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Impaired GABAergic inhibition may contribute to the develop-
ment of hyperexcitability in epilepsy. We used the pilocarpine
model of epilepsy to demonstrate that regulation of excitatory
synaptic drive onto GABAergic interneurons is impaired during
epileptogenesis. Synaptic input from granule cells (GCs), per-
forant path, and CA3 inputs onto hilar border interneurons of
the dentate gyrus were examined in rat hippocampal slices
during the latent period (1–8 d) after induction of status epilep-
ticus (SE). Short-term depression (STD) of GC inputs to inter-
neurons induced by brief (500–800 msec), repetitive (5–20 Hz)
stimulation, as well as paired-pulse depression at both GC and
CA3 inputs to interneurons, were significantly ( p , 0.05) en-
hanced in SE-experienced rats. In contrast, we found no sig-
nificant differences between SE-experienced and age-matched
control rats in the properties of minimal EPSCs evoked at low
frequency (0.3 Hz). Consistent with reduced GABAergic inhibi-

tion onto granule cells, paired-pulse depression of perforant
path-evoked granule cell population spikes was lost in SE-
experienced rats. Enhanced STD was partially mediated by
group II metabotropic glutamate receptors, because the selec-
tive antagonist, 2S-2-amino-2-(1S,2S-2-carboxycyclopropyl-1-
yl)-3-(xanth-9-yl)propanoic acid, attenuated STD in SE-
experienced rats but had no effect on STD of GC inputs in the
normal adult rat. The group II mGluR agonist, (2S9,1R9,2R9,3R9)-
2-(2,3-dicarboxylcyclopropyl) glycine (1 mM), produced a greater
depression of GC input to hilar border interneurons in SE-
experienced rats than in controls. These results indicate that, in
the SE-experienced rat, excitatory drive to hilar border inhibitory
interneurons is weakened through a use-dependent mechanism
involving group II metabotropic glutamate receptors.
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GABAergic neurotransmission regulates cortical functions such
as synaptic plasticity (Wigström and Gustafsson, 1983; Grover
and Yan, 1999; Steele and Mauk, 1999), processing of sensory
information (Dykes, 1997; Zheng and Knudsen, 1999), and learn-
ing and memory (Keverne and Brennan, 1996; Paulsen and
Moser, 1998). A linkage between GABAergic neurotransmission
and epilepsy has long been recognized (Olsen and Avoli, 1997).
Inhibition of GABAA receptors triggers acute seizures (Prince,
1978), and drugs that potentiate GABAergic inhibition are typi-
cally anticonvulsant (George and Kulkarni, 1996; Olsen and
Avoli, 1997; Bleck, 1999). However, it is not clear whether the
anticonvulsant effect of GABA receptor potentiation reflects a
general dampening of cortical excitability or a selective compen-
sation for a specific deficit in GABAergic inhibition.

Disruptions in the strength of GABAergic inhibition occur in
the epileptic hippocampus. However, both a loss or reduction
(Sloviter, 1991; Bekenstein and Lothman, 1993; Merlin and
Wong, 1993; Whittington and Jefferys, 1994; Rice et al., 1996;
Hirsch et al., 1999; Williamson et al., 1999) or an increase (King
et al., 1985; Haas et al., 1996; Swanson et al., 1998; Wilson et al.,
1998) in synaptic inhibition have been reported. Depressed syn-
aptic inhibition occurs in experimental epilepsy models, including

the pilocarpine (Rice et al., 1996; Bausch and Chavkin, 1997),
tetanus toxin (Empson and Jeffreys, 1993; Whittington and Jef-
freys, 1994), and self-sustaining limbic status epilepticus (SE)
(Mangan and Lothman, 1996) models. GABAA receptor antag-
onists also unmask epileptiform activity in chronic experimental
models of epilepsy (Patrylo and Dudek, 1998; Smith et al., 1998).

Numerous alterations occur in hippocampal circuitry after SE,
producing remodeled networks with properties significantly dif-
ferent from normal brain (Coulter, 1999; Sloviter, 1999). Many
pathological alterations produced during epileptogenesis might
disinhibit hippocampal circuitry, including changes in GABAA

receptor subunit composition or properties (Bühl et al., 1996;
Kapur and Macdonald, 1997; Brooks-Kayal et al., 1998; Mac-
donald and Kapur, 1999), death of GABAergic interneurons
(Obenaus et al., 1993; Houser and Escaplez, 1996), changes in
receptor-mediated regulation of GABAergic neurotransmission
(Haas et al., 1996; Mangan and Lothman, 1996; Bausch and
Chavkin, 1997), or loss of excitatory synaptic input onto GABAer-
gic interneurons (Sloviter, 1991; Bekenstein and Lothman, 1993).

Excitatory synaptic inputs onto hilar border interneurons un-
dergo short-term plasticity that is partially mediated by metabo-
tropic glutamate receptors (mGluRs) (J. Doherty, D. Mott, S.
Alagarsamy, P. J. Conn, and R. Dingledine, unpublished obser-
vations). Hippocampal GABAergic interneurons undergo both
short-term (Galarreta and Hestrin, 1998) and long-term (McMa-
hon and Kauer, 1997; Laezza et al., 1999) forms of synaptic
plasticity. Small deficits in the regulation or strength of excitatory
synaptic drive onto GABAergic interneurons during epileptogen-
esis can have significant consequences for local excitability, be-
cause individual interneurons typically synapse onto large num-
bers of principal neurons (Freund and Buzáski, 1996). Small
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reductions in the strength of inhibitory neurotransmission can
trigger acute seizure-like activity (Miles and Wong, 1987;
Chagnac-Amitai and Connors, 1989).

We demonstrated that short-term depression (STD) of excita-
tory afferents onto dentate hilar border interneurons is enhanced
in SE-experienced rats. Diminished drive onto interneurons is
partially mediated by enhanced mGluR-mediated depression of
transmitter release.

Some of these data have appeared previously in preliminary
form (Doherty and Dingledine, 1997b, 1998).

MATERIALS AND METHODS
Pilocarpine-induced status epilepticus. The pilocarpine-induced model of
chronic epilepsy in rats (Turski et al., 1983, 1989; Cavalheiro et al., 1991;
Mello et al., 1993) was chosen because it replicates several features of
human temporal lobe epilepsy. Male Sprague Dawley rats (36–60 d old;
102–210 gm) were injected with methylscopolamine and terbutaline (2
mg/kg, i.p.). Thirty minutes later, experimental rats received a single
injection of pilocarpine HCl, whereas sham-treated rats received saline
injections. Although a range of pilocarpine doses (315–350 mg/kg, i.p.)
was tested with the aim to produce the highest proportion of rats
experiencing status epilepticus with the lowest mortality rate, a concen-
tration of 335 mg/kg was used for .90% of the experiments. Seizure
duration and frequency progressively increased until a state of SE char-
acterized by rearing and falling was achieved. SE was allowed to proceed
for 75–90 min and then was terminated with sodium pentobarbital (25–50
mg/kg, i.p.). Rats were allowed to recover for 1–8 d before hippocampal
slices were prepared for electrophysiological recordings. A single intra-
peritoneal injection of pilocarpine evoked seizures in 94% (92 of 98) of
treated rats. Typically, intermittent seizures characterized by head bob-
bing and forelimb clonus appeared 5–15 min after pilocarpine injection.
Seizure severity and frequency increased progressively over 5–15 min,
culminating in a state of SE in 84% (82 of 98) of treated rats. Slices taken
from SE-experienced rats, defined as those undergoing .75 min of SE
(n 5 48), were examined for changes in synaptic inhibition in the dentate
gyrus.

Interneuron recordings. All recordings from SE-experienced rats were
made at 1–8 d after SE, before the appearance of extensive supragranu-
lar mossy fiber sprouting (Mello et al., 1993). The procedures for record-
ing from interneurons in hippocampal slices were essentially as previ-
ously described (Doherty and Dingledine, 1997). Thin (225 mm)
hippocampal slices were prepared from both pilocarpine- and sham-
treated rats. Rats were first anesthetized with isoflurane, then brains
were rapidly removed into ice-cold artificial CSF (ACSF) containing (in
mM): 120 NaCl, 3.5 KCl, 0.75 CaCl2 z 2 H2O, 2.25 MgSO4 z 7 H2O, 24
NaHCO3, 1.25 NaH2PO4, 1 Na pyruvate, 10 glucose, pH 7.4 (295–305
mOsm). Slices from the dorsal half of the hippocampus were cut with a
vibratome, incubated at room temperature (24–25°C) for 5–60 min, and
finally transferred to a submerged recording chamber. Once in the
recording chamber, slices were perfused with a room temperature ACSF
containing (in mM): 130 NaCl, 3.5 KCl, 1.5 CaCl2 z 2 H2O, 1.5 MgSO4 z
7 H2O, 24 NaHCO3, 1.25 NaH2PO4, 10 glucose, pH 7.4 (295–305 mOsm),
at a rate of 2–3 ml/min. Individual interneurons located at the border of
the hilus and the granule cell (GC) layer were visually selected for
whole-cell patch-clamp recording using Hoffman modulation contrast
optics (6003) and previously established criteria (Doherty and Dingle-
dine, 1997, 1998). Interneurons in this study include basket cells, which
synapse on the somata of granule cells, as well as interneurons that
project into the molecular layer (Freund and Buzáski, 1996). No differ-
ences in the electrophysiological properties of excitatory synaptic inputs
were detected between subsets of hilar border interneurons with different
axonal projections; therefore results from all interneurons were consid-
ered together.

Field potential and whole-cell patch recordings were performed using
an Axopatch 1D electrometer (Axon Instruments, Foster City, CA).
Field potential responses were acquired with an ACSF-containing patch
electrode placed in the granule cell layer. Sharpened tungsten microelec-
trodes placed in the outer molecular layer to a depth of 5–50 mm were
used to evoke field potentials. Stimulus intensity was adjusted to produce
a response at 40% of maximal population spike amplitude. All stimuli
were triggered by Clampex protocols (Axon Instruments) and delivered
through photoelectric stimulus isolation units (World Precision Instru-

ments, Sarasota, FL). Seal formation and whole-cell configuration of
patch-clamp recordings were achieved in current-clamp mode; passive
membrane properties were measured before switching to voltage-clamp
mode. Whole-cell responses were filtered at 3 kHz, digitized at 10–30
kHz, and collected directly to a computer using pClamp 7.0. Patch
electrodes (5–7 MV) were pulled from borosilicate glass using a two-
stage vertical puller and filled with solution containing (in mM) 130
CsOH, 140 methanesulfonic acid, 10 HEPES, 2 MgCl2, and biocytin
(0.5–1%). Intracellular solution was buffered to pH 7.3 with CsOH and
adjusted to 275–280 mOsm with H2O. Voltage-clamp experiments were
performed at a holding potential of 270 mV in hilar border interneurons
and 0 mV in granule cells. Series resistance, input resistance, and holding
current were periodically monitored throughout experiments; only neu-
rons with stable electrophysiological parameters were included. Glass
micropipettes were used to deliver stimuli (0.3 Hz, 10–80 mA; 300–400
msec) in the stratum granulosum (granule cells) 10–50 mm from the
recording site or in the stratum pyramidale of the CA3b and CA3c
regions. For minimal stimulation experiments, stimulus intensities were
adjusted to the lowest level necessary to evoke visually identifiable
EPSCs. Multiple sites were tested in each region to isolate a single
reliable EPSC, as well as to prevent antidromic activation of interneurons
in response to stimulation in the GC. Minimally evoked EPSCs were
visually differentiated from synaptic failures as previously described
(Doherty and Dingledine, 1997). Briefly, evoked events were required to
meet several criteria to be accepted for analysis. These included a short
mean latency (2–7 msec) from the stimulus artifact, characteristic fast
rising and exponential decay phases, and peak amplitudes that exceeded
2 SD of the mean amplitude of the baseline electrical noise. Events
chosen for analysis were confined to a 2 msec window centered around
the mean latency to minimize the possibility of counting spontaneous
EPSCs as evoked events. Stimulus trials that did not produce events
meeting these criteria were designated as synaptic failures and were not
included in the calculation of EPSC parameters. The failure rate in
synaptic transmission for each excitatory input was defined as the per-
centage of failures over the total number of stimulus trials. Individual
inputs were not considered for further analysis if the mean failure rate
was .90% during control stimulation. Transmission rate was defined as
100% 2 failure rate.

Drugs. Pilocarpine HCl (315–350 mg/kg), methylscopolamine (10 mg/
kg), terbutaline (10 mg/kg), and sodium pentobarbital (25 mg/kg) (Sig-
ma, St. Louis, MO) were dissolved in 0.9% sterile saline. Bicuculline
methobromide (10 mM), (1)-a-methyl-4-carboxyphenylglycine (500 mM),
(2S9,1 R9,2 R9,3R9)-2-(2,3-dicarboxylcyclopropyl) glycine (DCG-IV; 1
mM) (Tocris Cookson, Ballwin, MO), and 2S-2-amino-2-(1S,2S-2-
carboxycyclopropyl-1-yl)-3-(xanth-9-yl)propanoic acid (LY341495; 500
nM) were dissolved in ACSF and delivered by bath perfusion.

RESULTS
Depressed synaptic inhibition in the dentate gyrus
Field potential recordings of perforant path input to dentate
granule cells were used to assess the strength of feedback and
feedforward synaptic inhibition in the dentate gyrus from 1 to
28 d after pilocarpine-induced SE. Population spikes were re-
corded in the granule cell layer in response to paired stimuli
delivered to the perforant path in hippocampal slices from both
control and pilocarpine-treated rats (Fig. 1A). In control rats,
paired-pulse inhibition, determined by measuring the amplitude
of the second population spike amplitude as a percentage of the
first, was observed over an interstimulus interval ranging from 10
to 30 msec. Paired-pulse inhibition was replaced by facilitation in
slices taken from SE-experienced rats when compared with con-
trol rats (Fig. 1A,B), indicating a significant ( p , 0.001, one-way
ANOVA) loss of synaptic inhibition during paired stimulation.
Paired-pulse facilitation of perforant path-evoked population
spikes (224 6 65%; n 5 3) was observed within 1–2 d after
induction of SE. However, the magnitude of the facilitation con-
tinued to increase for 4–5 d, reaching a peak at 305 6 22% (Fig.
1C; n 5 6). The establishment of SE was required to produce
the loss of paired-pulse inhibition in granule cells. In four pilo-
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carpine-treated rats that experienced intermittent seizures, but
not SE, paired-pulse inhibition remained normal, reducing the
second population spike to 43 6 13% of the first population spike
amplitude at an interstimulus interval of 10 msec. This level of
inhibition was not significantly different ( p 5 0.6, one-way
ANOVA with post hoc Bonferroni test) from control slices (24 6
9%; n 5 9). Multiple population spikes were not observed in the
dentate gyrus after either single or paired stimulation of the
perforant path in slices taken from normal or SE-experienced rats.

These data indicate an increase in granule cell excitability in
SE-experienced rats; however, they alone do not indicate whether
this results from a loss of inhibition or an increase in synaptic
facilitation. Reduction of paired-pulse inhibition was not accom-
panied by noticeable deficits in monosynaptic IPSCs evoked at
low frequency by stimulation within the granule cell layer in the
presence of CNQX (3 mM) and D-APV (50 mM). The reliability of
synaptic transmission at monosynaptic GABAergic synapses onto
granule cells was high in both untreated (evoked IPSCs in 86 6
4% of stimulus trials with minimal stimulation; n 5 5 neurons)
and SE-experienced (94 6 6%; n 5 3) rats. IPSC amplitudes in
granule cells of SE-experienced rats produced by a minimally
effective stimulus delivered to the granule cell layer (39 6 10 pA;
n 5 3) were not significantly different from IPSCs in granule cells
from control rats (27 6 4 pA; n 5 5; data not shown).

Excitatory synaptic input to hilar border interneurons
in SE-experienced rats
To identify the mechanisms responsible for reduced synaptic
inhibition in the dentate gyrus of SE-experienced rats, we studied
the short-term regulation of excitatory synaptic inputs onto the
heterogeneous group of interneurons located at the granule cell–
hilar border in slices from SE-experienced rats. Whole-cell patch
recordings were made from 10 granule cells and 57 visually
identified hilar border interneurons in slices taken from SE-
experienced rats. Synaptic responses from interneurons in sham-
treated rats (n 5 12) did not differ from untreated adult rats (n 5
34); thus these recordings were grouped together in the control
group. Spontaneous action potentials were observed at the resting
membrane potential in a slightly larger proportion of hilar border
interneurons from SE-experienced rats (71%) than from control
rats (60%). However, there were no significant differences in
resting membrane potential, action potential threshold, or input
resistance in interneurons from SE-experienced rats when com-
pared with interneurons from control rats (Table 1). This suggests
that changes in interneuron membrane excitability were not suf-
ficient to explain the observed loss of synaptic inhibition. Spon-
taneous EPSCs were observed in recordings from interneurons
from both control and SE-experienced rats. Spontaneous EPSC
rise and decay times were slower in interneurons from SE-
experienced rats, but there were no changes in amplitude or
frequency (Table 1).

To determine whether regulation of excitatory synaptic drive to
hilar border interneurons is altered in SE-experienced rats, we
isolated minimally evoked EPSCs from three different synaptic
inputs as previously described (Doherty and Dingledine, 1997,
1998) (Doherty, Mott, Alagarsamy, Conn, and Dingledine, un-
published observations). Stimulation of dentate granule cells
(Fig. 2A), CA3 pyramidal cells (Fig. 2B), or perforant path axons
evoked minimal inputs to hilar border interneurons from SE-
experienced rats. There were no significant differences in either
the reliability of synaptic transmission or the kinetics of evoked
minimal EPSCs at excitatory inputs to hilar border interneurons
in slices from normal adult and SE-experienced rats. These data,
summarized in Table 2 and the scattergrams in Figure 2, A and B,
indicate that low-frequency synaptic excitation of hilar border
interneurons appears normal in SE-experienced rats.

Enhanced short-term depression in
SE-experienced rats
Excitatory inputs to hilar border interneurons in the juvenile and
adult rat express synapse-specific forms of short-term plasticity
(Doherty, Mott, Alagarsamy, Conn, and Dingledine, unpublished
observations). Stimulation of granule cell synapses onto interneu-
rons with brief high-frequency (20 Hz) stimulus trains produces
STD in both control (Fig. 3A, top) and SE-experienced (Fig. 3,
bottom) rats. STD of GC-evoked inputs to hilar border interneu-
rons was significantly potentiated in SE-experienced rats (Fig.
3B). In SE-experienced rats, STD of GC-evoked EPSC ampli-
tudes reached a plateau at 24 6 2% of the first EPSC amplitude
during 20 Hz trains (n 5 16), a significantly ( p , 0.001, one-way
ANOVA) greater depression than was observed during 20 Hz
trains in interneurons from control adult rats. The onset of STD
was also more rapid at GC inputs to hilar border interneurons in
SE-experienced rats. The time constant of the fitted exponential
decay function in interneurons from SE-experienced rats (81 6 6
msec; n 5 16) was significantly ( p , 0.001, unpaired t test)
shorter than was observed for interneurons in control rats (120 6

Figure 1. Synaptic inhibition in the dentate gyrus is impaired at 2–6 d
after pilocarpine-induced status epilepticus. A, Field potential recordings
evoked in the granule cell layer of the dentate gyrus after paired stimu-
lation of the perforant path in untreated (top) or SE-experienced (bottom)
rats. Population spike amplitudes were measured as the difference be-
tween the peak amplitude and the midpoint of the field EPSP (dotted
lines). Stimulus artifacts (arrows) have been removed for clarity. B, Paired-
pulse inhibition was seen at short (10–30 msec) interstimulus intervals
(ISI ) in untreated rats (E; n 5 9 rats), but was replaced by facilitation in
SE-experienced rats (‚; n 5 7 rats). C, Paired-pulse facilitation (interpulse
interval, 20 msec) peaks at 4–5 d after SE and persists for at least 30 d.
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13 msec; n 5 13). There were no significant changes in the
kinetics of evoked EPSCs during repetitive stimulation in either
control or SE-experienced rats (Fig. 3C).

Changes in the magnitude of short-term plasticity induced by
SE at each of the three excitatory inputs to hilar border interneu-
rons that we examined are summarized in Figure 4. At granule
cell inputs, STD was significantly enhanced at both 10 Hz ( p 5
0.03, unpaired t test) and 20 Hz ( p , 0.0001, unpaired t test) but
not at 5 Hz (Fig. 4A). Enhanced STD of granule cell input to hilar
border interneurons occurs within 24 hr after induction of SE and
persists for at least 8 d (Fig. 4B). In contrast, STD of perforant path

inputs to interneurons in SE-experienced rats was not different
from STD in control adult rats at any frequency tested (Fig. 4C).

CA3 inputs underwent short-term facilitation during repetitive
stimulation at 5 Hz in control adult rats but showed no net
plasticity at 10 Hz and depression at 20 Hz (Fig. 4D). In SE-
experienced rats, however, repetitive stimulation of CA3 inputs
produced depression at both frequencies tested (Fig. 4D). Repet-
itive stimulation of the CA3 pyramidal cell layer often produced
bursts of EPSCs during the trains in both control and SE-
experienced rats, likely because of synchronized activation of
CA3 pyramidal cells (Miles and Wong, 1987; Kneisler and
Dingledine, 1995). Because this bursting behavior often obscured
the short-term plasticity of evoked inputs, we also used a paired-
pulse protocol to examine the effects of SE on activity-dependent
plasticity at evoked inputs to interneurons. This paired stimula-
tion protocol also demonstrated changes in short-term plasticity
at both CA3 and GC inputs to interneurons in SE-experienced
rats (Fig. 5). For example, paired stimulation of GC input to
interneurons, delivered at an interpulse interval of 50 msec,
resulted in a depression of the second pulse to 77 6 3% of the first
EPSC amplitude in control rats (n 5 19). In SE-experienced rats,
paired stimulation of GC inputs resulted in a significantly greater
( p 5 0.002, unpaired t test) reduction of the second EPSC (58 6
5% of the first EPSC amplitude; n 5 10). In contrast to the
synaptic depression observed at granule cell inputs, paired stim-
ulation of CA3 inputs to hilar border interneurons at an interval
of 50 msec produced facilitation to 225 6 28% of the first EPSC
amplitude in control rats (n 5 14). In SE-experienced rats,
however, pairing stimuli in CA3 resulted in a depression of
evoked EPSCs onto interneurons (62 6 21% of the first EPSC
amplitude; n 5 3). The bursting behavior produced by repetitive
high-frequency stimulation (HFS) of CA3 inputs was not ob-
served with paired stimulation.

Table 1. Electrophysiological properties of hilar border dentate interneurons in pilocarpine-treated rats

SE-experienced Control

Resting membrane potential (mV) 252 6 3 (25) 252 6 3 (19)
Action potential threshold (mV) 250 6 1 (7) 250 6 1 (7)
Input resistance (MV) 258 6 11 (26) 264 6 14 (19)
Spontaneous EPSCs (measured at 270 mV)

Amplitude (pA) 213 6 2 (16) 211 6 2 (13)
10–90% rise time (msec) 2.0 6 0.1 (16)** 1.4 6 0.1 (13)
Decay tau (msec) 7.1 6 0.5 (16)** 4.1 6 0.5 (13)
Frequency (Hz) 2.6 6 0.6 (37) 3.0 6 0.5 (18)

Parentheses denote the number of interneurons used for each measurement; **p , 0.01.

Figure 2. Properties of unitary EPSCs evoked by minimal stimulation
onto hilar border interneurons. A, Dentate granule cell inputs to an
interneuron from an SE-experienced adult rat. B, Input from stimulation
of the CA3 pyramidal cell layer. In each case, the amplitude histogram is
unimodally centered on 210 pA. The scattergrams to the right show the
peak of the amplitude histogram for minimally evoked synaptic inputs to
interneurons in control and SE-experienced rats. GCL, Granule cell layer;
ampl., amplitude; PILO, pilocarpine.

Table 2. Properties of evoked EPSCs onto hilar border interneurons
(measured at 270 mV)

SE-experienced Control

Granule cell layer inputs
Amplitude (pA) 215 6 1 (12) 220 6 3 (12)
Latency (msec) 3.8 6 0.2 (12) 3.8 6 0.4 (12)
Transmission rate (%) 79 6 6 (12) 71 6 6 (7)

CA3 inputs
Amplitude (pA) 215 6 2 (4) 224 6 7 (4)
Latency (msec) 5.1 6 0.7 (4) 5.5 6 1.0 (4)
Transmission rate (%) 47 6 4 (4) 42 6 12 (3)

Parentheses denote the number of interneurons used for each measurement.
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Enhanced mGluR-mediated regulation of interneurons
in SE-experienced rats
A near maximally effective concentration of the group II mGluR
agonist, DCG-IV (1 mM), was significantly ( p 5 0.004) more
effective in depressing GC input to hilar border interneurons in
SE-experienced rats at 1–8 d after SE. A comparison of the time
course of the effect of DCG-IV on GC-evoked inputs to hilar
border interneurons is shown in Figure 6A. In control adult rats,
GC-evoked EPSCs were reduced by 27 6 5% (n 5 7 neurons). In
contrast, DCG-IV produced a 68 6 5% reduction in GC-evoked
EPSCs in SE-experienced rats (Fig. 6A,B; n 5 11 neurons).
Enhanced regulation of GC inputs by group II mGluRs was
apparent as early as 1 d and persisted for at least 8 d after the
induction of SE (Fig. 6C). The transmission rate of minimal GC
inputs to hilar border interneurons was reduced by DCG-IV to
20 6 17% of control (n 5 3 neurons) in SE-experienced rats.
However, as with GC inputs to hilar border interneurons in
juvenile rats (Doherty and Dingledine, 1998), the amplitude of

minimally evoked EPSCs was unchanged (Fig. 6D). This is con-
sistent with a presynaptic action of group II mGluRs at GC inputs
to hilar border interneurons in adult control and SE-experienced
rats, similar to that in untreated juvenile rats (Doherty and
Dingledine, 1998).

The mGluR antagonist, LY341495, antagonizes group II
mGluRs with potencies in the low nanomolar range (Kingston et
al., 1998; Schoepp et al., 1999). Thus, LY341495 at 500 nM

provides a powerful inhibition of group II mGluRs; however,
LY341495 is also a potent antagonist for mGluR8, and to a lesser
degree mGluR7, at this concentration (Schoeppe et al., 1999). In
SE-experienced rats, however, LY341495 (500 nM) attenuated
STD induced by 20 Hz stimulation of GC inputs to hilar border
interneurons (Fig. 7A). The plateau reached during STD of
GC-evoked EPSCs was significantly greater in the absence of
LY341495 than in its presence (Fig. 7B). Thus, LY341495 pro-
duced a small but significant ( p , 0.001, paired t test) attenuation
of short-term plasticity at these synapses in SE-experienced rats,

Figure 4. Short-term depression of evoked EPSCs is en-
hanced over a range of stimulus frequencies. A, Peak depres-
sion of GC-evoked EPSCs was measured at 0.3, 5, 10, and 20
Hz in untreated (E) and SE-experienced (F) rats. STD pro-
duced a significantly greater depression of EPSC amplitude at
both 10 Hz (*p 5 0.03, unpaired t test; n 5 13) and 20 Hz
(*p , 0.001, unpaired t test; n 5 17). B, Enhancement of
short-term depression at GC inputs to hilar border interneu-
rons persists for at least 8 d after induction of SE. Each point
represents the maximal STD achieved during 20 Hz stimula-
tion of GC input for a single interneuron from normal adult
(E; n 5 11) and SE-experienced (F; n 5 16) rats. Maximal
depression was calculated to be the amplitude of the plateau
current (500–800 msec latency) expressed as a percentage of
the first EPSC amplitude. C, STD of perforant path inputs was
not enhanced significantly in SE-experienced rats at any fre-
quency tested. D, High-frequency stimulation of CA3 inputs
produced a combination of facilitation and depression in the
adult rat. In contrast, only HFS-induced depression was ob-
served in SE-experienced rats.

Figure 3. Short-term depression of GC-evoked EPSC ampli-
tudes during high-frequency (20 Hz) stimulation was more
intense in hilar border interneurons from SE-experienced
rats. A, Sample traces demonstrating short-term depression of
EPSC amplitudes during high-frequency stimulation of GC
inputs in interneurons from untreated (top) and SE-
experienced (bottom) rats. The depicted EPSCs represent the
average of 12–15 consecutive 20 Hz trains delivered at 3 sec
intervals. B, Plot depicting the average depression of EPSC
amplitudes produced by 20 Hz stimulation of GC inputs to
interneurons from either untreated (F; n 5 13 interneurons)
or pilocarpine-treated (‚; n 5 16 interneurons) rats. Each
data set was well fit by a single exponential function (solid
lines). C, Superimposed first and last EPSCs in a 20 Hz train
delivered to GC inputs to interneurons from either an SE-
experienced (bottom) or untreated (top) rat. For each pair, the
amplitude of the last EPSC in the train was scaled to the
amplitude of the first EPSC. The decay kinetics of EPSCs
evoked during repetitive activation of GC inputs was not
altered during the train in interneurons from either untreated
or SE-experienced rats.
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reducing the magnitude of STD by 13%. In contrast, LY341495
had no significant effect on the magnitude of STD in normal adult
rats (Fig. 7B) (Doherty, Mott, Alagarsamy, Conn, and Dingle-
dine, unpublished observations). These data together point to
enhanced group II mGluR function at granule cell input to hilar
border interneurons in the SE-experienced rat.

High-frequency stimulation evokes slow EPSCs in
interneurons from SE-experienced rats
Stimulation of GC inputs at 5–20 Hz produced slow inward
currents during the stimulus trains. Slow evoked currents are
obvious in Figure 3A and are shown in more detail in Figure 8A.
Slow currents were observed during high-frequency stimulation
of GC inputs in 95% of hilar border interneurons in SE-
experienced rats. In contrast, similar slow currents were observed

in only 40% of hilar border interneurons from control adult rats.
The mean amplitude of the slow current was 226 6 11 pA (n 5
20) in SE-experienced rats and 29 6 5 pA in control adult rats
(n 5 20). The amplitude of this current was dependent on
stimulus frequency, with higher stimulus frequencies producing
larger currents (Fig. 8A,B). There was no correlation between the
amplitude of the slow current and the magnitude of STD in
SE-experienced rats (Fig. 8C). Thus, the slow current was un-
likely to have had a systematic effect on the short-term depression
of fast AMPA-mediated EPSCs. The current–voltage relation-
ship for the slow current is depicted in Figure 8D. Slow currents
had an apparent reversal potential of .0 mV and showed signif-
icant rectification at negative membrane potentials. The selective
NMDA receptor antagonist, D-APV (50 mM), significantly ( p ,

Figure 6. Presynaptic inhibition of transmitter release at
GC inputs to hilar border interneurons by the selective
group II mGluR agonist, DCG-IV, was enhanced in the
SE-experienced rat. A, Time course of the reversible
depression of GC-evoked EPSC amplitude by DCG-IV (1
mM). GC inputs were more sensitive to DCG-IV in inter-
neurons from SE-experienced rats (F; n 5 4) than in
interneurons from untreated adult rats (‚; n 5 5). B,
Maximal depression of GC-evoked EPSC amplitude in-
duced by activation of group II mGluRs is significantly
(*p 5 0.005, unpaired t test) greater in SE-experienced
rats (n 5 11) than in untreated controls (n 5 7). C, The
sensitivity of GC inputs to depression by group II mGluRs
is enhanced rapidly after induction of SE and persists for
at least 8 d after induction. Each point in the scatterplot
depicts the maximal effect of DCG-IV on evoked EPSC
amplitudes at GC inputs to a single interneuron from
either SE-experienced (F) or untreated adult (‚) rats. D,
The mean amplitude of EPSCs evoked with minimal
stimulation of a GC input to a hilar border interneuron
from an SE-experienced rat was not depressed by
DCG-IV (1 mM).

Figure 5. Paired-pulse stimulation of evoked inputs to hilar
border interneurons in normal adult and SE-experienced rats.
A, Paired stimulation to GC inputs delivered at a 50 msec
interpulse interval produced a depression of the second EPSC
in normal adult rats (top lef t) that was potentiated in SE-
experienced rats (top right). A summary of paired stimulation
of GC inputs to interneurons from 19 normal adult (‚) and 10
SE-experienced (Œ) rats is shown in the bottom panel. Paired-
pulse depression was significantly (*p 5 0.002, unpaired t test)
greater at GC inputs to interneurons in SE-experienced rats.
B, Paired stimulation (interpulse interval, 50 msec) at CA3
inputs produced a facilitation in EPSC amplitude in normal
adult rats (top lef t). In contrast, paired stimulation of CA3
inputs in SE-experienced rats produced a depression (top
right). Paired stimulation of CA3 inputs to interneurons from
15 normal adult (E) and three SE-experienced (F) rats is
summarized in the bottom panel. The paired-pulse relation-
ship at CA3 inputs to interneurons in SE-experienced rats was
depressed significantly (*p , 0.019, unpaired t test), relative to
the strong potentiation in normal adult rats.
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0.05, paired t test) reduced the amplitude of the slow current (n 5
4), suggesting that it was largely mediated by NMDA receptors
activated during the train (Fig. 8E).

DISCUSSION
SE-induced alterations in short-term plasticity at
inputs to inhibitory interneurons
Paired-pulse inhibition of granule cell population spikes was
progressively impaired after pilocarpine-induced SE; it was evi-
dent at 24 hr after SE and peaked after 4–5 d. This result
indicates that synaptic inhibition was rapidly impaired or excita-
tion was enhanced after SE. We hypothesized that synaptic
inhibition was rapidly reduced after SE because of a reduction of

excitatory drive onto hilar border interneurons. Loss of paired-
pulse inhibition may be partially attributable to a loss of inhibitory
interneurons in the hilus after SE (Obenaus, 1993). In this study,
we demonstrated that use-dependent depression at two different
excitatory synapses onto surviving GABAergic hilar border in-
terneurons is enhanced after pilocarpine-induced status
epilepticus.

The magnitude of STD onto hilar border interneurons during
repetitive stimulus trains at synapses from both dentate granule
cell and CA3 pyramidal cell synapses is significantly enhanced in
SE-experienced rats. However, enhanced STD after SE was
synapse-specific because depression of perforant path synapses
was not increased. Despite enhanced STD during high-frequency

Figure 8. Properties of the slow current produced during
HFS of afferent input to hilar border interneurons in SE-
experienced rats. A, HFS of the GC input produced slow
inward currents at a holding potential of 270 mV in a hilar
border interneuron from an SE-experienced rat. The ampli-
tude of the current was dependent on the frequency of stim-
ulation. Each train was 800 msec in duration. B, Group data
showing the relationship between STD and slow EPSC am-
plitude (n 5 6 interneurons). Linear regression analysis indi-
cated no significant correlation (r 5 0.42; p 5 0.91) between
these two measurements. C, Plot showing the lack of correla-
tion between the amplitude of the slow current and the
amount of STD produced at that input. Each point represents
data from a different interneuron from SE-experienced rats.
Stimulation was delivered in all cases to GC inputs at a
frequency of 20 Hz. D, Current–voltage relationship of the
slow current. Note the pronounced rectification of the evoked
current at hyperpolarized potentials. E, The selective NMDA
receptor antagonist, D-APV (50 mM), significantly reduced the
amplitude of the slow EPSC evoked during 20 Hz GC stimu-
lation in four hilar border interneurons (Vh , 270 mV).

Figure 7. The selective group II mGluR antagonist,
LY341495, attenuates STD of interneuron inputs in SE-
experienced rats. A, Bath application of LY341495 (‚, 500
nM) significantly ( p , 0.01, one-way ANOVA) attenuated
the STD produced during 20 Hz stimulation of GC inputs
to hilar border interneurons from SE-experienced rats
(F). B, Group data illustrating the effect of LY341495 on
the magnitude of STD at GC inputs to hilar border
interneurons in the SE-experienced, but not control, rat.
In control rats (n 5 4), LY341495 had no effect on the
plateau amplitude of GC-evoked EPSCs reached during
20 Hz trains. In SE-experienced rats (n 5 4), LY341495
significantly ( p , 0.01, paired t test) attenuated the pla-
teau current reached during 20 Hz trains.
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stimulation after SE, neither the probability of transmitter release
nor the amplitude of minimal EPSCs was altered at these syn-
apses during low-frequency stimulation. Thus, enhanced STD
during repetitive activation represents a synapse- and context-
dependent deficit in excitatory drive onto interneurons during
epileptogenesis.

We demonstrated that depression of glutamate release at GC
inputs by group II mGluRs is enhanced after pilocarpine-induced
SE. This enhancement reverses a decrease in group II mGluR
function at these synapses that occurs during development
(Doherty, Mott, Alagarsamy, Conn, and Dingledine, unpublished
observations). LY341495, a mGluR antagonist with selectivity for
group II mGluRs, significantly attenuated STD at GC inputs in
the SE-experienced rat but had no effect on STD at GC inputs in
the normal adult. Thus, group II mGluR-mediated reduction of
transmitter release contributes to STD in the SE-experienced
adult rat.

Thus, some synaptic inputs onto hilar border interneurons are
susceptible to a partial, reversible disconnection from their exci-
tatory drive via an mGluR-mediated, activity-dependent process.
This mGluR-mediated disconnection of inhibitory interneurons
leads to a transient disinhibition of granule cell firing in juvenile
rats (Doherty, Mott, Alagarsamy, Conn, and Dingledine, unpub-
lished observations) and could therefore contribute to increased
excitatory mossy fiber activation of CA3 pyramidal cells. We
hypothesize that feedback inhibition of granule cell activity in the
epileptic dentate gyrus is episodically reduced when hilar border
interneurons experience a transient, presynaptic mGluR-mediated
reduction in excitatory drive during repetitive synaptic activation.
Additional work is needed to determine whether this shift in the
balance between excitation and inhibition in the dentate gyrus
during the latent period before spontaneous seizures appear en-
ables further activity-dependent synaptic reorganization in the
hippocampus during epileptogenesis and contributes to triggering
seizure generation in the chronically epileptic brain.

Functional disconnection of interneuron inputs in
SE-experienced rats
The dentate gyrus may act as a filter, resisting the transfer of
epileptiform discharges from the entorhinal cortex to the hip-
pocampus (Collins et al., 1983). Sufficiently intense stimulation
can overwhelm this “dentate gate” (Stringer and Lothman, 1989).
Synaptically mediated seizure activity can be propagated into the
dentate gyrus through the entorhinal cortex (Barbarosie et al.,
2000). Our hypothesis that a transient loss of feedback inhibition
during high-frequency activation of the dentate gyrus, because of
a functional disconnection of hilar border interneurons, could
provide a physiological mechanism to overwhelm the dentate
gate, facilitating the development of seizure discharges in down-
stream hippocampal circuitry.

Alterations in short-term plasticity were the only defects in
excitatory neurotransmission onto interneurons observed after
SE. We found no significant changes in either the properties of
unitary EPSCs or the probability of transmitter release at these
synapses after SE. Thus, functional disconnection of interneu-
rons from excitatory inputs is subtle, manifesting only in response
to an appropriate range of stimulus frequencies at affected syn-
apses. Although these data are not consistent with a major deaf-
ferentation of hilar border interneurons in the SE-experienced
dentate gyrus (Sloviter, 1991; Bekenstein and Lothman, 1993),
we cannot rule out the possibility that some excitatory inputs to
interneurons are lost after SE.

Changes in group II mGluR function in the SE-
experienced dentate gyrus

Increased group II mGluR function during epileptogenesis may
represent a return toward a juvenile phenotype. The group II
mGluR agonist, DCG-IV, powerfully depresses synaptic trans-
mission at GC inputs to hilar border interneurons in the juvenile
rat (Doherty and Dingledine, 1998), but GC inputs in adult rats
have a significantly reduced sensitivity to DCG-IV (Doherty,
Mott, Alagarsamy, Conn, and Dingledine, unpublished observa-
tions). DCG-IV-mediated inhibition of GC inputs increases after
pilocarpine-induced SE, matching the efficacy of DCG-IV ob-
served in the juvenile hippocampus. Likewise, LY341495 revers-
ibly attenuates STD of GC inputs in SE-experienced rats. In
contrast, LY341495 has no effect on STD of GC inputs to hilar
border interneurons in the normal adult rat, although it does
attenuate STD significantly in the juvenile rat (Doherty, Mott,
Alagarsamy, Conn, and Dingledine, unpublished observations).
Group II mGluR-mediated function during epileptogenesis in-
creases to the level seen in juvenile rats (Doherty and Dingledine,
1998), suggesting a recapitulation of a development program in
the dentate gyrus during epileptogenesis. However, in contrast to
the transient contribution of group II mGluRs to STD in normal
juvenile rats (Doherty, Mott, Alagarsamy, Conn, and Dingledine,
unpublished observations), a persistent mGluR component was
revealed in SE-experienced rats (Fig. 7A).

Modulation of mGluR function in cortical circuitry is likely to
be an important feature in the epileptogenic process. mGluR
mRNA levels are rapidly modulated in the hippocampus after
status epilepticus (Aronica et al., 1997). Although Klapstein et al.
(1999) reported that perforant path sensitivity to group III ago-
nists is reduced in kindled rats, Friedl et al. (1999) found no
significant change in group III sensitivity at these synapses in the
same model. In contrast, increased sensitivity to group II mGluR
agonists in the SE-experienced dentate gyrus resembles en-
hanced group II sensitivity reported in the epileptic amygdala
(Neugebauer et al., 1997). mGluR1a (Blumcke et al., 2000) and
mGluR4 (Lie et al., 2000) immunoreactivities are increased in the
epileptic human dentate gyrus. Group III mGluR function is
reduced in hippocampal slices from surgically resected tissue
(Dietrich et al., 1999).

We demonstrated enhanced mGluR-mediated inhibition of
glutamatergic neurotransmission at GC synapses after SE con-
tributes to enhanced STD in SE-experienced rats. Although these
results are most consistent with a group II effect, 500 nM

LY341495 partially antagonizes mGluR8 and mGluR7 (Schoeppe
et al., 1999). Thus, an increase in group III mGluR function could
also contribute to the enhanced STD at these synapses in SE-
experienced rats. LY341495 did not completely block the en-
hanced STD in SE-experienced rats, indicating that other mech-
anisms must contribute to enhanced STD at these synapses.
Perhaps activity-dependent increases in the rate of vesicle deple-
tion, reduced vesicle pool replenishment (Stevens and Wesseling,
1999), or changes in the properties of postsynaptic AMPA recep-
tors (Rozov and Burnashev, 1999) contribute to enhanced STD in
SE-experienced rats. We cannot rule out a selective loss of a
subpopulation of interneurons with weak STD in SE-experienced
rats. However, the observation that the plateau of STD was
typically greater in SE-experienced rats than in any of the control
cells (Fig. 4B) argues against this possibility.
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Functional implications
Although granule cells in vivo do not typically discharge at
frequencies likely to activate presynaptic mGluRs (Jung and
McNaughten, 1993), high-frequency granule cell discharges in the
dentate gyrus can precede seizures in the chronically epileptic
brain (Bragin et al., 1999; Finnerty and Jefferys, 2000). Moreover,
granule cells in slices of human epileptic dentate gyrus can
discharge at high frequencies when GABAergic inhibition is
compromised (Franck et al., 1995). Transient reduction of inhib-
itory control during mGluR-mediated depression of interneuron
input may contribute to the development of hyperexcitability in
the latent period of epileptogenesis. Polysynaptic IPSCs onto
granule cells undergo a progressive depression during high-
frequency (30 Hz) stimulation of the perforant path in
pilocarpine-treated rats at 8 weeks after SE (Isokawa, 1996).

Because hilar border interneurons synapse onto other inhibi-
tory interneurons (Freund and Buzáski, 1996), enhanced STD at
interneuron inputs might produce a paradoxical increase in feed-
back inhibition in the dentate gyrus. Indeed, augmentation of
GABAergic inhibition in the hippocampus has also been reported
in both human epilepsy (Swanson et al., 1998; Wilson et al., 1998)
and chronic experimental models (Bühl et al., 1996; Haas et al.,
1996). However, our data are most consistent with activity-
dependent functional disinhibition of granule cells. Evidence for
this includes impaired synaptic inhibition within the first week
after SE observed in this study and the demonstration that a
DCG-IV-mediated reduction in excitatory input onto hilar border
interneurons results in impaired feedback inhibition of dentate
granule cells (Doherty, Mott, Alagarsamy, Conn, and Dingledine,
unpublished observations).

In conclusion, SE enhances mGluR-mediated depression of
excitatory drive onto dentate hilar border interneurons, a poten-
tially important regulatory mechanism to dynamically influence
the strength of GABAergic inhibition in the dentate gyrus. This
aberrant plasticity may play an important role in epileptogenesis
and may trigger or amplify epileptiform activity in the epileptic
hippocampus.
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