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ENHANCED BUT FRAGILE INHIBITION IN THE DENTATE GYRUS IN VIVO
IN THE KAINIC ACID MODEL OF TEMPORAL LOBE EPILEPSY: A STUDY
USING CURRENT SOURCE DENSITY ANALYSIS

K. WU and L. S. LEUNG*
Departments of Clinical Neurological Sciences and Physiology, University of Western Ontario, London, Ontario, Canada N6A 5A5

Abstract—Temporal lobe epilepsy is related to many structural and physiological changes in the brain. We used kainic acid
in rats as an animal model of temporal lobe epilepsy, and studied the neural interactions of the dentate gyrus in urethane-
anesthetized rats in vivo. Our initial hypothesis was that sprouting of mossy fibers, the axons of the granule cells, increases
proximal dendritic excitatory currents in the inner molecular layer of the dentate gyrus. Extracellular currents were detected
in vivo using current source density analysis. Backfiring the mossy fibers in CA3 or orthodromic excitation of the granule
cells through the medial perforant path induced a current sink at the inner molecular layer. However, the sink or inferred
excitation at the inner molecular layer was not increased in kainic acid-treated rats and the sink actually correlated
negatively with the degree of mossy fiber sprouting. It is inferred that the latter sink was mediated mainly by association
fibers and not by recurrent mossy fibers. After kainic acid treatment, paired—pulse inhibition of the population spikes in the
dentate gyrus was increased. In contrast, reverberant activity that involved looping around an entorhinal—hippocampal
circuit was increased in kainic acid-treated rats, compared to control rats. The increase of inhibition in kainic acid-treated
rats was readily blocked by a small dose of GABA4 receptor antagonist bicuculline. The latter dose of bicuculline induced
paroxsymal spike bursts in kainic acid-treated but not control rats, demonstrating that the increased inhibition in dentate
gyrus was fragile.

In conclusion, after kainic acid induced seizures, the dentate gyrus in vivo showed an increase in inhibition that appeared
to be fragile. The hypothesized increase in proximal dendritic excitation due to mossy fiber sprouting was not detected.
However, the fragile inhibition could explain the seizure susceptibility in patients with temporal lobe epilepsy. © 2001
IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Temporal lobe epilepsy (TLE) in humans is often accom-
panied by prominent neuropathology such as cell loss
and mossy fiber sprouting (MFS).>2!31:4359 Tt is unclear
whether MFS causes further functional changes or
increases seizure susceptibility. Previous studies suggest
that MFS mediates recurrent excitation and enhances
action potential bursts among granule cells in the dentate
gyrus (DG).%1843:5061.68.2,184361 The recurrent excitation
mediated by MFS after seizures may normally be masked
by recurrent inhibition.®!33%%8 In contrast, it has also been
suggested that the sprouted mossy fibers may increase
inhibition by synapsing on inhibitory interneurons in
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the inner molecular layer (IML) of the DG and in the
hilus.?*3*7  Electrophysiological studies in different
animal models of TLE"%!42454963 or in human
TLE?326065 typically showed an increase in inhibition
in the DG, although there were also reports to the
contrary.>-%%% There is evidence that seizures induce a
change in the composition of the GABA , receptor’, such
that the receptor may respond differently to benzodiaze-
pine or Zn?" after seizures.”!*

The main goal of this study was to investigate how
synaptic transmission in the DG was altered at a long
time (two to four months) after kainic acid (KA) injec-
tion. KA induced limbic seizures and resulted in pathol-
ogy in rats that was similar to that in TLE in humans,
including cell loss and MFS. 81848506168 The DG is a main
gateway into the hippocampus>* and it has been
suggested to gate seizures as well.’**! A major afferent
of the DG is the medial perforant path (MPP) derived
from the medial entorhinal cortex,’*** while CA3
provides an important recurrent feedback.!%® Both MPP
and CA3 were stimulated in this study, and the field
potentials were mapped in the DG. Current source density
(CSD) analysis was used to reveal the macroscopic
currents mediated by functional synapses at a particular
layer in the DG.364
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Other than comparing the field synaptic currents
induced by various inputs to the DG, in particular, we
reasoned that MFS may result in recurrent excitation in
the IML that should be revealed using CSD analysis.
Excitation of the granule cells at the IML would result
in an inward current or current sink in the IML accom-
panied by outward currents in other parts of the granule
cells. Thus, we initially hypothesized that MFS in KA-
treated rats would be accompanied by an increase in an
IML sink following orthodromic and antidromic activa-
tion of the dentate granule cells. In addition, we also
studied how the paired—pulse inhibition in the DG may
be affected by different degrees of inhibitory blockade
using a GABA, receptor antagonist.

EXPERIMENTAL PROCEDURES

This project was concerned with the change in the brain in vivo
after experimental seizures, and it could not be carried out using
only in vitro preparations. Experimental procedures with animals
were approved by the University Animal Use Committee. All
efforts were made to minimize the number of animals used and
their suffering.

Kainic acid injection

Male hooded (Long—Evans) rats (50-60 days old) were
injected with KA (Sigma, St. Louis, MO) i.c.v. at | mm posterior
(P) to bregma, 1.4 mm lateral (L) to the midline, and 4.2—4.4 mm
ventral to the skull surface under sodium pentobarbital (60 mg/kg,
i.p.) anesthesia. KA was injected (0.5 pg in 1 pl volume of arti-
ficial cerebrospinal fluid; aCSF) over a 10 min period per side and
the injection needle was left in place for another 2 min. Both
unilateral (n=17) and bilateral (n=14) injections were
performed. The seizures were monitored for at least 6 h after
injection. Control animals were injected with aCSF or saline.

Electrophysiology after kainic acid 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
apparatus. The surgical, stimulation, recording, and analysis
procedures were similar to those used in a previous report.%
The stimulating and recording electrodes were placed on the
same side that KA was injected, whether the injection was uni-
lateral or bilateral. Stimulating electrodes (125 wm Teflon-
insulated steel wires) were placed at: (i) the MPP: P 8, L 4.4, D
3.0-3.3 (D =depth below the skull surface) to orthodromically
activate the DG (Fig. 1A); and (ii) CA3b: P3.2, L 3.2 and D 3.6-
4.0 mm to antidromically stimulate the mossy fibers (Fig. 1B).
However, as shown previously,% CA3b stimulation also excited
the DG and CA3c (Fig. 1B). The depth of the stimulus electrode
was optimized by small steps (=0.1 mm) in order to evoke the
largest responses. Photo-isolated 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.

The field potentials were recorded in dorsal hippocampus at
P 3.2-4.0, L 2.2-2.6 using either a glass micropipette or al6-
channel silicon probe. The glass micropipette filled with 2 M
sodium acetate and 4% pontamine sky blue (5-15M()) was
mounted on a Burleigh microdrive (1 wm step resolution) and
lowered in a track that passed through CAl and DG. The field
potentials were amplified and bandpass filtered between 0.1 Hz (6
dB/octave roll off to low frequency) and 2 kHz (12 dB/octave roll
off to high frequency). The evoked potentials were digitized at
10 kHz and averaged (eight sweeps) using a custom program on a
microcomputer. At the granule cell and middle molecular layers
of the DG, the input/output profiles were recorded following
paired—pulse stimulation of MPP or CA3, using various intensi-
ties (10-600 wA) and interpulse intervals (IPIs; 10—200 ms). An

automated laminar profile of average evoked potentials was then
recorded sequentially, in a deep-to-surface direction. At one
depth, responses to two stimulation sites (CA3 and MPP) were
recorded before moving up to the next recording depth. Paired—
pulses of 200 wA intensity (see Results for justification) and
50 ms IPI were delivered to each stimulus site. A profile at 50-
pm depth intervals and spanning ~1 mm (from the ventral to
dorsal blade of the DG) took about 60 min. Average responses
were also recorded at a non-moving glass electrode in the DG
during the mapping, and deviations of the average peak response
of <10% from the grand mean was considered an acceptable
level of stationarity.

The silicon probes were kindly provided by the NIH Center for
Communications Technology, University of Michigan. The probe
used had 16 recording pads separated by 100 wm on a vertical
shank. It was lowered vertically into the DG and its position was
optimized based on the evoked responses. The field potentials
were amplified by a two-stage amplifier (AC Instrumentation
Inc, Seattle, WA). Following a high pass (0.08 Hz) filter, the 16
channels were simultaneously recorded by means of 16 sample-
and-hold circuits and digitized at 20 kHz. Single or average (typi-
cal four) sweeps of evoked potentials were stored in a micro-
computer using a custom program.

Drug administration

The GABA, receptor antagonist bicuculline methiodide
(sigma) was injected at two doses i.c.v. Seven control and eight
KA-treated rats were given 1.5 pl of 5 mM bicuculline in aCSF.
For simplicity of description, we refer to the latter as the low dose
of bicuculline. Six control and four KA-treated rats were given
1.5 pl of 20 mM bicuculline in aCSF, which we will refer to as
the high dose of bicuculline. The field potentials were recorded
using the 16-channel silicon probe before and after bicuculline
injection.

Data analysis

CSDs were calculated in one (z-) dimension, assuming that
currents in the x- and y- directions were negligible, using the
formula5-363747

o

CSD(2) = [ [2¢(z) — Pz + 2Az2) — p(z — 2Az)] ]

(2Az2)?

where CSD(z) is the current-source-density at depth z, ¢(2) is
the average evoked potential at depth z, Az is the depth interval
(typically 50 wm for glass pipette recording, 100 wm for 16-
channel probe recording), and o, is the conductivity in the z-
direction, assumed homogeneous. CSDs were calculated in
units of mV/mm,? proportional to the actual current densities.
All values of CSD should be multiplied by the conductivity
(o,) to give actual current densities. Pilot studies in normal or
KA-treated rats showed similar CSD depth patterns for the IML
sink (or any other events) mapped at Az of 25 or 50 pwm, suggest-
ing that mapping at 50-pm intervals was adequate for CSD analy-
sis of the IML or other sinks such as the middle molecular layer
(MML).

The onset latency and the peak amplitude of the maximal sink
in various layers of the DG were measured. The slope of the late
MML sink was measured before the onset of the late population
spike (PS). Input/output curves were constructed from the aver-
age field potentials recorded by the 16-channel probes. Excitatory
postsynaptic potential (EPSP) slope was measured at MML in a
1.5-2-ms time window (starting from 0.2-0.4 ms after EPSP
onset and ending 1.5-2 ms later, at least 0.2 ms before the
onset of a population spike). The paired—pulse ratio of EPSP
slope was estimated as the ratio of the slope of the second
(EPSP2) to the first (EPSP1), following paired—pulse MPP stimu-
lation. The amplitude of each PS at the granule cell layer was
measured from the onset to the negative peak. The paired—pulse
ratio of the DG population spike was estimated as the ratio of the
peak amplitude of the second (PS2) to the first (PS1) population
spike following paired—pulse MPP stimulation. The number of
the population spikes in each burst evoked by a single stimulus
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Fig. 1. Schematic diagrams of electrode placement and typical responses. Placement of recording and stimulating electrodes for
orthordromic (A) and antidromic (B) stimulation of the DG. (A) Stimulation (Stim) of MPP orthordromically activates the DG
resulting in a monosynaptic negative wave in the MML and a population spike (star) in the GCL of the DG (right panel of field
potentials). Black filled circles indicate stimulation artifacts. Recording (Rec) was either by a moving microelectrode or a fixed 16-
channel silicon probe. (B) Stimulation of mossy fibers at CA3b antidromically activates the DG and CA3c resulting in an antidromic
spike in the GCL (open circle) and CA3c pyramidal cells (open arrow), respectively. CA3 stimulation also resulted in negative
waves in the IML (black-filled area) and MML of the DG via activation of associational fibers and branching of MPP in CA3,
respectively. CA3 stimulation evoked a long-latency negative wave in the MML (dotted area) via the CA3 — CAl/subiculum —
EC— MPP— DG loop. Dots indicate the stimulation artifacts.

was counted. Analysis of variance (two-way repeated measures
ANOVA followed by Tukey’s Protected r-test, ANCOVA), a
non-parametric Wilcoxon test, paired t-test and x> were used
for testing statistical significance (P < 0.05).

Histology

At the end of each experiment, each stimulating electrode posi-
tion was marked by a lesion made by passing DC current of
0.5 mA for 1 s (Fig. 2A). The locations of the glass pipette record-
ing electrode, typically placed at the granule cell layer as esti-
mated by electrophysiological criteria (Fig. 1B), were marked by
dye ejected from the micropipette by a 5—10-pA anodal current at
each location for 10 min. Examples of the dye ejected are shown
in Fig. 2C. Recording sites of the silicon probe were not directly
verified, but the location of the maximal sink of the DG popula-
tion spike was considered the landmark of the granule cell layer,
as verified by dye ejection from a glass micropipette lowered in
the same track as the probe. Under deep anesthesia, the animals
were transcardially perfused with 1% buffered sodium sulfide
solution (pH 7.4) 100 ml, 1% paraformaldehyde + 1.25% glutar-
aldehyde 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 solu-
tion for 24 to 48 h. Coronal sections of 40 wm thickness were cut
using a cryostat. One set of sections was stained with thionin to
verify the electrode placement and cell loss. Another set of

sections was processed for modified Timm’s sulfide stain'® to
assess MFS (Fig. 2B). Some of these sections were re-stained
with thionin. The slides were coated with 0.5% gelatin prior to
development. The development was carried out in a solution
consisting of 50% w/v gum arabic (120 ml), 20 ml citrate buffer
(5.1 g citric acid, 4.7 g sodium citrate), 5.7% hydroquinone
(30 ml), and 0.8% silver lactate (30 ml) in a dark water bath at
26°C for 70—90 min. The slides were then rinsed in running tap
water for 20-30 min. Some slides were counterstained lightly
with thionin, dehydrated, cleared in xylene, and coverslipped
with Permount.

Quantification of Timm’s stain in the inner molecular layer

The average optical density (OD) of the Timm’s stain in the
IML of each blade of the DG (dorsal or ventral) was used to
quantify the various degrees of MFS caused by KA-seizures.
The images of three coronal sections of each rat, within 1 mm
from the recording track, were captured by a video camera using a
Zeiss Axioskop microscope equipped with a computer-based
image system (Northern Eclipse imaging software, ImageExperts,
Missisauga, ON). OD was represented as a grey value between
white (0) to black (255). The IML and outer 2/3 molecular layer
of the DG were respectively outlined and the average grey value
within each encircled region was determined by image analysis
software (NIH Image; v. 1.57; public domain) for each section.
In each section, the difference between the grey value at IML
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Fig. 2. Examples of MFS and recording tracks. (A, B) Thionin (A) and Timm’s (B) stained sections from control (column 1) and KA-
treated rats. MFS in the ventral blade of the DG in KA-treated rats was classified as weak, mild and robust (column 2, 3 and 4,
respectively). Note that the hilar and CA3 cell loss in weak MFS was not as severe as those in mild MFS or robust MFS (ventral blade
of the DG). White stars indicate cell loss, and white diamond in A2 indicates pockets of surviving CA3 cells. Black stars indicate
dense positive Timm’s stain in the IML of the DG. In the examples shown, positive IML Timm’s stain was stronger in the ventral
blade than that in the dorsal blade of the DG. No Timm’s stain was found in the IML of control rat. White or black arrow indicates the
location of the CA3 stimulating electrode. (C) Examples of blue dye (at white arrow with double head) ejected by the micropipette in
the granule cell layer of the DG dorsal blade in weak, mild or robust MFS rats. Column 3 is a section with thionin stain only.
Columns 2 and 4 are sections with both Timm’s and thionin stains; robust MFS was found in the DG ventral blade in column 4.

Table 1. Optical density values of the Timm’s stain at the inner molecular layer of both blades of the
dentate gyrus in control and kainic acid-treated rats with different degrees of mossy fiber sprouting (MFS)

Group (n) Control (11) Weak MFS (7) Mild MFS (13) Robust MFS (11)
Dorsal blade 185*+32 20.6+39 61.2*£2.2% 107.9 = 3.8*
Ventral blade 199=*1.6 25*28 76.5 = 2.5% 126.2 = 7.3*

*P <0.001 compared to left groups (Tukey’s Protected r-test after two-way ANOVA). No significant
difference was found for the OD values between the dorsal and ventral blades in each group.

and that at outer 2/3 of the molecular layer was determined for
each blade of the DG. For each rat, the average OD of Timm’s
staining in the IML was taken as the average of the grey value
difference for the three sections. An increase in this average OD
value was reported to reflect greater MFS in the IML of the
DG.35’44

RESULTS

Mossy fiber sprouting in the inner molecular layer of the
dentate gyrus

KA injection resulted in stage V behavioral seizures
in all rats, and about 80% of them developed status
epilepticus. About 20% of the rats died. Moderate
to severe hilar and CA3 cell loss (Fig. 2A) was found
in KA treated rats with different degrees of MFS (Fig.
2B). Therefore, the KA-treated rats were divided into

three groups with weak, mild and robust MFS, based
initially on visual inspection. The grouping was
confirmed by the OD value of the IML Timm’s granules
in the DG (Table 1). OD values were significantly higher
in the robust MFS group than the other groups, and were
also significantly higher in the mild MFS group than the
weak MFS and control groups, but no statistical differ-
ence was found between the control and weak MFS
groups. OD values were not statistically different
between the dorsal and the ventral blades of the DG
(Table 1).

Mossy fiber sprouting in kainic acid-treated rats corre-
lated negatively with the inner molecular sink evoked by
CA3 stimulation

Recurrent excitation among granule cells was studied
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Fig. 3. The increase in MFS correlates negatively with the current sink at the IML activated by CA3/mossy fiber stimulation. (A)
CSD time transients at different layers of the ventral blade of the DG following 200 A CA3 stimulation. The recordings shown
correspond to the four rats in the four groups (columns) shown in Fig. 2A and B. A schematic granule cell on the left is labeled with
GCL, IML, MML, and OML. Note that the IML sink (black filled area) was smaller in KA-treated rats than the respective measure in
control rats. The larger antidromic GC spike at GCL (open circle) in the KA-treated rats with robust MFS only induced a small IML
sink. The antidromic spike sink is not significantly different among groups. CA3 stimulation also evoked early (vertical line shaded
area) and late MML sink (dotted filled area). The late MML sink was undetectable in the representative robust MFS rat. Black dots
indicate stimulation artifact. Scale bar = 10 ms and 500 mV/mm?2. Source is up. (B) The traces as shown in dotted line boxes in A
were expanded. (C) A negative correlation exists between the peak amplitude of IML sink following CA3 stimulation and the OD of
Timm’s stain of the IML in the DG, either dorsal or ventral blade (r= —0.52, P <0.01, n =42, df =40). OD evaluation of Timm’s
stain was done within 1 mm of the recordings shown.

by backfiring the mossy fibers that coursed through CA3.
An antidromic population action potential in the DG was
evoked by stimulation of CA3 (stimulus site indicated by
‘Stim’ in Fig. 1B and by a white arrow in Fig. 2A),
confirming activation of the mossy fibers. The latter anti-
dromic spike appeared as a sharp negative wave at the
granule cell layer (GCL; open circle in Fig. 1B). CSD
analysis revealed a sharp current sink at the GCL during
the antidromic spike (downward going transient at open
circle in Fig. 3B), accompanied by sharp outward current
at the middle and outer molecular layers. Stimulus
threshold of the antidromic spike did not differ among
control and KA-treated rats. Thus, a fixed stimulus
intensity of 200 wA was used in all rats, which evoked
an antidromic spike amplitude that was not significantly

different among the groups with different degrees of
MES.

The antidromic spike transient was followed by a
slow current sink in the IML starting at 2—3 ms, and
lasting about 10 ms (black filled area in Fig. 3A, B).
This IML sink was accompanied by current sources of
a similar duration at the GCL and distal dendrites. There
was no correlation between the magnitudes of the anti-
dromic DG spike and the IML sink following CA3
stimulation. Effectively, the IML could be determined
electrophysiologically as the depth between the maximal
spike sink at the GCL and the maximal EPSP sink at
MML following the MPP stimulus. Electrophysiological
determination of the GCL was further confirmed by dye
injection (Fig. 2C).
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Table 2. Peak amplitude of the inner molecular layer sink (mV/mm?) in both blades of the dentate gyrus
following the first pulse of paired—pulse stimulation of CA3 in control and kainic acid-treated rats with
different degree of mossy fiber sprouting

Group (n) Control (11) Weak MFS (7) Mild MFS(13) Robust MFS (11)
Dorsal blade 348 + 66 336 112 330+49 146 + 48*
Ventral blade 346 =45 370 £ 87 326 =50 109 = 32%

*P < 0.001 compared to other groups in the same blade (Tukey’s Protected #-test after two-way ANOVA).
Similar results were found following the second pulse of CA3 stimulation.

The peak amplitude of the IML sink following CA3
stimulation was significantly smaller in KA-treated rats
with robust MFS than any other group (Fig. 3A, B; Table
2). A negative correlation (r=—0.7, P <0.001, n=32)
was found between the peak amplitude of the IML sink
and the optical density of the IML Timm’s stain in the
same blade of the DG (Fig. 3C). Thus, in contradiction to
our initial hypothesis, we observed a decrease in the
excitatory sink in the IML in KA-treated rats with robust
MFS.

An orthodromic late inner molecular layer sink was
decreased in kainic acid-treated rats

In the last section, we inferred no increase of recurrent
excitation when the axons of the granule cells were back-
fired. Since antidromic conduction along axon collaterals
is not normal, and it may be blocked at branch points,42
we also attempted to activate recurrent excitation among
granule cells by orthodromic excitation through the MPP.

Stimulation of MPP resulted in a population EPSP that
was maximally negative at the MML and a population
spike that was maximally negative at the GCL (Fig.
1A).37:3%:67 The mean stimulus threshold for evoking a
population EPSP was 10-20 wA, and it did not differ
between control and KA-treated rats. The threshold for
evoking a visible population spike in the DG was also not
statistically ~different between control (85 %9 pA,
n=232) and KA-treated (72 = 8 wA, n=31) rats. Thus,
a fixed stimulus intensity of 200 wA was used for evok-
ing responses for CSD analysis.

In 14 out of 27 control rats, MPP stimulation (200 pwA)
resulted in a late sink in the IML of the DG, presumably
through multisynaptic activation of hilar/CA3 cells (Fig.
1B). This late IML sink started at 9.2 = 0.2 ms latency
and lasted over 10 ms (black filled areas in Fig. 4A-D).
The late IML sinks were mainly observed in the dorsal
blade and occasionally in the ventral blade of the DG as
well. This late IML sink in the DG was reliably preceded
2-3 ms earlier by a CA3c population spike (dotted line in
Fig. 4). The size of the late IML sink correlated posi-
tively with the amplitude of the CA3c spike (r=0.7,
P <0.001, n=82, df =80, Fig. 4E), but not the ampli-
tude of the GC spike (r=10.15, P=0.22, n =82, df = 80)
after MPP stimulation. We inferred that hilar/CA3
neurons and the DG are activated in parallel following
MPP stimulation, and hilar/CA3 neurons provide a
subsequent excitatory feedback to the DG at the IML
(Fig. 1B).

The late IML sink following MPP stimulation was

found less frequently in KA-treated than control rats.
The late IML sink occurred rarely in rats with robust
MFS (one out of nine rats, 11%), significantly less
frequently (x> (1)=6, P <0.05) than in control rats
(14 out of 27 rats, 52%). The occurrence of the late
IML sink in rats with mild MFS (six out of 13 rats,
46%) or weak MFS (two out of seven rats, 29%) was
not different from that in control rats.

Effects of CA3 neuronal degeneration in kainic acid-
treated rats—decrease in antidromic excitation of the
dentate gyrus and recurrent CA3c excitation

Other than backfiring mossy fibers, CA3 stimulation
also provided excitation of the DG via the MPP fibers and
recurrent excitation of CA3c via axon collaterals.®® In
this section, we reported the decrease in these excitations
in KA-treated rats compared to control rats.

An early sink (2-4 ms onset) in the MML of the DG
following CA3 stimulation was inferred to result from
antidromic stimulation of MPP axons that projected to
both DG and CA3.% The peak amplitude of this MML
sink (vertical line filled areas in Fig. 5) was significantly
smaller in each of the three KA-groups than the control
group (Table 3), although the onset latency or duration of
this sink was not different among KA-treated and control
rats. The decreased MML sink in KA-treated rats was
likely caused by CA3 cell loss. Because MPP axons
synapses in DG before arriving in CA3, stimulation of
CA3 would result in DG excitation (at the MML) as
shown, and loss of CA3 cells would reduce the latter
MML excitation, because fewer MPP axons would be
found in CA3.

Recurrent excitation in CA3c after CA3b stimulation
in control rats was observed in two ways. First, an anti-
dromic spike was evoked in the CA3c pyramidal cell
layer (open arrow in the bottom field potential trace in
Fig. 1B and open circle in Fig. 5SA). Second, slow sinks
(with 2-3 ms onset latency and ~10 ms duration) were
found at the dendritic layers on both sides of CA3c cell
layer (areas filled with slanted lines in Fig. 5A). We
inferred® that CA3c neurons were first backfired by
CA3b stimulation, which also evoked recurrent excita-
tory currents at the dendrites of CA3c neurons. Anti-
dromic CA3c spikes and recurrent CA3 dendritic
excitation were observed less frequently in KA-treated
rats, and they were found respectively in 13% and 38% of
KA-treated rats (compared to 100% of control rats). They
were not found in two KA-treated rats shown in Fig. 5B
and C. Even among rats that showed a distal dendritic
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Fig. 4. Late proximal dendritic (inner molecular layer) sink correlated positively to CA3c population spike following MPP
stimulation. MPP stimulation of 200 wA evoked a population spike in CA3c, which preceded proximal dendritic excitation of
the DG at the IML. CSD time transients in a control (A) and three KA-treated rats with weak MFS (B), mild MFS (C) and robust
MFS (D) along the axis of a schematic granule cell and CA3 neuron on the left were shown. The recording track was marked by dye
ejection at the GCL, and histology for the rat shown in B is shown in Fig. 2C2. MPP stimulation evoked a population spike (sink) at
GCL, labeled with a star, followed by a population spike sink at the CA3c pyramidal cell layer (CA3c pyr), labeled with a solid arrow
along a dotted line. MPP stimulation induced the typical excitation (sink) at the MML (gray dotted filled area), followed by a long
latency IML sink (black filled area). Scale bars =10 ms and 1 V/mm?2. Source is up. (E) A positive correlation was found between
the IML sink and the amplitude of CA3c population spike sink following either pulse 1 (PS1) or pulse 2 (PS2) of the paired-pulse
stimulation of MPP (50 ms IPI) in both KA-treated and control rats (r=0.7, P <0.001, n=82, df = 80).

Table 3. Peak amplitude of middle molecular layer sink (mV/mm?) in the dorsal blade of the dentate gyrus
evoked by the first pulse of paired—pulses applied to medial perforant path or CA3 stimulation in different
groups of rats

Group (n) Control (11) Weak MFS (7) Mild MFS(13) Robust MFES (11)
MPP-stim 1017.3 =376 1318.3 =289.6 855.2 +131.5 7182175
CA3-stim 1135.7 = 65.3 339.4 +77.4% 336.9 = 105.7* 283.2 = 110.7*

*P <0.05 compared to control group (Tukey’s Protected t-test after two-way ANOVA). MPP-stim and
CA3-stim represent MPP and CA3 stimulation, respectively. Similar results were found in the ventral
blade of the DG.
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Fig. 5. Enhancement of long-loop activity in the KA-treated rats following CA3 stimulation. CSD time transients at a recording track
through both dorsal and ventral DG, following 200 wA CA3 stimulation. (A) A representative control rat showing a long-latency
current sink in the MML (stripped arrows, grey shaded area). (B) A mild MFS rat with long latency spike sink in the DG (star) and
CA3c (angled hollow arrow); and C, another mild MFS rat with two consecutive long latency sinks in IML-MML (double arrows)
and one long latency sink in hilus (marked by H). The histology of the mild MFS rat shown in C is shown in Fig. 2C3. Areas filled
with slanted lines in A indicate early dendritic sinks in CA3c or hilus, not found in B and C. Open circle in A indicates antidromic
spike in CA3c pyramidal cell layer. Black filled areas indicate early IML sinks. Areas filled with vertical lines indicate early MML
sinks. CA3c represents pyramidal cell layer of the CA3c. Black dots indicate stimulation artifact. Scale bars = 10 ms and 500 mV/
mm?. Source is up.

Table 4. Slope of the long-latency current sink (mV/mm?ms) at the middle molecular layer of the dorsal blade of
the dentate gyrus following the first or the second pulse of a paired—pulse stimulation of CA3 in different groups
of rats

Control (n) Weak MFS (n) Mild MFS (n) Robust MFS (n)

Total no. 32 7 13 11
First pulse 83.7+17.2 (16) 87.9+14.9 (5) 113 = 38.6 (13) 46.2 =5.8 (5)
Second pulse 240.6 = 32.2 (30) 246.9 = 62.3(7) 437 £ 63.8 (13)* 70.7 £20.7 (11)*

*P < 0.01 compared to the other groups following the second pulse of CA3 stimulation (Tukey’s Protected r-test
after two-way ANOVA). Similar results were observed in the ventral blade of the dentate gyrus.

sink in CA3c, the amplitude of this sink was significantly
smaller in KA-treated than control rats (P <0.01). The
decreased CA3c excitation was likely due to CA3c cell
loss and axonal degeneration.

Enhancement of the reverberant hippocampo—entorhinal
cortex transmission in kainic acid-treated rats

CA3 stimulation was effective in inducing reverberant

activity that involved the hippocampus and the entorhinal
cortex.?>% In this section, this reverberant activity was
assessed in KA-treated and control rats. The reverberant
activity was manifested as a late sink in the DG, >20 ms
latency following CA3 stimulation (grey filled area in
Fig. 1B). This late DG sink in the MML (grey filled
areas indicated by grey arrow in Fig. 5), accompanied
by sources at the GCL and OML, resembled the CSD
pattern generated by monosynaptic excitation of the
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MPP at the mid-molecular layer of the DG. In fact, the
late DG sink was abolished after inactivation/lesion of
the MPP® or entorhinal cortex (EC).?> Thus, we suggest
a reverberant excitation through a multisynaptic
CA3— CAl/subiculum — EC — DG circuit (Fig. 1B).%

The late MML sink was larger for the second than the
first pulse in all rats (Table 4). The amplitude of the late
MML sink was the highest in the KA-treated with mild
MES group of rats and the smallest in the robust MFS,
while weak MFS and control groups showed comparable
amplitude. In some KA-treated rats, two or three con-
secutive long-latency DG sinks with about 8-ms interval
between their peaks were evoked by the second pulse of
paired CA3 stimulation (branching arrows at MML in
Fig. 5C). A long-latency population spike in the DG
was found to rise from the late MML sink (dotted area
in MML in Fig. 5), mainly following the second pulse of
CA3 stimulation. CSD analysis revealed that the late DG
spike corresponded to a sharp sink at GCLs of both
blades (stars in Fig. 5B). This late DG population spike
was found in some KA-treated rats (stars in GCL of Fig.
5B, C), but not in any of the 34 control rats. Among the
KA-treated rats, the incidence of long-latency DG spike
evoked by CA3 stimulation was significantly higher in
the mild MFS group (69%) than in the robust MFS group
(18%) [x*(1)=6.25, P<0.05], but not statistically
different from the weak MFS group (57%).

A long-latency (>20ms) EPSP in the CA3c/hilar
region after the second pulse of a paired—pulse stimula-
tion of CA3 was found in 24% of the KA-treated rats, but
in none of the control rats. The long-latency CA3c/hilar
sink was more often located in the CA3c dendritic area
close to the dorsal blade of the DG (H in Fig. 5C). A
long-latency population spike in the CA3c/hilar region
following CA3 stimulation was found to accompany the
EPSP in some KA-treated rats. The late population spike
corresponded to a sharp sink in the CA3c cell layer
(angled hollow arrow in Fig. 5B) and was surrounded
by two sources at the CA3c dendritic layers. The late
population spike in the CA3c/hilar region was found in
44% of the mild MFS group, 9% of the weak MFS group,
and 0% in the robust MFS and control groups. MPP
stimulation also evoked long-latency (16—19 ms) MML
sink in about 13% of the KA-treated rats but none of the
control rats.

Population excitation and inhibition in the dentate gyrus
after medial perforant path stimulation

Transmission of the entorhinal cortex to the DG was
assessed in KA-treated and control rats by stimulation of
the MPP. MPP stimulation evoked a short-latency (1.5—
2 ms onset) current sink at the mid-dendrites (MML) of
the DG (grey shaded area in Fig. 4A-D), surrounded by
distal and proximal sources.'>*7 As determined by micro-
pipette mapping, the magnitude of the MML dendritic
sink, evoked by 200 A stimulus intensity, did not differ
significantly among the different groups of KA-treated
and control rats (Table 3).

Detailed analyses of the population EPSPs at the MML
and population spikes at the GCL of DG were carried out

using recordings made simultaneously from a silicon
probe. EPSP slope following either the first or the
second-pulse (50 ms later) stimulation of MPP was
significantly larger in KA-treated than in control rats at
stimulus intensities =200 wA (Fig. 6A, B). A similar
pattern of change was also found for the population
spikes in KA-treated rats. The amplitude of the PS1
was significantly larger in the KA-treated than in control
rats at MPP stimulus intensities of 80—600 wA (Fig. 6D).
The amplitude of PS2 at IPI of 50 ms was also larger in
KA-treated than in control rats, but only showed a signi-
ficant difference at 400-600 A (Fig. 6E). However, the
paired—pulse ratio of the EPSP slopes or the population
spikes (PS2/PS1 ratio) was significantly smaller in KA-
treated than in control rats (Fig. 6C, F), indicating an
increase in paired—pulse inhibition in the DG. We
found that the PS2/PS1 ratio was significantly smaller
in KA-treated than in control rats at IPIs of 30—
100 ms and 200-wA MPP stimulation (Fig. 6G).

When the amplitude of PS2 was plotted as a function
of the amplitude of PS1, the curve was downward shifted
in KA-treated compared to control rats (Fig. 7A). This
indicated that for the same PS1, PS2 at IPI of 50 ms was
smaller in KA-treated than in control rats (P <0.01,
ANCOVA), and the same result was found using the
full range of PS1 amplitudes (Fig. 7A) or a limited
range of PS1 (<13 mV in Fig. 7B). Thus, while an
increase in PS1 contributed to the suppression of PS2,
the small PS2/PS1 ratio in KA-treated rats could not be
attributed solely to an increased PS1.

Population spike-EPSP coupling was shown by plot-
ting the population spike amplitude at GCL vs EPSP
slope at the MML of the DG. Compared to control rats,
the KA-treated rats showed similar PS—EPSP curves at
small EPSPs (<2.5 mV/ms), but downward shifted PS—
EPSP curves for large EPSPs of 2.5-3 mV/ms, for either
the first or the second MPP pulse (Fig. 7 C, D). However,
EPSP slopes of >3 mV/ms were found only in KA-
treated rats, and they were associated with PS amplitudes
of >13 mV not found in control rats.

Low dose bicuculline reveals the fragile inhibition in the
dentate gyrus in kainic acid-treated rats

The above data suggested an enhancement of inhibi-
tion in KA-treated rats compared to control rats. In order
to reveal the functional importance of this enhanced
inhibition in KA-treated rats, DG responses were studied
after blockade of GABA, receptor-mediated inhibition
by bicuculline.

In the control or KA-treated rats without bicuculline,
only a single population spike was evoked in the DG
following a MPP stimulus pulse of any intensity. Follow-
ing i.c.v. injection of 1.5 wl of 20 mM bicuculline (which
would give 20 uM bicuculline in the ventricular cerebro-
spinal fluid if diluted into 1.5 ml of assumed cerebro-
spinal fluid volume), population spike bursts in the DG
were evoked by MPP stimulation in all rats (Fig. 8A).
The number of the DG population spike bursts was not
statistically different between the control (n=6) and
KA-treated rats (n=4) (Fig. 8B). Therefore, there was
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Fig. 6. Paired—pulse inhibition of population EPSP and PS in the DG was increased in KA-treated rats. The slope of the population
EPSP at the MML and the amplitude of the PS at the granule cell layer were analysed from average field potentials recorded by a 16-
channel silicon probe. Paired—pulses of different stimulus intensities and 50 ms IPI were delivered to the MPP. Insert at top shows
measurement of EPSP slope and PS amplitude. The KA-treated rats (n=9) consisted of rats with robust (»=5) and mild MFS
(n=4). (A, B) EPSP slope was significantly larger in KA-treated than in control rats (n = 8) at MPP stimulus intensities =200 wA of
either pulse 1 or pulse 2. (C) EPSP2/EPSP1 ratio was significantly smaller in KA-treated rats than in control rats at MPP stimulus
intensities =200 pA. (D) PS1 amplitude was significantly larger in KA-treated rats than control rats at 80-600 pA of MPP
stimulation. (E) PS2 amplitude was significantly larger in KA-treated rats than control rats at 400-600 wA of MPP stimulation.
(F) PS2/PS1 ratio following MPP stimulation fixed at 50 ms IPI was significantly decreased in KA-treated rats compared to control
rats. (G) PS2/PS1 ratio following stimulation of MPP at 200 wA was significantly decreased at 30—100 ms of IPIs in KA-treated rats
compared to control rats. *P < 0.05, **P < 0.01 (two-way repeated measures ANOVA followed by post-hoc Tukey’s Protected ¢-

no detectable difference in DG responses between the
KA-treated and control rats after the latter dose of bicu-
culline, which will be referred to as the high dose.

We found that a smaller dose of bicuculline (1.5 .l of
5 mM, i.c.v., which would dilute to 5 uM bicuculline in
the ventricular cerebrospinal fluid) did not induce popu-
lation spike bursts following MPP stimulation in control

test).

rats (n="7). We operationally termed this the ‘low dose’
of bicuculline. In contrast, after a low dose of bicucul-
line, population spike bursts were evoked by MPP
stimulation in all eight KA-treated rats (Fig. 8A, B).
Five of the eight KA-treated rats were classified in the
mild MFS group and three in the robust MFS group.
Responses after bicuculline were not different between
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Fig. 7. An increase in inhibition in the DG of KA-treated rats is shown at a fixed PS1 or a fixed population post-synaptic potential.

Recordings were made by 16-channel silicon probes from the same groups of rats as Fig. 6, following paired—pulse stimulation of

MPP at 50 ms IPI and various intensities. Plot of PS2 vs PS1 illustrated that, for a same PS1, PS2 was significantly decreased in KA-

treated rats compared to control rats (A) (P <0.05, ANCOVA). The same pattern was shown in B (P <0.05, ANCOVA) when the

data within the dotted line square in A were analysed. Downward shift of the PS amplitude vs EPSP slope curve was found at

intermediate EPSPs following either pulse 1 (C) or pulse 2 (D) of MPP stimulation in KA-treated rats compared to control rats,
suggesting a decreased spike—EPSP coupling.

the five rats with mild MFS and the three with robust
MES; therefore, these rats were described together.

Similar results were found after CA3 stimulation.
After a high dose of bicuculline, population spike bursts
in the DG were evoked by CA3 stimulation in both
control and KA-treated rats (Fig. 8C). Following a low
dose bicuculline, the population spike bursts (=4
spike peaks) were evoked by CA3 stimulation in all
eight KA-treated, but in none of the control rats (Fig.
8C). Excluding the antidromic granule cell (GC) spike,
the onset latency of the first spike in the burst after
bicuculline was longer than 3 ms following CA3 stimu-
lation. Thus, the population spike bursts were likely
mediated by the synaptic activation of the DG following
CA3 stimulation.

The bicuculline effects in the DG first affected the
MPP-evoked responses at about 7 min post-injection
and then affected the CA3-evoked responses at 10—
12 min after injection. The effect of bicuculline lasted
about 60 min, and the responses usually recovered to
baseline levels at about 180 min post-injection. A high
dose bicuculline induced spontaneous paroxysmal activ-
ity in the DG in control and KA-treated rats (data not
shown). Spontaneous paroxysmal activity was also
observed in some control and KA-treated rats after a
low dose bicucullline (arrows in Fig. 8D).

The IML sink following CA3 stimulation was
increased by 27 = 8% (n=4) in the presence of low-dose

bicuculline in the KA-treated rats. However, the ampli-
tude of the IML sink in control rats was not increased
(0.1 =9%, n=4) after bicuculline.

Paradoxical enhancement of paired—pulse inhibition of
population spikes by bicuculline

The low dose of bicuculline paradoxically increased
the paired—pulse inhibition of population EPSP and spike
in the DG following MPP stimulation in control rats (Figs
8—10). The paired—pulse ratio of the EPSP slopes follow-
ing MPP stimulation (50 ms IPI) at various intensities
was significantly decreased by bicuculline injection
(Fig. 9C), although EPSP1 or EPSP2 slope was not
significantly changed (Fig. 9A, B). The PS1 amplitude
was significantly increased by bicuculline for most MPP
stimulus intensities used (Fig. 9D), while the PS2 ampli-
tude at 50 ms IPI and the PS2/PS1 ratio were signifi-
cantly decreased by bicuculline (Fig. 9E, F).

The plot of PS2 vs PS1 revealed that the amplitude of
PS2 at 50 ms IPI was larger before than after low-dose
bicuculline for a given PS1 (Fig. 10A). In fact, the
PS2 values before bicuculline were mostly above the
line of PS2 =PS1, while the PS2 values after bicuculline
were all below this line. The plot of PS (at GCL) against
EPSP slope (at MML) revealed that the PS1-EPSP1
curve was significantly shifted upwards, while the
PS2-EPSP2 curve was shifted downwards at large
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Fig. 8. A low dose of the GABA, receptor antagonist bicuculline blocked inhibition in the DG in KA-treated but not control rats.
Field potentials were recorded by 16-channel silicon probes in representative control and KA-treated rats. (A) Before bicuculline,
MPP stimulation (200 pA, 50 ms IPI) evoked a single population spike at GCL of the DG in control and KA-treated rats. After a low
dose of bicuculline (1.5 pl of 5 mM or 7.5 nmoles, i.c.v.), the single spike (solid arrow) was increased in amplitude in the control rat
but it became a spike burst (solid arrow) in the KA-treated rat. Note that the paired—pulse inhibition was increased after bicuculline
in the control rat. Spike bursts were observed in both control and KA-treated rats after a high dose bicuculline (1.5 pl of 20 mM or
30 nmoles, i.c.v.). (B) Dose—response curve revealed that the number of population spikes at the GCL evoked by the first pulse of
MPP stimulation was significantly higher in KA-treated rats than in control rats following 7.5 nmoles, but not 30 nmoles of
bicuculline (i.c.v.). (C) Field potentials at GCL of the DG following CA3 stimulation (200 pA, 50 ms IPI) in the same rats also
showed multiple DG spikes in KA-treated rats but not the control rats after 7.5 nmoles of bicuculline. The 30 nmoles of bicuculline
evoked spike bursts in DG in both control and KA-treated rats. Open arrow indicates increased duration of positive waves at GCL
after inhibition was blocked by bicuculline. Black dot indicates the stimulation artifact. (D) Spontaneous paroxysmal discharges
(indicated by arrows) were shown following 7.5 nmoles of bicuculline in control and KA-treated rats.

EPSPs by bicuculline (Fig. 10B, C). Thus, the low dose
of bicuculline decreased tonic inhibition (tested by the
first-pulse), but increased evoked inhibition tested by
the second-pulse of MPP stimulation. The decrease in

PS2/PS1 ratio was also found after bicuculline at
IPIs = 150 ms (Fig. 10D).

DISCUSSION

The original findings in the present study include: (i)
the proximal dendritic (IML) excitation in the DG
evoked by CA3 and MPP stimulation was either not
changed or decreased after KA seizures. A negative
correlation exists between the IML sink and MFS in
KA-treated rats, suggesting that increased MFS did not
contribute to an increase in IML excitation in vivo; (ii)
CA3 stimulation evoked a long-latency population spike
in the DG and CA3c/hilar region in KA-treated but
not control rats, suggesting an enhancement of multisy-
naptic transmission through the entorhinal—hippocampal
loop after seizures; (iii) a low dose of bicuculline
paradoxically increased paired—pulse inhibition of DG
population spike and EPSPs in control rats; (iv) compen-
satory increase in paired—pulse inhibition in the DG in
KA-treated rats was readily blocked by bicuculline, at a

dose that enhanced paired—pulse inhibition in control
rats.

Robust mossy fiber sprouting correlates with less inner
molecular layer excitation

In a previous study,* we have inferred that the IML
sink in normal rats following CA3 stimulation was an
association fiber mediated excitatory current at the
IML. This is confirmed in the present study. The IML
sink was strongly attenuated by a non-N-methyl-D-
aspartate (NMDA) receptor antagonist.®® Bicuculline
did not block the IML sink in normal® or control rats,
indicating that GABA, mediated inhibition did not
contribute significantly to the IML sink in normal
conditions. Population spikes rose from the IML sink
under the influence of bicuculline. Thus, the IML sink
is likely mediated by inward currents at excitatory
synapses in the IML. The outflow of the excitatory
currents generates the sources at the GCL and the outer
molecular layer (OML). Several studies have shown
that excitatory synapses in the IML were formed by
afferents of hilar (mossy) cells or CA3c pyramidal
cells,6:11-13:33.38.53.55 The Jatter excitatory synapses were
reduced in KA-treated rats, probably because of hilar
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Fig. 9. A low dose of bicuculline paradoxically increased paired—pulse inhibition of DG responses. Paired—pulse inhibition of DG
population spike, recorded at the granule cell layer, or population EPSP, recorded at the MML, was paradoxically increased after a
low dose of bicuculline (1.5 pl of 5 mM, i.c.v.) in control rats (n="7) following stimulation of MPP at 50 ms IPI and various
intensities (16-channel silicon probe data). Insert at top shows sample recordings before and after bicuculline in a control rat. (A, B)
EPSP slope was not significantly changed by bicuculline. (C) EPSP2/EPSP1 ratio was significantly decreased after bicuculline. (D)
PS1 was significantly larger after bicuculline at 100—600 wA of MPP stimulation. (E) PS2 was significant smaller after bicuculline at
100-600 nA of MPP stimulation. (F) PS2/PS1 ratio was significantly decreased after bicuculline at §0—600 pA of MPP stimulation.
*P <0.05, ¥**P <0.01 (two-way repeated measures ANOVA followed by post-hoc Tukey’s Protected t-test).

and CA3 cell loss, ' thus accounting for the smaller IML
sink in KA-treated rats. Hilar and/or CA3c cell density
was negatively correlated with the IML Timm’s stain in
KA-treated rats® and humans with TLE.** However,
MES was also observed in seized rats without obvious
cell loss.*®

We found that the IML sink following CA3/mossy
fiber stimulation was decreased in KA-treated rats,
contrary to our initial hypothesis. This result was found
in the group with robust MFS compared to controls
(Table 2), and in the negative correlation of the
magnitude of the IML sink with the OD index of MFS
(Fig. 3C). This result could be explained by an IML
sink that was solely mediated by association fiber
excitation (above). However, the mossy fibers were
clearly activated, as evidenced by the population spike
at GCL activated by either antidromic (CA3) or
orthodromic (MPP) stimulation, and yet no increase
in the IML sink was found in KA-treated rats. This
suggests that the stimulus-evoked proximal dendritic

recurrent excitation in the DG was relatively weak
under normal conditions (without bicuculline). Similar
to the IML sink evoked by CA3 stimulation, the
orthodromically-activated IML sink following MPP
stimulation was also decreased in KA-treated rats
compared to control rats, while the amplitude of ortho-
dromic (or antidromic) population spike sink at GCL
(preceding the IML sink) was not different between
KA-treated and control rats.

Other factors may account for the IML sink decrease
after KA treatment. One likely factor is that increased
inhibition at the proximal dendrites of granule cells may
shunt the recurrent excitation mediated by the mossy
fibers and thus reduce the IML sink. Sprouted mossy
fibers in the IML were shown to synapse on inhibitory
interneurons and GCs,'#34°7 and sprouting of GABAergic
terminals in the IML was found in epileptic animals® and
patients.’ The increase in IML sink after blockade of
inhibition by bicuculline in KA-treated but not control
rats is consistent with the increased inhibitory shunting of
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Fig. 10. A low dose of bicuculline changed the relation of the second-pulse population spike (PS1) response in relation to the first-
pulse spike in the DG in control rats. Recordings were made by 16-channel silicon probes from the same group of rats as Fig. 9
(n="17). Recordings before and after bicuculline (1.5 wl of 5 mM, i.c.v.) were made in a control rat, as shown in the insert (top). (A)
Plot of PS2 vs PS1 illustrated that, for a same PS1, PS2 was smaller after bicuculline injection. Note that the PS2 after bicuculline
was shifted downward of the PS2 =PS1 line. (B) Plot of EPSP1 vs PS1 was shifted to left after bicuculline, suggesting a decreased
inhibition following the first pulse of MPP stimulation. (C) Rightward shift of the plot of EPSP2 vs PS2 showed that, for a same
EPSP2, PS2 was smaller after bicuculline, suggesting an increase in inhibition following the second pulse of MPP stimulation. (D)
The ratio of PS2/PS1 following MPP stimulation at 200 wA was significantly decreased by bicuculline at IPIs of 10—150 ms.

the IML sink in KA-treated rats. Additionally, it is pos-
sible that sprouting creates axonal branch points which
prevent propagation of action potentials beyond these
branch points.*> This would suggest that the sprouted
axon collaterals of the mossy fibers normally do not
support spike propagation. However, certain pathological
conditions, such as an increase in extracellular potassium
following neural activity, may promote mossy fiber
propagation.

It is possible that the MFS-mediated recurrent excita-
tion is not observed in our rats simply because it was
obscured by the large association fiber mediated IML
sink in vivo. Stimulation of CA3 or the hilus was often
used for mossy fiber activation, but the degree of activa-
tion of hilar and CA3 cells responsible for the association
fibers in IML may be smaller in vitro.%

The IML sink following MPP stimulation (9-19 ms
latency) was rarely found in the robust MFS group of
this study. This result differs from that of Golarai and
Sutula,?® who reported that the IML sink (peaking at 9—
12 ms latency) after MPP stimulation was only found in
kindled rats with MFS (no mossy fiber stimulation was
done). However, Golarai and Sutula? found another IML
sink at 13—16 ms latency in both control and kindled rats.
Differences in seizure model and experimental proce-
dures may account for the different results.

Reverberant hippocampo—entorhinal loop was enhanced
after kainic-acid seizures

In the mild MFS rats, we found that the long-latency
(>20 ms) excitation of the DG following CA3 stimula-
tion was increased, compared to control rats (Fig. 5). The
increased EPSP often resulted in a population spike in the
DG and CA3c/hilar region. The long-latency DG excita-
tion is likely mediated by a CA3 — CAl/subiculum —
EC— DG pathway.®® Thus, reverberation through this
hippocampus—EC loop was enhanced in KA-treated
rats, except those with severe CA3 cell loss (robust
MES group). The detailed mechanisms underlying the
increased reverberations have not been studied, nor do
we know the reason why the reverberations were reduced
in the robust MFS group. However, disinhibition and
paired-pulse facilitation!” in the CAl of KA-treated
rats (our unpublished data) would strengthen the rever-
berations, while cell loss in the entorhinal cortex may
suppress them.

‘Paradoxical’ enhancement of paired—pulse inhibition
after low dose bicuculline

Paired—pulse inhibition of the DG population spike
was enhanced paradoxically by a low dose of bicuculline
(1.5 pl of 5mM i.c.v.) in control rats (Figs 8—10). It is
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Fig. 11. Model of fragile inhibition in the DG after KA seizures. Insert at bottom shows sample recordings before and after
bicuculline in control and KA-treated rats. (A) In control rat, granule cell (GC) receives excitatory inputs from entorhinal cortex
via MPP and from hilar excitatory interneuron (E) such as mossy cells, and inhibitory input from inhibitory interneuron (I1). I1 in
turn receives excitatory input from mossy fiber collaterals and excitatory interneuron (E), and inhibitory input from 12. MPP
stimulation normally resulted in a single population spike in GC with paired—pulse facilitation at 50 ms IPI (before). Bicuculline
preferentially blocked 12 input and disinhibited I1 and resulted in increased paired—pulse inhibition of DG population spike
(bicuculline). (B) KA treatment resulted in hilar interneuron loss, especially excitatory interneurons (E) like mossy cells and
inhibitory interneuron 12, which resulted in disinhibition of I1. Mossy fiber and surviving interneuron sprouting may also change
the inhibition and excitation in the DG. MPP stimulation resulted in single population spike with increased paired—pulse inhibition
(before). Bicuculline further blocked inhibition of I1 and resulted in bursting of population spike in the DG in KA-treated rats
(bicuculline).

inferred that low dose bicuculline blocked tonic inhibi-
tion and enhanced PS1. However, it enhanced evoked
inhibition of DG granule cells, and decreased PS2.
Even when PS1 was matched, PS2 was still smaller
after than before bicuculline (Fig. 10A).

A low dose of bicuculline may differentially block
inhibitory postsynaptic potentials (IPSPs) on GABAergic
interneurons than on principal cells, resulting in more
interneuronal excitation and thus a larger inhibition
on the dentate granule cells. Zhang et al.%° showed
that 10 nM of bicuculline blocked inhibition in GABA-
ergic interneurons but not principal cells in vitro.
Scharfman> reported that bicuculline (10-50 uM) initi-
ally increased the evoked IPSPs in the granule cells and
suggested a GABA, receptor-mediated inhibition of
IPSPs.

There are similarities in the DG excitability in
acute, low-dose bicuculline (in control rats) and chronic,
KA treatment (without bicuculline). In each of the
two treatments, we found an increase in PS1 (compare
Fig. 6D with Fig. 9A), a decreased EPSP2/EPSPI ratio
(Fig. 6C vs Fig. 9C), a decreased PS2/PS1 ratio at
<100 ms IPI (Fig. 6G vs Fig. 10D), and a rightward
shift of the PS2—PS1 curve (Fig. 6B vs Fig. 10A). Dif-
ferences between the treatments are a larger EPSP
enhancement and a less depressed PS2 after KA than
bicuculline treatment (Figs 9F, 10D). KA may kill
many hilar and other neurons that participate in the
GABAergic neuronal interactions (Fig. 11B),* induc-
ing an effect functionally similar to that after low-dose
bicuculline.*

‘Fragile inhibition’ in the dentate gyrus of kainic acid-
treated rats

Paired—pulse inhibition of DG population spikes at
=100 ms IPI was significantly increased in KA-treated

rats compared to control rats, confirming previous
studies.®* The downward shift of the PS2 vs PS1 curves
in KA-treated rats suggests that the feedback inhibition
was increased for a given PS1. The decrease in spike-
EPSP at a fixed EPSP range also suggests an increase in
inhibition, perhaps in an increase in feedback or feed-
forward IPSPs in DG granule cells.

Despite the relatively strong inhibition in the DG of
KA-treated rats, this inhibition breaks down readily, as
shown in this study using a low dose of GABA , receptor
antagonist. This low dose of bicuculline only induced
spike bursting in KA-treated but not control rats. We
will describe the inhibition in the KA-treated rats as
fragile inhibition. The mechanisms underlying this
fragile inhibition have not been clearly identified, and
they may involve changes in neural circuits rather
than only inhibitory synaptic transmission of one type
of cells. We suggest that increased inhibition on granule
cells in KA-treated rats may be mediated by a decreased
inhibition of GABAergic interneurons which the inhib-
ited the granule cells (Fig. 11). In normal rats, a low
dose of bicuculline may act to block inhibition in
GABAergic interneurons and granule cells, with the
interneurons showing a larger blockade. In KA-treated
rats, however, the main effect may be blockade of
inhibition of granule cells only. Granule cell disinhibi-
tion allows paroxysmal spiking during synaptic excita-
tion induced by MPP or CA3 stimulation. Although
we detected no increase in recurrent excitation fol-
lowing mossy fiber activation, it is still possible that
mossy fiber collaterals may release Zn>* and contribute
to an extrasynaptic inhibition breakdown. Recurrent
excitation of the proximal dendrites following MPP
stimulation is not a likely explanation of the evoked
spike bursts because the bursts started at <8 ms while
the onset of the late IML sink was at >9 ms (Results).
The changes of intrinsic electrophysiological properties
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of granule cells such as decreased spike firing adapta-
tion?* may also increase the tendency of granule cells
to burst.

Altered inhibition in the DG has been reported for
several seizure models in vitro. GABA-mediated
currents were enhanced in the DG following kindling®
or pilocarpine seizures.?” However, these currents were
less potentiated by benzodiazepine and more suppressed
by Zn2*,'* probably because of changes in the GABA-
ergic receptor.” A low dose of bicuculline was also found
to induce multiple spikes in the DG following hilar
stimulation in hippocampal slices derived from human
TLE?*** and KA-treated rats. '3 In particular, our find-
ings paralleled the in vitro results of Cronin et al.'® in that
field responses appeared normal in KA-treated rats with
strong MFS until the addition of bicuculline. However,
after a low dose of bicuculline, all eight rats with modest
or robust MFS showed population spike bursts following

CA3 stimulation in vivo, while only 44% of the slices
showed epileptiform spike bursts in vitro.'®

Inhibition in the DG appears to be increased in TLE
patients, 26065 although these patients are still more
prone to seizures than other subjects. Cortical inhibition
is subjected to change with arousal,'® stress®’’" or
menstruation.* These disinhibitory changes may affect
excitability in seizure-prone®>%? but not normal subjects.
Thus, the concept of ‘fragile inhibition’ describes the
vulnerability of the compensatory inhibition in the brain
in animals and humans with temporal lobe seizures.*
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