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Abstract—We used kainic acid in rats as an animal model of
temporal lobe epilepsy, and studied the synaptic transmis-
sion in hippocampal subfield CA1 of urethane-anesthetized
rats in vivo. Dendritic currents were revealed by field poten-
tial mapping, using a single micropipette or a 16-channel
silicon probe, followed by current source density analysis.
We found that the population excitatory postsynaptic poten-
tials in the basal dendrites and distal apical dendrites of CA1
were increased in kainate-treated as compared with control
rats following paired-pulse, but not single-pulse, stimulation
of CA3b or medial perforant path. In contrast, the trisynaptic
midapical dendritic response in CA1 following medial per-
forant path stimulation was decreased in kainate-treated as
compared with control rats. Increased coupling between ex-
citatory postsynaptic potential and the population spike in
CA1 was found after kainate seizures. Short-latency, presum-
ably monosynaptic CA1 population spikes following medial
perforant path stimulation was found in kainate-treated but
not control rats. An enhancement of dendritic excitability was
evidenced by population spikes that invaded into or origi-
nated from the distal apical dendrites of CA1 in kainate-
treated but not control rats. Reverberation of hippocampo-
entorhinal activity was evidenced by recurrent excitation of
CA1 following CA3b stimulation in kainate-treated but not
control rats. Blockade of inhibition by intraventricularly ad-
ministered bicuculline induced excitatory potentials in CA1
that were stronger and more prolonged in kainate-treated
than control rats. The bicuculline-induced excitation was
mainly blocked by non-N-methyl-D-aspartate receptor antag-
onists.

We conclude that kainate seizures induced disinhibition in
CA1 that unveiled excitation at the basal and distal apical

dendrites, resulting in enhancement of the direct entorhinal
cortex to CA1 input and reverberations via the hippocampo-
entorhinal loop. These changes in the output of the hip-
pocampus from CA1 are likely detrimental to the behavioral
functions of the hippocampus and they may contribute to
increased seizure susceptibility after kainate seizures.
© 2003 Published by Elsevier Science Ltd on behalf of IBRO.
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In temporal lobe epilepsy (TLE), seizures often arise from
the hippocampus in the mesial temporal lobe. The causes
of the seizure susceptibility are not clearly understood.
Since a seizure involves populations of neurons, we be-
lieve that one contributing factor to seizure susceptibility is
the increase in excitability of the neural circuit that involves
the entorhinal cortex (EC) and the hippocampus.

The EC provides processed sensory inputs to the hip-
pocampus through the perforant path, which projects to the
dentate gyrus (DG) as well as to CA3 and CA1 (Witter et
al., 2000). The DG in turn projects to CA3 through mossy
fibers, and CA3 to CA1 through association and commis-
sural fibers. CA1 projects back to the EC, directly or indi-
rectly through the subiculum, and this completes a series
of nested EC–hippocampus circuit loops.

At the first synapse of the longest EC–hippocampal
circuit, the DG, neuronal inhibition appears to be increased
in TLE patients (Wilson et al., 1998) and in different models
of TLE, including kindling (Nusser et al., 1998; Otis et al.,
1994; Tuff et al., 1983), kainic acid (KA) and pilocarpine
models (Brooks-Kayal et al., 1998; Gibbs et al., 1997;
Milgram et al., 1991). We and others have suggested that
the enhanced inhibition in the DG may normally suppress
seizures (Lothman, 1994; Wu and Leung, 2001), although
we have proposed that this increased inhibition was fragile
(Wu and Leung, 2001). Alternatively, others have pro-
posed that mossy fiber sprouting (MFS) in the DG of
human TLE or animal models contributes to the increased
neuronal excitability and seizures (Golarai and Sutula,
1996; Okazaki et al., 1999; Wuarin and Dudek, 2001). We
did not find MFS to correlate positively with excitability in
the DG following KA treatment (Wu and Leung, 2001), and
increased seizure susceptibility has been reported without
MFS (Longo and Mello, 1998).

Relatively little is known about the strength of the DG to
CA3 connection following TLE models, although sprouting
of mossy fibers may occur in stratum oriens of CA3 (Ad-
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ams et al., 1997). Recurrent excitation in CA3 was de-
creased after KA treatment (Wu and Leung, 2001), pre-
sumably because of a loss in CA3 neurons. However, CA3
recurrent excitation was enhanced in a model of posttrau-
matic epilepsy (McKinney et al., 1997).

Many studies have addressed the changes in hip-
pocampal CA1 following TLE models. CA1 neuronal excit-
ability was increased after KA treatment in rats (Ashwood
et al., 1986; Ashwood and Wheal, 1986; Franck and
Schwartzkroin, 1985), partly because of increased excita-
tory postsynaptic potentials (EPSPs) (Ashwood and
Wheal, 1986; Simpson et al., 1991; Turner and Wheal,
1991) and sprouting of recurrent axon collaterals of CA1
pyramidal cells (Esclapez et al., 1999; Nadler et al., 1980;
Perez et al., 1996). In addition, a decrease in inhibition in
CA1 contributed to an increase in paired-pulse excitability
in vivo (Ashwood and Wheal, 1986; Cornish and Wheal,
1989; Franck et al., 1988; Franck and Schwartzkroin,
1985). The decrease in inhibition may be caused by a
selective loss of GABAergic, parvalbumin- and somatosta-
tin-containing interneurons (Best et al., 1993; Best et al.,
1994), and a decreased expression of GABAA receptors
(Tsunashima et al., 1997). However, there are also reports
that some types of GABAA receptor-mediated inhibition
were functionally intact in CA1 of KA-treated rats (Cossart
et al., 2001; Williams et al., 1993), except for the feed-
forward inhibition in the stratum lacunosum-moleculare
(SLM) of CA1 (Morin et al., 1998).

We are interested in the alterations of functional con-
nections of the EC–hippocampal circuit following a model
of TLE (Canning et al., 2000; Leung et al., 1998). These
functional connections are not provided by studies on the
hippocampal slice in vitro, which constitute the majority of
the studies reviewed above. The hippocampal slice in vitro
is disconnected from subcortical and (most) cortical inputs,
and it has relatively smaller inhibition as compared with a
preparation in vivo (Buckmaster and Schwartzkroin, 1995).

We studied the functional electrophysiology of CA1 in
urethane-anesthetized rats at two to four months after KA
or control treatment. Current source density (CSD) analy-
sis (Freeman and Nicholson, 1975; Leung, 1990) was
used to reveal the location of synaptic and action currents.
Stimulation of CA3 was used to activate the midapical
dendrites of CA1 pyramidal cells via Schaffer collaterals
(Ishizuka et al., 1990; Li et al., 1994), and stimulation of the
medial perforant path (MPP), axons of neurons in the EC,
was used to activate the distal dendrites of CA1 pyramidal
cells (Leung et al., 1995). The perforant path also activates
the CA1 dendrites indirectly through the trisynaptic EC-
DG-CA3-CA1 pathway (Fig. 1B) (Andersen et al., 1971;
Yeckel and Berger, 1998). The response of CA1 following
MPP stimulation is thus an indicator of the neuronal pro-
cessing through the mono- or multisynaptic EC–hip-
pocampal circuit. We found that excitatory transmission at
either basal or distal apical dendrites of CA1 was in-
creased in KA-treated rats as compared with control rats.
The increase of both mono- and multisynaptic excitation of
the EC to CA1 circuit in KA-treated rats suggests that this
circuit may play an important role in increasing seizure

susceptibility and in the behavioral deficits induced by
seizures. Some results have been presented as an ab-
stract (Wu and Leung, 1996).

EXPERIMENTAL PROCEDURES

Experimental procedures with animals were approved by the Uni-
versity Animal Use Committee. All efforts were made to minimize
animal suffering, the number of rats used was near the minimum
required to yield statistically significant data, and both DG (Wu and
Leung, 2001) and CA1 were studied in the same rat.

KA injection

The procedures have been reported elsewhere (Wu and Leung,
2001). Briefly, male Long-Evans rats (50 to 60 days old) were
injected i.c.v. with KA (Sigma, St. Louis, MO, USA) under sodium
pentobarbital (60 mg/kg i.p.) anesthesia. KA was injected (0.5 �g
in 1-�l volume of artificial cerebrospinal fluid, aCSF) over a 10-min
period per side and the needle was left in place for another 2 min
after injection. Both unilateral (N�17) and bilateral (N�14) injec-
tions were performed. The seizures were monitored for at least 6 h
after injection. Control animals were injected with aCSF or saline.
Spontaneous seizures were not monitored systematically for the
rats used in this study, but they were found in other rats given the
same KA treatment.

Electrophysiology after KA or control treatment

Two to four months after injection, rats were anesthetized with
urethane (1.2–1.3 g/kg, i.p.) and positioned in a stereotaxic appa-
ratus. The surgical, stimulation, recording, and analysis proce-
dures were similar to those used in previous reports (Wu et al.,
1998; Wu and Leung, 2001). The stimulating and recording elec-
trodes were placed on the same side that KA was injected,
whether the injection was unilateral or bilateral. Stimulating elec-
trodes (125-�m Teflon-insulated steel wires) were placed at (1)
CA3b: P 3.2, L 3.2 and D 3.6–4.0 mm to directly activate CA1
through the Schaffer collateral system (Fig. 1A); or (2) MPP: P 8,
L 4.4, D 3.0–3.3 (D�depth below the skull surface) to activate
CA1 directly or indirectly through the classic trisynaptic pathway
(Fig. 1B). The depth of the stimulus electrode was optimized by
small steps (�0.1 mm) in order to evoke the largest responses.
Photoisolated constant current pulses of 0.2-ms duration were
delivered cathodally to one of the two sites at a repetition rate
�0.15 Hz. A screw in the frontal skull served as the stimulus
anode.

Detailed mapping of the field potentials in dorsal hippocampal
CA1 (P 3.2–4.0, L 2.2–2.6) was done using a glass micropipette.
Preliminary data indicated that mapping of the potential field at
50-�m spatial intervals would sample the field adequately. The
micropipette was filled with 2-M sodium acetate and 4% Pon-
tamine Sky Blue (5–15 M�) and mounted on a Burleigh Microdrive
(Exfo Burleigh Products Group, Victor, NY) (of 1-�m step resolu-
tion). The field potentials were amplified, bandpass-filtered be-
tween 0.1 Hz (6 dB/octave rolloff to low frequency) and 2 kHz (12
dB/octave rolloff to high frequency) and digitized at 10 kHz. Eight
sweeps were averaged using a custom program on a microcom-
puter. At the stratum (str.) radiatum and cell body layer of CA1,
input/output (I/O) profiles were recorded following paired-pulse
stimulation of CA3, using various intensities (10–600 �A) and
interpulse intervals (IPIs; 10–500 ms). An automated laminar
profile of average evoked potentials (AEPs) was then recorded
sequentially in a deep-to-surface direction. At one depth, re-
sponses to two stimulation sites (CA3 and MPP) were recorded
before moving up to the next recording depth. A profile typically
spanned 2–2.5 mm from the ventral blade of the DG to the CA1
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alveus and took about 90 min. Recordings at a nonmoving glass
electrode in the DG provided an indicator of the response stability.

Alternately, extracellular potentials were recorded simulta-
neously from 16 channels on a silicon probe (Kloosterman et al.,
2001). The silicon probe, fabricated by the NIH Center for Commu-

nications Technology, University of Michigan, consisted of 16 elec-
trodes with 100-�m spacing, lined up in a linear array. The silicon
probe was lowered to record from the CA1 and the dorsal blade of
the DG. Following a high-pass (0.08 Hz) filter, the 16 channels were
digitized at 20 kHz following 16 sample-and-hold circuits.

Fig. 1. Schematic drawing showing the stimulating and recording electrode arrangements, neural circuits and the typical CA1 current sinks in control
and kainic acid-treated rats. (A) CA3 stimulation (200 �A, 50 ms interpulse interval) evoked monosynaptic excitatory synaptic current sinks in the SO
(stratum [str.] oriens) and SR (str. radiatum), resulting in short-latency spikes sink in the SP (str. pyramidale). The spikes showed paired-pulse
inhibition in control rats, but paired-pulse facilitation in kainic acid (KA)-treated rats, resulting in spike bursts (arrows). CA3 stimulation also evoked a
multisynaptic long-latency population spike at the distal dendrites of CA1 (arrow) via a CA3-CA1-EC-hippocampal loop. (B) Stimulation of medial
perforant path (MPP) evoked a monosynaptic excitatory synaptic current sink in the str. lacunosum-moleculare (SLM) and a trisynaptic long-latency
current sink in the SR of CA1 (arrows) in both control and KA-treated rats. However, short-latency or long-latency spikes were only observed in
KA-treated rats. EC, entorhinal cortex; DG, dentate gyrus; Sub, subiculum; Rec, recording; Stim, stimulation; MF, mossy fibers. The labels are the
same in the following figures unless otherwise specified.
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Drug administration

I.c.v. injections included 1.5 �l of 20-mM (30 nmol total) bicucul-
line methiodine (Sigma), a GABAA receptor antagonist; 2 �l of
50-mM D-2-amino-5-phosphonopentanoic acid (D-AP5), an
N-methyl-D-aspartate (NMDA) receptor antagonist; and 2.5 �l of
10-mM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), a non-
NMDA receptor antagonist. The field potentials were recorded
using the 16-channel silicon probe (and CSDs estimated) before
and after drug injection.

Data analysis

CSDs were calculated in one (z) dimension, assuming that cur-
rents in the x and y directions were negligible, using the formula
(Freeman and Nicholson, 1975; Kloosterman et al., 2001; Leung,
1990)

CSD�z� � ��2	�z� � 	�z � 2
z� � 	�z � 2
z��

�2
z�2 ��z

where CSD(z) is the current-source-density at depth z, 	(z) is the
AEP at depth z, 
z is the depth interval (typically 50 �m for glass
pipette recording, 100 �m for 16-channel probe recording), �z is
the conductivity in the z direction, assumed homogeneous. CSDs
were calculated in units of mV/mm, and these values of CSD
should be multiplied by the conductivity (�z) to give actual current
densities. The inhomogeneity in layer-by-layer conductivity in the
hippocampus of control rats did not alter the major CSDs in the
latter rats (Kloosterman et al., 2001; Leung et al., 1995), but
conductivity in KA-treated rats has not been measured.

For I/O curve and IPI relationship, the slope of the EPSP was
measured at the str. radiatum of CA1 at about 1–1.5-ms window
of time (starting 0.2–0.4 ms after EPSP onset, but ending at 0.2
ms before the onset of a population spike [PS]). The amplitude of
the PS was measured at CA1 cell layer from the onset to the
negative peak of AEP. The paired-pulse ratio (PPR) of the peak
amplitude of the PS or EPSP slope was estimated as the ratio of
the second to the first response following paired-pulse stimulation.
Paired-pulse facilitation (PPF) occurred when PPR1, while
paired-pulse inhibition corresponded to PPR�1. For excitatory
current sinks, the latencies of onset (the time that the sink started
after stimulation), the half-peak duration (measured as the time
that a response took to decay from the peak to half-peak ampli-
tude) and the peak amplitude were measured at the location of the
maximal sink at various layers of CA1. For the population spike
sinks, the peak latency and the peak amplitude were measured.
The PPR of the peak amplitude of current sink and spike was also
measured. Analysis of variance (ANOVA; repeated measure of
ANOVA followed by Tukey’s Protected t-test post-hoc and analy-
sis of covariance [ANCOVA]), a nonparametric Wilcoxon test, �
and paired t-tests were used for estimating statistical significance,
assumed to be at the P�0.05 level.

Histology

At the end of each experiment, the stimulating electrode positions
were marked by a lesion made by passing a direct current of 0.5
mA for 1 s. The recording micropipette was placed sequentially at
the str. radiatum and the CA1 cell layer, as estimated by the
electrophysiologic responses (Fig. 1A). At each location, dye was
ejected from the micropipette by connecting to the cathode of a
48-volt voltage source for 10 min, with the anode of the voltage
source connected to a skull screw. Electrode sites of the silicon
probes were not directly verified. In order to locate the approxi-
mate track of the probe, a glass pipette was lowered in the same
track as the probe and dye was ejected at the location of the
maximum population spike in CA1. Under deep anesthesia, the
animals were transcardially perfused with 1% buffered sodium
sulfide solution (pH, 7.4) 100 ml, 1% paraformaldehyde�1.25%

glutaraldehyde solution 100 ml (pH 7.4) and followed by 1%
buffered sulfide solution (pH 7.4) 100 ml. The brain was removed
and postfixed in 1% paraformaldehyde�1.25% glutaraldehyde
solution. Coronal sections of 40-�m thickness were cut using a
cryostat and stained with Thionin to verify the electrode placement
and cell loss.

RESULTS

Histology of KA-treated rats

KA injection resulted in a loss of CA3 cells, particularly
from CA3c and CA3b and less so from CA3a (see Fig. 2A
of Wu and Leung, 2001). After a unilateral injection, the
contralateral CA3 showed variable CA3 cell loss (mostly in
CA3c). In thionin-stained sections, the EC appeared intact
in both KA-treated and control rats; however, quantified
cell counts were not made. Only the side with KA injection
was recorded in unilaterally KA-treated animals. The fol-
lowing results were not different between the unilateral and
bilateral KA treatment groups, and the results from the two
groups were combined.

Enhancement of EPSP/PS coupling in CA1 following
KA seizures

Population EPSPs were acquired at str. radiatum of CA1
following paired-pulse stimulation of CA3b at various in-
tensities and IPIs (Fig. 1A). The threshold for evoking a
visible EPSP at the str. radiatum of CA1 was 22�1.5 �A
(N�32) in control and 16�2.3 �A (N�31) in KA-treated
rats, respectively; there was no significant difference in the
thresholds of the two groups. However, the EPSP slope
following the first stimulus pulse (EPSP1) recorded at str.
radiatum of CA1 was significantly different between KA-
treated and control rats (Fig. 2A), with the maximal EPSP
slope smaller in KA-treated than control rats. The EPSP
slope following the second stimulus pulse (EPSP2) was
relatively similar between KA-treated and control rats (Fig.
2B). The EPSP2/EPSP1 ratio showed a robust difference
between KA-treated and control rats (Fig. 2C); the ratio
was smaller at low stimulus intensity (20–60 �A) and
larger at high intensity (200–600 �A) in KA-treated rats as
compared with control rats (Fig. 2C). At a fixed intensity of
200 �A, the EPSP2/EPSP1 ratio was significantly larger at
all IPIs tested (10–500 ms) in the KA-treated group than in
the control group (Fig. 2D).

The threshold for evoking a PS, with onset latency of
5–7 ms, in CA1 following CA3b stimulation was 50�5 �A
(N�31, range 10–100 �A) in KA-treated rats, which was
significantly lower (P�0.01) than 85�10 �A threshold
(N�32, range 40–200 �A) in control rats. Thus, the PS
following the first pulse (PS1) tended to be larger at low
stimulus intensities (�80 �A) in KA-treated than in control
rats (Fig. 3A). The PS1 amplitude was significantly smaller
in KA-treated than in control rats at 200 �A CA3b stim-
ulation (Fig. 3A).

The most robust change in PS occurred after the
second pulse (PS2). PS2 amplitude was significantly
larger in KA-treated than in control rats at 80 – 600 �A
(Fig. 3B). Consequently, PS2/PS1 amplitude ratio was
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significantly larger in KA-treated than in control rats at
100-600 �A (Fig. 3C). The plot of PS2 amplitude against
PS1 amplitude revealed that PS2 was larger in KA-
treated than in control rats for a given PS1 (Fig. 3D),
suggesting that a larger PPR of PS in KA-treated rats
was not due to a smaller PS1 amplitude. The amplitude
of PS2 increased with the PS1 amplitude in KA-treated
rats (solid regression line in Fig. 3D), but hardly changed

with the PS1 amplitude in control rats (dotted regression
line in Fig. 3D).

PS2/PS1 amplitude ratio was significantly larger in
KA-treated than in control rats at most IPIs tested (Fig.
4C). The paired-pulse inhibition phase of CA1 PSs was
found only at �20 ms IPIs in KA-treated rats, as compared
with �80 ms IPIs in control rats. Since the difference in
PS1 amplitude between KA-treated and control rats was

Fig. 2. Increased paired-pulse facilitation (PPF) of CA1 EPSPs in kainic acid (KA)-treated rats. Excitatory postsynaptic potential (EPSP) slope and
PPF of population EPSPs recorded at the stratum radiatum of CA1 (inset at top) following various intensities and interpulse intervals (IPIs) of CA3b
stimulation. PPF was greater in KA-treated (N�31) than in control rats (N�32). (A) The relation of the slope following the first stimulus pulse (EPSP1)
to stimulus intensity showed a statistically significant difference between the KA-treated and control groups (** P�0.01, two-way repeated measure
analysis of variance [ANOVA]). Post-hoc test (Tukey’s Protected t-test) revealed that the EPSP1 slope was significantly larger at 20-40 �A, but smaller
at 200–600 �A stimulus intensities in KA-treated than control rats (* P�0.05, ** P�0.01). (B) Plot of the slope following the second stimulus pulse
(EPSP2) against stimulus intensity showed a statistically significant difference between the KA-treated and control groups (* P�0.05, two-way
repeated measure ANOVA). EPSP2 slope was significantly larger at 30 �A, but smaller at 80- to 100-�A stimulus intensities in KA-treated than control
rats (* P�0.05, Tukey’s Protected t-test post-hoc). (C) Paired-pulse ratio (EPSP2/EPSP1) was significantly different between the control and
KA-treated groups (** P�0.01, two-way repeated measure ANOVA). The EPSP2/EPSP1 ratio was significantly smaller at 20-60 �A, but larger at
200-600 �A intensities in KA-treated than control rats (** P�0.01, Tukey’s Protected t-test post-hoc). (D) Plot of the EPSP2/EPSP1 ratio against IPI
showed a significant difference between the control and KA-treated group. EPSP2/EPSP1 ratio was significantly larger in KA-treated than control rats
at all IPIs tested (* P�0.05, ** P�0.01, Tukey’s Protected t-test post-hoc).
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small at 200 �A CA3 stimulation, the difference in PS2/
PS1 amplitude ratio was mainly attributed to the difference
in PS2 amplitudes between the KA-treated and control
groups of rats (Fig. 4A, B).

Spike generation from the EPSP was analyzed by
plotting the amplitude of population spike at the cell layer
against EPSP slope at str. radiatum of CA1. There was a
left or upward shift of PS–EPSP curve in the KA-treated as

Fig. 3. Paired-pulse facilitation (PPF) of population spikes in CA1 was increased in kainic acid (KA)-treated rats as compared with control rats. PPF
of CA1 population spikes (PSs) following CA3 stimulation at various intensities and fixed 50-ms interpulse interval was increased in KA-treated (N�31)
compared with control rats (N�32). Inset at top shows sample recordings from control and KA-treated rats and measurement of PS. (A) The amplitude
of the PS following the first pulse (PS1) was significantly different between the control and KA-treated groups (** P�0.01, two-way repeated measure
analysis of variance [ANOVA]). PS1 amplitude was significantly larger at 60- to 80-�A, but smaller at 200- to 600-�A stimulus intensities in KA-treated
than in control rats (* P�0.05, ** P�0.01, Tukey’s Protected t-test post-hoc). (B) The amplitude of the PS following the second pulse (PS2) was
significantly larger in the KA-treated than in the control group (** P�0.01, two-way repeated measure ANOVA). PS2 amplitude was significantly larger
at 80-600 �A in KA-treated than in control rats (**P�0.01, *** P�0.005, Tukey’s Protected t-test post-hoc). (C) The ratio of PS2 to PS1 amplitudes
(PS2/PS1) was significantly different between the control and the KA-treated group (** P�0.01, two-way repeated measure ANOVA). At 100- to
600-�A stimulus intensities, PS2/PS1 ratio was significantly larger in KA-treated than in control rats (** P�0.01, Tukey’s Protected t-test post-hoc).
(D) The plot of the amplitude of PS2/PS1 showed that the amplitude of PS2 increased with PS1 amplitude in the KA-treated group, while PS2
amplitude slowly decreased with PS1 amplitude in the control group. For the KA-treated group, the regression line is y�3.1�0.64x, while for the control
group, y�3.1�0.02x, where y�PS2 amplitude and x�PS1 amplitude.
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Fig. 4. Paired-pulse facilitation (PPF) of population spikes (PSs) in CA1 in kainic acid (KA)-treated rats was increased at 10- to 200-ms interpulse
intervals (IPIs). PPF of CA1 PSs following CA3 stimulation at various IPIs (fixed 200-�A intensity) was greater in KA-treated (N�25) than in control
rats (N�26). (A) The amplitude of PS1 was not statistically different between control and KA-treated groups. (B) The amplitude of PS2 was statistically
different between control and KA-treated groups (** P�0.01, two-way repeated measure analysis of variance [ANOVA]). PS2 amplitude was
significantly larger in KA-treated than in control rats at 10-200 ms of IPIs (* P�0.05, ** P�0.01, Tukey’s Protected t-test post-hoc). (C) PS2/PS1 ratio
was significantly different between control and KA-treated groups (**P�0.01, two-way repeated measure ANOVA). PS2/PS1 ratio was significantly
increased at IPIs of 30-200 ms (except 150 ms) in KA-treated as compared with control rats (* P�0.05, ** P�0.01, Tukey’s Protected t-test post-hoc).



compared with control rats, suggesting an enhanced
EPSP to spike (E–S) coupling (Fig. 5). For EPSP1�
1.5mV/ms or EPSP2�2mV/ms, the amplitude of PS (PS1
or PS2) was significantly larger in KA-treated than control
group (Fig. 5, P�0.01–0.001, ANCOVA).

Increased PPF of monosynaptic excitatory dendritic
sinks in CA1 following CA3 stimulation in
KA-treated rats

Laminar profiles of field potentials in CA1 were mapped by
a micropipette following paired-pulse stimulation of CA3b
at 50 ms IPI and 200 �A, which was an intensity that
evoked 60–75% of the maximal PS1 amplitude. In control
rats, CA3b stimulation evoked negative waves at apical
and basal dendrites (line filled areas at SR and SO, re-
spectively, in Fig. 6A) accompanied by a positive wave at

the cell layer. Consistent with a previous study (Roth and
Leung, 1995), CSD analysis revealed that the negative
wave at the basal dendrites corresponded to a sink at str.
oriens (vertical line-filled areas in Fig. 6C), while the apical
dendritic negative wave corresponded to a sink at str.
radiatum (slanted line-filled areas in Fig. 6C), and the cell
layer served as a source. Thus, it has been inferred that
ipsilateral CA3b stimulation provided excitation to both the
basal and apical dendrites of CA1 (Roth and Leung, 1995),
but the peak excitation was significantly larger at the apical
dendrites (str. radiatum) than basal dendrites (str. oriens)
in control rats (Table 1, P�0.001, paired t-test).

The basal dendritic sink in CA1 following paired-pulse,
but not single-pulse, CA3b stimulation was increased in
KA-treated as compared with control rats (Table 1). In
contrast, the apical dendritic (str. radiatum) sink was
smaller, although not statistically significantly, in KA-
treated as compared with control rats (Table 1). The PPF
of the peak sink amplitude in both str. oriens and radiatum
following paired-pulse CA3b stimulation was significantly
larger in the KA-treated than in the control group (Table 1).
KA-treated rats also showed a more prolonged EPSP sink
as compared with control rats. The half-peak duration of
the str. oriens sink was significantly longer for KA-treated
than control rats, after either the first or the second pulse,
while the half-peak duration of the str. radiatum sink was
significantly longer for KA-treated than control rats only
after the second pulse (Table 2).

Enhancement of CA1dendritic spikes following CA3
stimulation in KA-treated rats

In control rats, CA3b stimulation of moderate intensity (200
�A) resulted in a PS in CA1 (AEP profiles in Fig. 6A). CSD
analysis showed that the sharp spike sink started at the
proximal apical dendrites and propagated to the cell body
layer of CA1 (star in Fig. 6C, E). The earliest spike sink
was found at the proximal apical dendrites in all rats
(Kloosterman et al., 2001), about 100–150 �m (130�6
�m, N�32) below the cell body layer (arrows in Fig. 6C, E).
The peak latency of the PS was 7.1�0.3 ms (N�32) at the
proximal apical dendrites, which preceded the peak PS
latency of 7.9�0.3 ms at the CA1 cell layer. The propaga-
tion velocity of the population spike over the proximal
apical dendrites was about 0.17 mm/ms.

In most KA-treated rats (74%, or 23 of 31 rats), CA3b
stimulation evoked a CA1 PS that had the earliest latency
at the proximal apical dendrites (Fig. 7A), 119�6 �m
(N�23) away from the cell body layer. This location of the
presumed origin of the population spike in KA-treated rats
was not different from that in control rats. However, popu-
lation spikes in KA-treated rats appeared to propagate
further into the distal parts of str. radiatum (Fig. 7A, C).
Invasion of the population spike (following CA3b stimula-
tion) into the distal dendritic tree �200 �m from the CA1
cell layer (Fig. 7A, E; Fig. 8A) was found in 71% of KA-
treated rats as compared with 25% of control rats
(�(1)�11.7, P�0.01). In addition, a burst of PSs (�2
spikes) was found following the second pulse of paired-

Fig. 5. Excitatory postsynaptic potential (EPSP)-spike coupling in
CA1 was increased in kainic acid (KA)-treated as compared with
control rats. Population spike (PS) amplitude was plotted as a function
of EPSP slope using CA3 stimuli of various intensities but fixed 50-ms
IPI. (A) An S-shaped curve was found for the amplitude of PS following
the first pulse vs EPSP slope following the first stimulus pulse in control
and KA-treated rats, with the curve significantly shifted left in KA-
treated as compared with control rats (P�0.01, analysis of covariance
[ANCOVA]). (B) For the amplitude plot of EPSP slope following the first
stimulus pulse/PS following the second pulse, the curve for KA-treated
rats was significantly above that for control rats (P�0.001, ANCOVA).
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pulse CA3 stimulation in 65% (20 of 31) of KA-treated rats
(Fig. 8A), but in no (0 of 32) control rats.

In 26% (8 of 31) of the KA-treated rats, CA3b stimula-
tion evoked a population spike sink that showed the earli-

est latency at the proximal basal dendrites (hollow arrow in
Fig. 7E), and then propagated to the cell body and apical
dendrites (Fig. 7E). The onset latency of the basal dendritic
spike varied from 5-8 ms (three rats) to 10 ms (five rats),

Fig. 6. Laminar profiles of the average field potentials and current source densities (CSDs) in CA1 after CA3 and medial perforant path (MPP)
stimulation in a control rat. Laminar profiles of average evoked potentials (AEP) in CA1 of a representative control rat (MFA125) mapped at 50-�m
depth intervals (A, B) and the corresponding CSD time transients (C, D and E). Paired-pulse (200-�A, 50-ms interpulse interval) stimulation was
delivered to CA3 (A, C, E) or MPP (B, D). (A, C and E) Following CA3 stimulation, stars indicate population spikes in the CA1 cell layer, and arrows
in C and E indicate the spike with the earliest peak latency at proximal apical dendrites of CA1. Vertical and slanted line-filled areas indicate the
maximum negative potentials or current sinks in the stratum (str.) oriens (SO) and str. radiatum (SR), respectively. (B and D) Following MPP
stimulation, black-filled areas indicate early latency negative potentials or current sinks in the stratum lacunosum-moleculare (SLM). Horizontal dotted
line-filled areas indicate late latency negative potentials or sinks in the str. radiatum. Vertical line-filled area and/or star indicates a small late sink in
the str. oriens. Hollow arrows and shaded areas with open arrows indicate field potentials and early current sinks in the str. oriens. (E) The traces in
dotted box in C were shown in a larger time scale. Line with arrowhead indicates the direction of spike propagation. Dots indicate stimulation artifacts.
Scale bars in A and B are 5 mV and 10 ms. Scale bars in C, D and E are 500 mV/mm2 and 10 ms. Positive or source is up.

Table 1. Increased stratum oriens but not stratum radiatum EPSP sink in KA-treated than in control rats following paired-pulse stimulation of CA3
(200 �A, 50 ms interpulse interval, IPI)

Sink site Treatment (N) Peak sink EPSP1
(mV/mm2)

Peak sink EPSP2
(mV/mm2)

EPSP2/EPSP1

Stratum Control (32) 327�25 350�20 1.2�0.2
Oriens KA (31) 314�30 469�37*† 1.6�0.1*
Stratum Control (32) 556�51 542�43 1.0�0.05
Radiatum KA (31) 427�48 486�41 1.3�0.1*

* P�0.01, as compared to control group.
† P�0.01, as compared to corresponding pulse 1 (non-parametric Wilcoxon test).
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suggesting that the spike may arise from mono- or
polysynaptic excitation of the basal dendrites. No CA1 PS
with a proximal basal dendritic origin was found following
CA3b stimulation in control rats.

Enhancement of the monosynaptic distal apical
dendritic current sink in CA1 following MPP
stimulation in KA-treated rats

MPP stimulation evoked a short-latency synaptic excitation
of the distal dendrites of CA1 pyramidal cells. In control
rats, the latter was manifested as a negative wave in the
distal apical dendrites (Fig. 6B). CSD analysis revealed an
SLM sink of 2–4 ms onset latency (black-filled area, Fig.
6D) accompanied by a source at str. radiatum. The second
pulse of a paired-pulse stimulation of MPP always evoked
a larger SLM sink than the first pulse (Leung et al., 1995).
The SLM sink in response to paired pulses was signifi-
cantly larger in KA-treated than in control rats, although the
first-pulse response was not significantly different between
the two groups (Table 3). The onset and peak latencies or
half-peak duration of the SLM sink were not statistically
different between the control and KA-treated rats (data not
shown).

A short-latency (�10 ms) PS in CA1 was not found in
control rats after MPP stimulation (200 �A), as reported
before (Leung et al., 1995). In contrast, a short latency
(4–6 ms) PS in CA1 following MPP stimulation was found
in 65% (20 of 31) of KA-treated rats. The spike followed the
early (2–4-ms onset) MPP-evoked distal apical dendritic
excitation (SLM sink; black-filled areas in Fig. 7B, F). In
most KA-treated (15 of 20) rats with a PS, an active spike
sink was found in the middle or distal apical dendrites,
200 �m from the cell body layer (X in Fig. 7B, F). In eight
of 15 rats, the distal apical dendritic spike seemed to follow
a proximal apical dendritic or cell layer spike (Fig. 8B). In
seven of 15 rats, the spike appeared to start at the mid-
distal apical dendrites and propagated to the proximal
parts of apical dendrites (arrowhead in Fig. 7B, white ar-
rows in Fig. 7D).

MPP stimulation also evoked an early latency (2.5–5
ms) sink in the distal basal dendrites of CA1 in some
control (five of 25) and KA-treated (eight of 22) rats (shad-
ed areas with hollow arrows in Fig. 6D, 7B). The early
distal basal dendritic sink was small (�100 mV/mm) and
not significantly different between KA-treated and control
groups.

Changes in trisynaptic excitation in CA1 following
MPP stimulation in KA-treated rats

MPP stimulation evoked a late negative wave of �9 ms
onset latency in the apical dendrites (Fig. 1B), which cor-
responded to a sink at in the str. radiatum accompanied by
a large source in the stratum pyramidale (SP) and a small
source in the distal SLM (slanted line-filled areas in Fig.
6B). As shown in previous studies (Andersen et al., 1971;
Leung et al., 1995; Yeckel and Berger, 1998), the proper-
ties of this late CA1 sink corresponded to a trisynaptic
excitation of CA1 following MPP stimulation. The peak
amplitude of the late str. radiatum sink was significantly
smaller in KA-treated than control rats following the sec-
ond, but not the first, pulse of a paired-pulse stimulation of
MPP (Table 3). The ratio of the peak amplitude of the late
str. radiatum sink was also statistically smaller in KA-
treated than control rats (Table 3). MPP stimulation also
evoked a late sink (�9 ms) in the basal dendrites of CA1 in
control and KA-treated rats (hollow arrow in Fig. 6D, 7B).
The peak amplitude of late str. oriens sink was significantly
larger in KA-treated than control rats following the second,
but not the first, pulse of paired-pulse stimulation of MPP
(Table 3).

In control rats, MPP stimulation (�600 �A of stimulus
intensity) did not evoke a trisynaptic (9 ms) PS in CA1. In
KA-treated rats, the second pulse of a paired-pulse MPP
stimulation (200 �A) resulted in a late (9 ms) PS in CA1
in 32% (10 of 31) of the rats (data not shown).

Polysynaptic PS sinks in CA1 following CA3
stimulation in KA-treated rats

In addition to the early-latency PSs, the second pulse of
paired-pulse CA3 stimulation evoked long-latency (10
ms) PSs in CA1 in 32% (10 of 31) of KA-treated (Fig. 7E),
but 0% (0 of 32) of control rats. The late PS appeared to
start at the proximal str. oriens in CA1 (not shown) at 11-15
ms (five rats) and �20 ms (five rats). Three KA-treated rats
clearly showed a late PS sink (�20 ms of onset latency) at
the distal apical dendrites (“late” and X in Fig. 7E), in
addition to an early PS in the CA1 cell layer (star in Fig.
7E).

Bicuculline-induced paroxysmal activity that
depended on NMDA and non-NMDA receptors

In both control (N�6) and KA-treated (N�5) rats, i.c.v.
bicuculline induced PS bursts following CA3 stimulation

Table 2. Increased duration of EPSP sink at CA1 stratum oriens and stratum radiatum in KA-treated as compared to control rats following paired-pulse
CA3 stimulation (200 �A, 50 ms IPI)

Sink site Treatment (N) Onset latency (ms) Peak latency (ms) Half-peak duration (ms)

Pulse 1 Pulse 2 Pulse 1 Pulse 2 Pulse 1 Pulse 2

Stratum Control (32) 5.8�0.4 5.6�0.4 11.9�0.4 11.9�0.5 15.8�0.4 16.7�0.4
Oriens KA (31) 5.4�0.4 5.1�0.4 12.8�0.6 13.2�0.5 17.6�0.7* 19.0�0.6**
Stratum Control (32) 4.6�0.2 4.1�0.2 10.6�0.3 10.2�0.3 14.8�0.4 14.9�0.3
Radiatum KA (31) 5.0�0.8 4.3�0.4 11.2�0.7 10.8�0.6 15.7�0.7 16.2�0.7*

* P�0.05, ** P�0.01, as compared to control group (non-parametric Wilcoxon test).
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Fig. 7. (Caption overleaf).
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and increased the duration of the sink at str. radiatum (Fig.
9A, B). The amplitude of the first spike in PS bursts and the
duration of the str. radiatum sink after bicuculline in KA-
treated rats were larger than the respective measures in
control rats (P�0.05). The combination of glutamate iono-
tropic antagonists, CNQX and D-AP5, abolished PS bursts
and decreased the peak str. radiatum sink in CA1 of con-
trol rats by 94�4.8% (Fig. 9A, N�4). In KA-treated rats,

the combination of CNQX and D-AP5 decreased the peak
str. radiatum sink by 24�7.6% (Fig. 9B; N�4), significantly
less than in control rats (P�0.05, Wilcoxon). Typically, an
early PS was still observed in KA-treated (but not control)
rats after administration of i.c.v. bicuculline followed by
CNQX and D-AP5 (star in Fig. 9B, D). CNQX alone (not
shown) suppressed the responses almost as well as the
combination of CNQX and D-AP5. D-AP5 alone (N�2 in

Fig. 8. Dendritic spikes invaded apical dendrites of CA1 in a kainic acid (KA)-treated rat as recorded simultaneously by a silicon probe. Current source
densities (CSDs) in CA1 of a KA-treated rat following CA3 (A) or medial perforant path (MPP) (B) stimulation, derived from average evoked potentials
(AEPs) simultaneously recorded by a 16-channel silicon probe (100-�m spatial intervals). (A) Dotted line traces show CSDs of excitatory postsynaptic
potentials (EPSPs) without population spikes (PSs) after low-intensity (20 �A, 50-ms interpulse interval [IPI]) CA3b stimulation; the maximal sink
(shaded gray) is shown in stratum (str.) radiatum. Solid line traces evoked by moderate stimulus intensity (200 �A) show the onset of the PS at the
proximal apical dendrites (arrow) or cell layer, and subsequent propagation (line with arrowhead) to the distal apical dendrites. PS at distal apical
dendrites labeled with cross (X). (B) Following MPP stimulation of low intensity, dotted lines indicate early EPSP sink (shaded gray for maximal sink
after first pulse) at stratum lacunosum-moleculare and str. radiatum, while PS appears to start at the proximal apical dendrites or cell layer in this rat,
and then invade the distal str. radiatum (X). Open circle indicates artifact corresponding to the source of dentate PS that invaded into CA1 because
the relatively large CSD spatial interval (100 �m). Scale bars are 500 mV/mm2 and 10 ms. (MFA129). Source is up.

Fig. 7. Current source density (CSD) shows that population spikes (PSs) in CA1 often involved the mid and distal apical dendrites in KA-treated rats.
(A, B) A representative rat (MFA42) shows PS following paired-pulse (200 �A, 50-ms interpulse interval [IPI]) stimulation of CA3 (A) and medial
perforant path (MPP) (B). (A) Excitatory postsynaptic potential (EPSP) current sinks in the stratum (str.) oriens (SO) and str. radiatum (SR) are
illustrated by areas filled with vertical and slanted lines, respectively. The shortest latency of the PS is seen at the proximal apical dendrites (arrow).
The PS then propagated proximally to near the cell layer (str. pyramidale [SP]), indicated by a star, or distally to str. radiatum or stratum
lacunosum-moleculare (SLM); distal apical spike sink indicated by a cross (X). (B) Short-latency EPSP sink filled with black in SLM. Shaded areas with
hollow arrows in indicate the early sink in the str. oriens. PS following SLM excitation appears to start at the distal dendrites (X) and propagate to the
cell layer, but a smaller, earlier, proximal apical dendritic spike (onset in str. radiatum) is also shown. (C) CSD contour plot (blue is sink, and red is
source) corresponding to (A). The slow EPSP sinks in the str. oriens and str. radiatum (blue areas) accompany the source in SP (red area). Spike
propagation is indicated by the arrow along a blue strip. (D) CSD contour plot of (B) reveals the large PS after each pulse started at the distal apical
dendrites and propagated toward the cell layer (white arrows), while the smaller, earlier spike started at the proximal apical dendrites (black arrows).
(E and F) CSD time transients of another KA-treated rat (MFA25) following paired-pulse (200 �A, 50-ms IPI) stimulation of CA3. Notations same as
before. (E) Following CA3 stimulation, a PS started at the proximal basal dendrites and propagated to the apical dendrites. The second pulse evoked
a late PS that started at distal str. radiatum. (F) Following MPP stimulation, PSs apparently started at various parts of the proximal dendrites. All parts
of figure: Dots indicate the stimulation artifacts. Scale bars are 500 mV/mm2 and 10 ms. Source is up.
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control and KA-treated rats) decreased the duration of the
long str. radiatum sink after bicuculline (Fig. 9C, D), sug-
gesting that the late str. radiatum sink was mediated partly
by NMDA receptors. However, in both control and KA-
treated rats, the number of early PS bursts (arrow in Fig.
9C, D) was increased and the late paroxysmal discharges
(hollow arrow in Fig. 9C, D) were abolished by D-AP5.

DISCUSSION

We found that after 2–4 months of KA treatment, the basal
and distal apical EPSPs were enhanced in CA1 following
stimulation of CA3 and MPP. Membrane excitability, in
particular following paired-pulse stimulation, was en-
hanced in KA-treated rats as compared with control rats.
The spike enhancement resulted from an increase in E-S
coupling and an increase second-pulse EPSP. The PSs
originated from and actively invaded the distal apical den-
drites (200 �m from the cell layer) more often in KA-
treated than control rats.

Excitation increase and inferred inhibition loss after
KA treatment

CSD analysis in this study has distinguished excitatory
currents at three different locations on the dendritic tree of
CA1 pyramidal cells: basal–dendritic, midapical–dendritic
and distal–apical–dendritic. At each dendritic site, an af-
ferent stimulus evoked a current sink of 15–30-ms duration
that could be accompanied by PS (and unitary spikes) and
blocked by CNQX and D-AP5 (Fig. 9). Thus, we infer that
the dendritic current sink corresponds to macroscopic
(population) excitatory synaptic currents. In KA-treated
rats as compared with control rats, monosynaptic excita-
tion of CA1 (after CA3b stimulation) at str. radiatum (mi-
dapical dendrites) was marginally decreased (Table 1; Fig.
2), while trisynaptic excitation at str. radiatum after MPP
stimulation was significantly decreased (Table 3). We, and
others (see Introduction), did not find evidence of an in-
creased CA1 inhibition after KA treatment, and the de-
crease in the CA3 to CA1 excitation at str. radiatum is
readily explained by the degeneration of CA3 pyramidal
cells. In this study, as in other studies (Esclapez et al.,
1999; Nadler et al., 1980), KA treatment resulted in loss of
CA3c and CA3b cells more than CA3a cells (see Fig. 2A of
Wu and Leung, 2001). Since CA3c cells project preferen-
tially to the apical dendrites, while CA3a cells project pref-

erentially to the basal dendrites (Ishizuka et al., 1990; Li et
al., 1994), a decrease in str. radiatum excitation is to be
expected.

Increase in paired-pulse current sinks was found at the
distal apical dendrites and basal dendrites of CA1 in KA-
treated as compared with control rats (Tables 1 and 3).
Basal dendritic (str. oriens) excitation following CA3b stim-
ulation was relatively small in the control rats (Roth and
Leung, 1995), although CA3a stimulation evoked large str.
oriens sinks accompanied by PSs (Kloosterman et al.,
2001), suggesting that the str. oriens sink was generated
by excitatory postsynaptic currents. The latter sink evoked
by CA3b stimulation was greatly increased in KA-treated
rats (Fig. 6, 7; Table 1), such that the peak sinks at str.
oriens and str. radiatum were of comparable amplitudes.
Several factors may contribute to the enhancement of
basal dendritic excitatory transmission in CA1. First, the
latter synapses show robust LTP in vivo (Kaibara and
Leung, 1993; Roth and Leung, 1995), and seizure activity
may induce a similar LTP. Second, recurrent excitation
among CA3a/b pyramidal cells, which project heavily to the
basal dendrites of CA1 (Ishizuka et al., 1990; Li et al.,
1994), would contribute to the increase in polysynaptic
CA3 to CA1 basal dendritic excitation (Roth and Leung,
1995). Third, axon collateral sprouting of CA1 pyramidal
cells after KA treatment was found preferentially in str.
oriens (Esclapez et al., 1999; Perez et al., 1996), suggest-
ing that stronger recurrent (polysynaptic) excitation may
occur at the basal dendrites of CA1.

The distal apical dendritic excitation of CA1 following
MPP stimulation was enhanced in KA-treated rats, as com-
pared with control rats (Table 3). A short-latency (�9 ms)
PS could be evoked by MPP stimulation in CA1 in 65% of
KA-treated rats (Fig. 7B), but not in control (0%) rats
(Leung et al., 1995). Thus, direct EC control of CA1 was
increased following KA treatment.

Enhanced excitation was also revealed when inhibitory
GABAA receptors were blocked by bicuculline. Bicuculline
increased the duration of the str. radiatum sink, more in
KA-treated than in control rats. One possible mechanism for
the prolonged radiatum sink is that bicuculline induced disin-
hibition of CA3 cells (Wong and Traub, 1983), which recur-
rently excited each other, and then projected to CA1. The
duration of the radiatum sink may reflect a prolonged
polysynaptic excitation from CA3 and possibly activation of
NMDA receptor currents in CA1. In the KA-treated rats, the

Table 3. The peak amplitude and the paired-pulse ratio of the early stratum lacunosum-moleculare (SLM) sink and the late (�9 ms onset) sinks in
stratum oriens or stratum radiatum of CA1 following MPP stimulation (200 �A, 50 ms IPI) in control and KA-treated rats

Sink site Treatment (N) EPSP1 (mV/mm2) EPSP2 (mV/mm2) EPSP2/EPSP1

Early SLM Control (32) 174�15 239�20# 1.4�0.06
KA (31) 221�21 337�29**# 1.6�0.05*

Stratum Control (21) 72�7 99�8# (26) 1.6�0.2
Oriens KA (18) 81�7 168�23*# (21) 2.3�0.3*
Stratum Control (30) 115�14 390�36## (32) 4.1�0.4
Radiatum KA (20) 103�10 229�28**## (22) 2.4�0.4**

* P�0.05, ** P�0.01, as compared to control. # P�0.05, ## P�0.01, as compared to corresponding pulse 1. A non-parametric Wilcoxon test was used.
Bracketed value (N) under “Treatment” refers to number of rats for EPSP1 and (EPSP2/EPSP1) ratio; some rats showed EPSP2 but not EPSP1.
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excitatory sinks following bicuculline administration were not
completely blocked by CNQX and D-APV (Fig. 9). We sug-
gest that synaptic activations in KA-treated (but not control)
rats released high concentrations of glutamate that competed
favorably with the competitive antagonists (CNQX and D-
APV) for binding to the non-NMDA or NMDA receptors. Al-
teration of antagonist efficacy is possible, but we have no

evidence of this. The spike bursts were blocked by non-
NMDA and NMDA receptor antagonists, consistent with pre-
vious in vitro studies (Bernard and Wheal, 1995; Simpson et
al., 1991; Turner and Wheal, 1991).

The increase of the second-pulse rather than the first-
pulse excitation in KA-treated rats as compared with con-
trol rats may suggest presynaptic and postsynaptic mech-

Fig. 9. Kainic acid (KA)-treated and control rats responded differently to GABAA and glutamate receptor antagonists. (A–D) Current source density
(CSD) profiles were derived from simultaneous recordings in CA1 using a 16-channel silicon probe. Bicuculline (1.5 �l of 20-mM bicuculline
methoiodide i.c.v.) induced spike bursts (arrows) and increased sink duration in CA1 (first-pulse excitatory postsynaptic potential [EPSP] sink in the
stratum (str.) radiatum shaded in gray) in both control (A) and KA-treated rat (B). The sink duration was longer and spike bursts were larger after
bicuculline in the KA-treated (B) than the control rat (A), and a mixture of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and D-2-amino-5-phospho-
nopentanoic acid (D-AP5) (i.c.v.) suppressed the responses almost completely in the control rat (A), but only partially in the KA-treated rat (B). (C) In
another control rat, D-AP5 alone blocked the bicuculline-induced late discharges (hollow arrows), but not the early responses (solid arrows), while
adding CNQX blocked the early responses as well. (D) In another KA-treated rat, D-AP5 alone also blocked the late paroxysmal discharges (open
arrows) but it enhanced the early spike bursts (solid arrows); subsequent CNQX abolished the bursting but a single population spike remained after
the second pulse. Dots indicate the stimulation artifacts. Scale bars are 500 mV/mm2 and 10 ms. Source is up.
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anisms. Presynaptic facilitation through residual Ca (Wu
and Saggau, 1997; Zucker, 1989) and enhancement of
glutamate release would increase the PPF of the EPSPs in
CA1 as reported following kindling in vitro (Zhao and
Leung, 1991). A decrease in postsynaptic dendritic inhibi-
tion would remove inhibitory shunting and increase the
amplitude and duration of an EPSP. Dendritic inhibition
may be impaired as a result of a loss in excitation to the
inhibitory interneurons (Bekenstein and Lothman, 1993;
Hirsch et al., 1999), or a loss of selective interneurons that
project to the dendrites (Best et al., 1993; Best et al., 1994;
Freund and Buzsaki, 1996; Morin et al., 1999). Dendritic
but not somatic inhibition was inferred to decrease in vitro
following experimental epilepsy (Cossart et al., 2001).

We inferred a loss of inhibition in the KA-treated rats in
this study, based on several observations. For a given
EPSP, we showed an original result (see Wheal et al.,
1998) that the amplitude of the spike was increased in the
KA-treated rats as compared with control rats, i.e. the E-S
coupling was increased (Fig. 5). We also found that KA-
treated rats showed, in comparison to control rats, an
increase of PS2 amplitude for a given PS1 amplitude (Fig.
3D), and an increase in PS bursting (Meier and Dudek,
1996; Smith and Dudek, 2001) following the second pulse
(Fig. 3 inset; Fig. 8A). The above results suggest a loss of
inhibition in CA1 (Ashwood et al., 1986; Cornish and
Wheal, 1989; Franck et al., 1988; Franck and Schwartz-
kroin, 1985), although an increase in voltage-dependent
Na and Ca current activation and a decrease in K channel
activation could contribute as well (Magee et al., 1998).

PSs originated at various layers in KA-treated rats

In control rats, an orthodromic PS following CA3b stimu-
lation originated from the proximal apical dendrites (Her-
reras, 1990; Kloosterman et al., 2001). In KA-treated rats,
most PSs following CA3b stimulation also originated from
the proximal apical dendrites, but some PSs started at the
CA1 basal dendrites, likely as a consequence of an in-
creased basal dendritic excitation in KA-treated rats. In
addition, the CA3b-evoked PS propagated into the distal
(200 �m) apical dendrites more often in KA-treated than
control rats. Increase in back-propagating spikes in CA1 in
vitro was also reported in rats after pilocarpine seizures
(Bernard et al., 2001). Most distinctly, a short-latency (�10
ms) PS in CA1 after MPP stimulation was found exclu-
sively in KA-treated rats and not control rats. The MPP-
evoked PSs in CA1 often started from the middle and distal
apical dendrites (200 �m from the cell body) and prop-
agated centripetally to the cell body layer (arrowhead in
Fig. 7B). A previous study reported an enhanced popula-
tion spike in CA1 in freely moving rats following perforant
path stimulation within 5 days after KA injection (Fowler
and Olton, 1984).

Membrane excitability at the distal dendrites was likely
induced by a combination of inhibition decrease and intrin-
sic excitability increase. The role of EPSP is not clear, and
the dendritic spikes often arose from small postsynaptic
excitatory sinks (compare Fig. 7 with Fig. 6), as was ob-
served after acute bicuculline administration (Leung and

Peloquin, unpublished observation). It is known that inhi-
bition normally suppressed the back-propagation of den-
dritic spike (Miles et al., 1996; Tsubokawa and Ross,
1996), while inhibition blockade may shift spike generation
from the axon hillock to the apical dendrites (Golding and
Spruston, 1998). A differential loss in dendritic inhibition
(Cossart et al., 2001) is expected to enhance dendritic
spiking in KA-treated rats, as observed in this study. A
change in Ca channel density (Bernstein et al., 1999), an
enhancement of Na and Ca currents in single CA1 neurons
(Fass et al., 1996; Vreugdenhil and Wadman, 1994;
Vreugdenhil et al., 1998), or a decrease in A-currents in the
distal dendrites (Bernard et al., 2001; Magee et al., 1998)
may also contribute to dendritic spiking (Magee et al.,
1998).

Role of parallel and serial activation of CA1 in
KA seizures

In the normal/control rat, the trisynaptic pathway from EC
to CA1 provides a stronger excitation than the direct tem-
porammonic pathway from EC to CA1 (Leung et al., 1995;
Yeckel and Berger, 1998). If trisynaptic transmission in the
hippocampus is the norm, the DG would act as a gate in
seizure generation (Lothman, 1994), and the increase in
DG inhibition after KA seizures (Buckmaster and Dudek,
1997; Milgram et al., 1991; Nusser et al., 1998; Otis et al.,
1994; Tuff et al., 1983; Wu and Leung, 2001) would further
fortify the gating. However, we found that there was strong,
direct excitation of CA1 by the EC in the KA-treated rats
(Fig. 10), and this persistent increase in EC to CA1 trans-
mission likely contributes to an increased seizure suscep-
tibility, bypassing the gating at the DG.

The whole entorhinal-hippocampal circuit is altered fol-
lowing KA treatment (Fig. 10). Basal dendritic and distal
apical dendritic excitation in CA1 were more important in
KA-treated rats, as compared with the dominance of the
midapical dendritic excitation in control rats. In the KA-
treated rat, transmission of repeated and paired signals
(stimulus pulses) from the EC to the midapical dendrites of
CA1 was suppressed, in part attributed to the DG (Wu and
Leung, 2001). However, the overall response in CA1 fol-
lowing MPP stimulation was enhanced in KA-treated rats,
suggesting an overall increase in throughput in the EC to
CA1 circuit.

Reverberating activation via hippocampo-entorhinal
loop following KA seizures

In the present study, CA3 stimulation resulted in a long
latency (�20 ms) PS sink in the apical dendrites and cell
layer of CA1 in KA-treated rats. The latency of the late CA1
PS was similar to that in the DG (Wu and Leung, 2001)
following stimulation of CA3, suggesting that the EC pro-
jections to the DG and CA1 were activated in parallel in
KA-treated rats (Fig. 10B). The increase in direct EC to
CA1 excitation likely contributes to the strong hippocampo-
entorhinal reverberations in KA-treated rats, but the com-
plete multisynaptic pathway may involve CA33CA1/
subiculum3EC3MPP3CA1 (Fig. 10B). Reverberation
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through hippocampo-entorhinal loop was proposed to sus-
tain and amplify epileptiform activity in various preparations
(Pare et al., 1992; Stringer and Lothman, 1992; Wu and
Leung, 1999). As a consequence of the latter reverberant
activity, synchronous epileptiform discharges may propagate
from the hippocampus and the EC to the rest of the brain. EC
cell loss, in particular in layer III cells that projected to CA1,
was reported in human TLE and various animal models of
TLE (Du et al., 1995). However, no obvious cell loss in the EC
was found in the KA-treated rats of this study. Complete EC
cell loss would eliminate hippocampo-entorhinal reverbera-
tions, but partial EC cell loss may increase EC excitability and
contribute to the reverberations.

In conclusion, KA-treated rats showed alterations in
dendritic excitatory transmission in CA1. Basal and distal
apical dendritic excitation showed the largest increase af-
ter KA treatment, resulting in PSs that originated from the
basal or distal apical dendrites. The increase in paired-
pulse excitability in CA1 following perforant path stimula-
tion suggests an overall proconvulsant change in the en-
torhinal-hippocampal circuit, characterized by robust direct
entorhinal-CA1 excitation and hippocampo-entorhinal re-
verberations.
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