue against a direct action of kainate at the presynaptic
terminal in modulating GABA release and suggest a GluR6-
dependent mechanism involving postsynaptic shunting via
GABAARs (Frerking et al., 1999). A role of GABABRs is excluded
by the presence of a GABAB receptor antagonist throughout this
series of experiments.

Kainate-induced effects are PKC independent
Thus far, the vast majority of kainate-induced effects arise via the
actions of kainate on ionotropic receptor channels as opposed to

metabotropic effects on transmitter release, mediated by second
messengers. We next determined whether kainate also acted on
other intrinsic conductances and whether they were necessary for
induction of gamma oscillations. We confirmed the kainate-
induced decrease in the slow afterhyperpolarization current
(IsAHP) (Melyan et al., 2002) and its PKC dependency in CA3
pyramidal cells (Vhold � �50 mV). Kainate (100 nM) decreased
the charge transfer of IsAHP by 42.0 � 8.5% (Fig. 7A) (n � 7;
depolarizing test pulses to 0 mV, 200 msec duration, 10 times at

Figure 6. Kainate-induced changes in eIPSC are absent in GluR6 �/� but not WT and
GluR5 �/� hippocampal pyramidal cells. A, Paired eIPSCs show paired-pulse depression in WT
and GluR6 �/� but facilitation in GluR5 �/� pyramidal cells in control conditions (thin line) as
well as after application of 100 nM kainate (thick line). Concomitantly, kainate depresses eIPSC
amplitude in WT and GluR5 �/� but has no effect in GluR6 �/�. B, PPRs remain unchanged
after the application of kainate. C, Summary histogram of eIPSC amplitude changes in the
experiment in A (n � 5 for WT and GluR6 �/�; n � 4 for GluR5 �/�; *p � 0.0001; control,
black bars; kainate, white bars). D, Kainate (100 nM) decreases the input resistance of WT and
GluR5 �/� pyramidal cells and interneurons by indirect action via GABAA receptors (postsyn-
aptic shunting; GABAB receptors are absent at this developmental stage). The kainate-induced
change in input resistance in GluR6 �/� is significantly smaller (pyramidal cells: n � 9 for WT;
n � 6 for GluR5 �/�; n � 7 for GluR6 �/�; interneurons: n � 8 for WT; n � 7 for GluR5 �/�;
n � 5 for GluR6 �/�; *p � 0.0002 for pyramidal cells; p � 0.001 for interneurons).

Figure 7. Kainate-induced gamma oscillations are PKC independent. A, In voltage clamp
(Vh ��50 mV), IsAHP charge transfer in control conditions (thin line) was decreased by 100 nM

kainate (thick line) in WT pyramidal cells (n � 7). Preincubation (2 hr) in the PKC antagonist
calphostin C (2 �M) significantly reduced this effect (n � 6; p � 0.005). B, In voltage clamp
(Vh � �60 mV) after 2 hr preincubation in 2 �M calphostin C, bath application of 100 nM

kainate (arrows) leads to an inward current in WT pyramidal cells that is similar to the inward
current induced in naive WT pyramidal cells (n � 6 for WT; n � 4 for WT plus calphostin C). C,
Kainate induces extracellular gamma oscillations in both naive and preincubated (2 hr in 2 �M

PKC antagonist calphostin C) hippocampal slices. Power spectra are shown below the example
traces (n � 6 for WT and WT plus calphostin C).
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0.05 Hz). In WT hippocampal slices, preincubation with the spe-
cific PKC inhibitor calphostin C (2 �M; 2 hr; n � 6) blocked the
kainate-induced decrease in IsAHP charge transfer (6.4 � 6.1%;
p � 0.005; 50 �M D-APV, 100 �M picrotoxin, 1 �M TTX present)
(Fig. 7A). However, kainate-induced inward currents in WT CA3
pyramidal cells of calphostin C-treated slices (�41.8 � 12.0 pA;
n � 4) were similar in magnitude to naive pyramidal cells
(�46.8 � 8.1 pA; n � 6; 100 �M picrotoxin, 50 �M GYKI53655;
50 �M D-APV, 1 �M TTX present) (Fig. 7B). Similarly, kainate-
induced gamma oscillations were indistinguishable in naive and
calphostin C-treated slices (n � 6) (Fig. 7C). Therefore, kainate-
induced gamma oscillations are independent of PKC-dependent
mechanisms and modulation of intrinsic currents such as IsAHP,
and the ionotropic function of KARs is not compromised by
inhibition of PKC.

Finally, we have previously shown that modulation of the
hyperpolarization-activated current (Ih) is an essential compo-
nent for induction of muscarine-induced gamma oscillations
(Fisahn et al., 2002). To investigate the possible modulation of Ih

by KARs in CA3 pyramidal cells, Ih was activated by hyperpolar-
izing test pulses to �100 mV (Vhold � �70 mV, 1 sec duration, 5
times at 0.1 Hz; 50 �M D-APV, 100 �M picrotoxin, 1 �M TTX, 1
mM Ba 2� present) as described previously (Fisahn et al., 2002). In
both WT (n � 5) and GluR6�/� pyramidal cells (n � 5), kainate
(100 nM) failed to modulate the charge transfer of Ih. Likewise, in
striking contrast to muscarine-induced gamma oscillations
(Fisahn et al., 2002), kainate-induced gamma oscillations were
not abolished by superfusion of the Ih antagonist ZD7288 (100
�M; n � 3; data not shown). We conclude that Ih is neither mod-
ulated by KARs in CA3 pyramidal cells nor necessary for kainate-
induced gamma oscillations.

Ectopic action potentials during gamma oscillations
The simulation of kainate-induced gamma oscillations highlights
ectopic spikes as an essential component (Fig. 8, bottom trace),
similar to what has been shown in other models of gamma oscil-
lations (Traub et al., 2000, 2003). We next wanted to determine
whether modulation of ectopic action potentials is a feature of
kainate-induced gamma oscillation in the slice preparation (Se-
myanov and Kullmann, 2001). Indeed, kainate (100 nM) mark-
edly increased the frequency of ectopic action potentials recorded
as fixed amplitude spikelets in both WT interneurons (130.4 �
12.4%; control, 0.26 � 0.1 Hz; n � 5) and pyramidal cells
(230.3 � 28.6%; control, 0.19 � 0.1 Hz; n � 6) (Fig. 8). The
increase in spikelet frequency seen in WT was significantly re-
duced in GluR5�/� (43.4 � 7.8%; control, 0.29 � 0.1 Hz; n � 6)
and GluR6�/� interneurons (10.3 � 6.7%; control, 0.33 � 0.2
Hz; n � 5) (Fig. 8). Moreover, it is notable that the kainate-
induced increase in spikelet frequency in GluR5�/� interneurons
was significantly larger than in GluR6�/� ( p � 0.012). Likewise,
the increase in spikelet frequency seen in WT pyramidal cells is
significantly reduced in GluR6�/� pyramidal cells (�0.1 � 7.5%;
control, 0.22 � 0.1 Hz; n � 5) (Fig. 8).

Discussion
In this study, we show that activation of KARs, but not AMPARs,
by kainate induces persistent gamma oscillations in the in vitro
brain slices of the hippocampus under physiological conditions.
Moreover, the lack of the KAR subunits GluR5 or GluR6 pro-
duces the following distinct phenotypes of gamma oscillations:
heightened susceptibility to epileptiform bursts in response to
kainate in the absence of GluR5 and complete failure of kainate to
induce gamma oscillations or epileptiform bursts in the absence
of GluR6. These distinct phenotypes suggest differential roles
played by the GluR5 and GluR6 subunits in kainate-induced
gamma oscillations and epileptiform bursts.

GluR5 and GluR6 differentially regulate cellular excitability
KARs have been suggested to exert a strong influence on mem-
brane potential and differ from AMPARs in their ability to en-
code temporal information (Frerking and Ohliger-Frerking,
2002). Our data support this hypothesis and suggest that GluR5-
containing KARs set the inhibitory tone, whereas GluR6-
containing KARs provide the necessary bias depolarization of
pyramidal cells and interneurons. This arrangement leads to the
increase in action potential occurrence in gap junction-
connected axonal networks essential for gamma oscillations
(Traub et al., 2000). Consistent with this hypothesis, exogenously
applied kainate directly depolarizes both WT pyramidal cells and
interneurons to increase their action potential firing rate. This
increased interneuron excitability translates to an increase in
sIPSC amplitude and frequency. All of these effects are absent in
GluR6�/�, suggesting that GluR6-containing KARs provide the
excitatory drive that sets the polarization level of both CA3 pyra-
midal cells and interneurons. Our results in WT CA3 pyramidal
cells are similar to the kainate-induced increase in sIPSC fre-
quency previously observed in hippocampal area CA1 (Cossart et
al., 1998; Frerking et al., 1998). However, in GluR6�/� CA3 py-
ramidal cells, we failed to observe the kainate-induced sIPSC
frequency increase reported by Bureau et al. (1999) for GluR6�/�

CA1 pyramidal cells.
In contrast, in GluR5�/�, despite a reduction in the basal level

of sIPSC amplitude and frequency, kainate increased both pa-
rameters. We suggest that KARs containing GluR5 are intimately
involved in setting the level of GABA release and consequent

Figure 8. Ectopic action potentials and kainate-induced gamma oscillations. The two ex-
ample traces show ectopic action potentials recorded as spikelets (*) in pyramidal cells during
an ongoing gamma oscillation. The top trace is a physiological recording during kainate-
induced gamma oscillations in WT; the bottom trace is computer generated. The summary
histograms show the kainate-induced increase in spikelet frequency recorded in interneurons
(IN) and pyramidal cells (PC). The increase in spikelet frequency seen in WT interneurons is
significantly reduced in GluR5 �/� (*p � 0.0002) and GluR6 �/� interneurons ( p � 0.0001).
Note that the increase in spikelet frequency in GluR5 �/� is significantly larger than in
GluR6 �/� ( p�0.012). Likewise, the increase in spikelet frequency seen in WT pyramidal cells
is significantly reduced in GluR6 �/� (*p � 0.0001) (interneurons: n � 5 for WT, n � 6 for
GluR5 �/�, n � 5 for GluR6 �/�; pyramidal cells: n � 6 for WT, n � 5 for GluR6 �/�).
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inhibitory tone of the CA3 network, perhaps by depolarizing the
axons of inhibitory interneurons. This is consistent with the ob-
servations that activation of KARs on mossy fiber (Schmitz et al.,
2000) and interneuron axons (Semyanov and Kullmann, 2001)
induce an increase in fiber excitability and spontaneous anti-
dromic action potentials. However, because kainate fails to
change either the PPR for eIPSCs or the frequency for mIPSCs,
GluR5 is most likely not located directly at the presynaptic termi-
nal. Instead, GluR5-containing KARs may be expressed on the
axons of interneurons (Semyanov and Kullmann, 2001). The ab-
sence of GluR5 would remove a tonic depolarization of interneu-
ron axons resulting in a less excitable inhibitory axonal network
and a lowered efficacy of GABAergic synapses (Jiang et al., 2001).
Consistent with this hypothesis was the observation of a reduced
amplitude and frequency of sIPSCs and a reduced initial release
probability of eIPSCs recorded in GluR5�/� pyramidal cells as
well as the reduced spikelet frequency increase recorded in
GluR5�/� interneurons. The combined effects of the reduction
of amplitude and frequency of sIPSCs and initial release proba-
bility of eIPSCs would decrease inhibition of both postsynaptic
interneurons and pyramidal cells. Although we cannot unequiv-
ocally rule out that GluR5-containing KARs are also present on
the somato-dendritic axis of pyramidal cells and interneurons, it
seems unlikely, given that the kainate-induced inward current
was absent in GluR6�/� pyramidal cells and interneurons and
that the inward currents in WT and GluR5�/� were virtually
identical.

However, the interpretation of the data is made more complex
by the fact that KAR subunits GluR6 and GluR5 can form homo-
meric as well as heteromeric receptors of differing properties, as
evidenced by recombinant expression studies (Cui and Mayer,
1999). Although the homomeric receptors desensitize rapidly
and completely (Swanson et al., 1997) the heteromeric receptors
show reduced desensitization and an enhanced steady-state cur-
rent in response to kainate (Cui and Mayer, 1999). Although the
ratios of homomeric versus heteromeric KAR expression in CA3
pyramidal cells and interneurons is currently unknown, it is pos-
sible that altered receptor properties in the GluR5�/� might con-
tribute to some of the effects described in this study, such as the
lowered basal level of IPSC amplitude and frequency in
GluR5�/�. Future studies are aimed at determining the precise
roles for homomeric versus heteromeric kainate receptors on
individual cell populations.

Previous reports have observed that kainate either reduces
mIPSC frequency (Rodriguez-Moreno et al., 1997) or has no
effect (Cossart et al., 1998; Frerking et al., 1998, 1999; Semyanov
and Kullmann, 2001). In the present study, we observed no
change in mIPSC amplitude and frequency in response to kai-
nate, which supports our hypothesis that kainate does not act
directly on the presynaptic terminal to regulate spontaneous
transmitter release. Finally, eIPSCs in both WT and GluR6�/�

pyramidal cells show paired-pulse depression, whereas
GluR5�/� pyramidal cells show paired-pulse facilitation, indi-
cating a lowered initial transmitter release probability in
GluR5�/�. Interestingly, although application of kainate re-
duced the eIPSC amplitude, it failed to affect the PPR in both WT
and GluR5�/�. Again, although this argues against kainate acting
directly on presynaptic KARs to regulate transmitter release, it
suggests that KAR activation depolarizes interneurons to cause
an increase in action potential firing and GABA release (Frerking
et al., 1999). In the present scenario, somato-dendritically ex-
pressed GluR6 in both WT and GluR5�/� are activated by kai-
nate to increase action potential firing and, consequently, GABA

release. GABA then activates postsynaptic GABAARs to decrease
the input resistance in WT and GluR5�/�, but not GluR6�/�,
interneurons and pyramidal cells. Consistent with this hypothesis
is the complete lack of modulation of eIPSCs in GluR6�/�. In
addition, we cannot rule out that postsynaptic shunting by KAR
activation may also contribute to the decreased input resistance
of postsynaptic neurons.

AMPAR activation is not required for kainate-induced
gamma oscillations
The observation that blockade of AMPARs fails to abolish
kainate-induced gamma oscillations (Fig. 2A) distinguishes this
oscillatory activity from other induction paradigms of hip-
pocampal gamma oscillation, such as muscarinic receptor activa-
tion (Fisahn et al., 1998, 2002). One condition for the induction
of rhythmic activity is increased excitation in the neuronal net-
work and, until now, AMPARs were considered the main provid-
ers of that excitation (Traub et al., 2000). However, incorporating
our findings into a model of gamma oscillations revealed that in
the absence of AMPARs, cellular and synaptic excitation pro-
vided by KAR activation alone is sufficient to provide the needed
excitatory drive to support gamma oscillations. Moreover, the
model also replicates the experimentally observed decrease in
peak frequency of kainate-induced gamma oscillations after
blocking AMPARs. This emphasizes that simulations of rhythmic
network activity need to take into account the existence of two
excitatory components, AMPAR-mediated and KAR-mediated,
to accurately reflect physiological reality.

Computational models of carbachol-induced gamma oscilla-
tions (Traub et al., 2000) as well as kainate-induced gamma os-
cillations (present study) stress the importance of increased ec-
topic action potential occurrence for the generation of
hippocampal gamma oscillations. By laterally communicating
through gap–junction-connected axonal networks, ectopic ac-
tion potentials are thought to facilitate synchronization in the
neuronal network. This is supported by our data on ectopic ac-
tion potentials recorded as spikelets in interneurons and pyrami-
dal cells and their increased frequency after KAR activation in
WT (Fig. 8). The significantly smaller spikelet frequency increase
in GluR5�/� and GluR6�/� cells suggests the existence of two
populations of spikelets: the first, GluR5 dependent and presum-
ably originating from axon-generated action potentials (Semy-
anov and Kullmann, 2001), and the second, GluR6 dependent
and presumably originating from soma-generated action poten-
tials in adjacent cells. Both axon- and soma-generated action
potentials will cross via gap junctions into axons of neighboring
cells where they travel antidromically to the soma and are re-
corded as spikelets or orthodromically to synapses to initiate
transmitter release.

Kainate-induced gamma oscillations and the kainate model
of epilepsy
A common in vivo animal model used to study temporal lobe
epilepsy and epileptiform bursts is generated by systemic or in-
tracerebral administration of the KAR agonist kainate (Nadler,
1981; Ben-Ari, 1985; Ben-Ari and Cossart, 2000). Direct support
for the involvement of KARs in the ensuing status epilepticus
comes from studies on KAR knock-out mice and human studies.
GluR6-deficient mice are less susceptible to seizures after kainate
injections than WT mice (Mulle et al., 1998). In addition, GluR5
and GluR6 mRNA levels are decreased in patients suffering from
temporal lobe epilepsy (Mathern et al., 1998), and activation of
GluR5-containing receptors can reduce the propagation of sei-
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zures (Khalilov et al., 2002) (but see Smolders et al., 2002). Also,
the high level of KAR expression in the hippocampal CA3 area
(Wisden and Seeburg, 1993; Bureau et al., 1999) as well as its
inherent recurrent connectivity render this region especially sen-
sitive to the epileptogenic and neurotoxic effects of kainate
(Westbrook and Lothman, 1983).

The question arises whether there is a connection between the
oscillation- and seizure-inducing actions of kainate. The lack of
the GluR6 subunit prevented both kainate-induced gamma os-
cillations and epileptiform bursts in vitro, which corresponds to
the finding that GluR6�/� mice are less susceptible to seizures
after kainate injections than WT mice (Mulle et al., 1998). In
contrast, the lack of the GluR5 subunit rendered hippocampal
slices more susceptible to the depolarizing and epileptogenic ef-
fects of kainate (Fig. 1D), apparently contradicting the results of
Smolders et al. (2002) who showed an anticonvulsant effect of
GluR5 antagonists. Interestingly, allelic variants of the human
GluR5 subunit, but not of GluR6, confer an increased suscepti-
bility to juvenile absence seizures (Sander et al., 1997).

We conclude that the distinct roles the KAR subunits GluR5
and GluR6 play in rhythmic activity in the healthy brain (i.e.,
gamma oscillations) also extend to rhythmic activity in the
pathological brain (epileptiform bursts), and that small changes
in the overall activity of the CA3 area can tilt the balance between
excitation and inhibition and cause the neuronal network to
switch from gamma oscillations to epileptiform bursts.
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