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GABAergic inhibition controls neuronal excitability, and com-
pounds that increase or reduce GABAergic inhibition are used,
respectively, as anti-epileptic or pro-convulsive drugs for many
forms of human or experimental epilepsy1. For these reasons, a
reduction of GABAergic inhibition is thought be important in
the epilepsies. The fate of inhibition in epilepsy has been partic-
ularly studied in the hippocampus of patients with temporal lobe
epilepsy, and animals with experimental TLE. Several important
morpho-functional alterations have been reported in TLE: first,
a loss of subpopulations of GABAergic interneurons in experi-
mental2–5 and human6–8 TLE; second, an increase in GABAA-
receptor-mediated responses in dentate granule cells9,10 and a
decrease in responses in CA1 pyramidal cells10,11, suggesting an
area-dependent reorganization of GABAA receptor subtypes12;
third, a deficit of GABA quantal release11 and a modification of its
control13. However, the consequences of these alterations in pyra-
midal cell inhibition are unknown. Principal cells receive con-
tinuous inhibitory input from a heterogeneous population of
GABAergic neurons, which control the integrative properties of
the network14. Based on their morphological and functional
properties, two broad classes of GABAergic neurons can be dis-
tinguished: dendritic-projecting interneurons, which control the
input of principal cells and the propagation of calcium currents
from the dendrite to the soma, and interneurons that selectively
innervate the soma of pyramidal cells, which control the gener-
ation of sodium spikes, and thus the output of principal cells15. To
assess the fate of inhibition in TLE, it is necessary to determine
the changes that occur in the two broad classes of interneurons,
and the impact of these changes on the spontaneous inhibitory
input to dendritic and the somatic compartments of pyramidal
neurons. It is particularly important to measure the spontaneous
inhibitory input, because of its strong braking effect on princi-
pal cell firing16.

Hippocampal slices from two animal models of TLE (kainate-
and pilocarpine-treated rats) were used to record the activity of
all the key components of the hippocampal circuit (that is, from
various interneuron subpopulations as well as from the soma and
the dendrites of CA1 pyramidal cells). We report that, in TLE,
tonic glutamatergic activity was increased in interneurons, lead-
ing to more frequent action potentials and consequently more
frequent spontaneous inhibitory postsynaptic currents (sIPSCs)
on the soma of pyramidal neurons. However, despite the hyper-
activity of surviving interneurons, the net result was a reduction
of tonic inhibition in the apical dendrites of pyramidal cells, prob-
ably due to the loss of a discrete but very specialized population of
interneurons that projected to the distal dendrites of pyramidal
neurons. Because the excitatory input was increased in the den-
drites at the same time, we suggest that the decreased dendritic
inhibition facilitated the generation and propagation of large den-
dritic excitatory postsynaptic currents (EPSCs) to the soma,
whereas the increased perisomatic inhibition prevented the occur-
rence of persistent seizures.

RESULTS
Selective loss of stratum oriens interneurons
GABAergic interneurons were identified by specifically labeling
GAD67 (ref. 17) on sections obtained from slices adjacent to those
used for patch-clamp recording. The densities of neurons labeled
for either GAD67 mRNA (Fig. 1c and d) or protein (Fig. 1a and b)
in strata pyramidale, radiatum and lacunosum moleculare were
similar in control (n = 6) and epileptic (n = 9, pilocarpine-treat-
ed) animals. The densities, expressed as the mean number of
GAD67 mRNA-containing neurons per 10,000 µm2, were 1 ± 0.14
for control animals (n = 30 sections) and 1.16 ± 0.25 for epileptic
animals (n = 45 sections) in the stratum pyramidale; in the stra-
ta radiatum and moleculare, densities were 0.54 ± 0.08 in control
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animals and 0.48 ± 0.06 in epileptic animals (5 sections per ani-
mal). In contrast, there was a severe loss of neurons labeled for
GAD67 protein (Fig. 1b) or mRNA (Fig. 1d) in stratum oriens
and along the alveus/oriens border in epileptic animals. A decrease
in the number of neurons in the stratum oriens/alveus of most
pilocarpine-treated animals was evident on adjacent sections
stained with cresyl violet or Neu-N, a specific neuronal marker
(Fig. 1g and h). In this area, pilocarpine-treated rats lost about
half of the neurons labeled for GAD67 mRNA. The density of
GAD67 mRNA-containing neurons in stratum oriens was 1.51 ±
0.13 in control animals (n = 30 sections) and 0.74 ± 0.12 in epilep-
tic animals (n = 45 sections).

Somatostatin-containing interneurons are one of the most
prevalent subpopulations of GABAergic interneurons in the stra-
tum oriens of the CA1 area14. Most of these neurons project mas-
sively to stratum lacunosum moleculare on the distal dendritic
tree of pyramidal cells18 (Fig. 5b), whereas one-third of the
somatostatin-containing neurons co-express calbindin and pro-
ject to the medial septum14,19. In situ hybridization for pre-pro-
somatostatin mRNA (Fig. 1e and f) and immunolabeling for
somatostatin (Fig. 1g and h) revealed a marked decrease of labeled
interneurons in stratum oriens of the CA1 area in experimental
animals (n = 9) as compared to control (n = 6). There was a 46%
loss of somatostatin-containing interneurons in epileptic animals
(control, 0.91 ± 0.06 neurons per 10,000 µm2, n = 30 sections;
pilocarpine-treated, 0.49 ± 0.07, n = 45). Double immunohisto-
chemical labeling for somatostatin and calbindin showed that in
epileptic tissue, many of the surviving somatostatin interneurons
also contained calbindin (Fig. 1i and j). These observations
strongly suggest a specific loss of interneurons projecting to stra-
tum lacunosum moleculare.

To determine whether the loss of interneurons projecting to
stratum lacunosum moleculare (the so-called O-LM interneu-
rons) was associated with a decrease in the number of symmet-
rical synapses in stratum lacunosum moleculare, we measured, at
the ultrastructural level, the synaptic density in the neuropil of
stratum lacunosum moleculare from control and pilocarpine-
treated animals (Fig. 2). The density of symmetric synapses was
similar in epileptic (1.7 ± 0.4 synapses/100 µm2, n = 10) and con-
trol tissue (1.7 ± 0.6 synapses/100 µm2, n = 10). However, in
epileptic animals, there was a 38% shrinkage of the stratum
lacunosum moleculare (see Methods; Fig. 1a and b). Taking this
shrinkage into account, the estimated total number of GABAer-
gic synapses in the stratum lacunosum moleculare of epileptic
tissue was 62% of control (Fig. 2c).

The decrease in the number of GABAergic synapses in the stra-
tum moleculare could correspond to a loss of GABAergic synaps-
es per dendrite, and/or to a decrease in dendritic volume secondary
to a loss of pyramidal cells (see Discussion). If the latter were the
major contributing factor, a reduction in dendritic volume would
also be expected in stratum radiatum. However, the dendritic
processes looked similar in pilocarpine-treated and control ani-
mals, as did axonal and glial processes (Fig. 2a), and the width of
stratum radiatum was comparable in the two groups (Methods).
In addition, densities of symmetric synapses in stratum radiatum
were similar in epileptic (1.8 ± 0.5 synapses/100 µm2, n = 10) and
control tissue (1.6 ± 0.5 synapses/100 µm2, n = 10). Therefore, the
decreased number of GABAergic synapses in the stratum molec-
ulare most likely reflected a loss of GABAergic synapses per distal
dendrite of CA1 pyramidal cells.

These morphological observations suggest a decrease in the
inhibitory input restricted to the target synapses of O-LM
interneurons in the distal apical dendrites of pyramidal neurons.
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Fig. 1. GAD67-, somatostatin- and calbindin-containing neurons in
the CA1 region of the hippocampal formation in control (a, c, e, g)
and pilocarpine-treated (b, d, f, h, i, j) rats. (a, b) Cell bodies
immunostained for GAD67 were observed throughout the hip-
pocampal formation in controls (a), but only a few cell bodies in stra-
tum oriens (O) were found in epileptic rats (b). In both groups,
GAD67-containing terminals were most abundant in the pyramidal
cell layers (P) but were also present in all the dendritic regions. Note
the shrinkage in stratum lacunosum moleculare in epileptic rats
(arrows). (c, d) Many cell bodies containing GAD67 mRNA were
observed in CA1 of controls (c), whereas epileptic animals (d)
showed fewer GAD 67 mRNA-containing neurons in the stratum
oriens. (e, f) In the CA1 region, cell bodies labeled for pre-proso-
matostatin mRNA were localized almost exclusively in stratum oriens
in controls (e), but only a few of these interneurons were present in
epileptic rats (f). (g, h) Double immunolabeling for somatostatin and
Neu-N-containing neurons. The number of labeled neurons was
decreased in stratum oriens of an epileptic rat (h) as compared to
control (g). (i, j) Simultaneous detection of somatostatin (i) and cal-
bindin (j) neurons showed that many remaining somatostatin-contain-
ing neurons, in the stratum oriens of a pilocarpine-treated rat,
coexpressed calbindin (arrows). Scale bar, 75 µm.
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Such a reduction may lead to enhanced epileptogenesis, consid-
ering the importance of the temporo–ammonic inputs of pyra-
midal neurons. Before directly testing this hypothesis, we
examined the properties of the surviving interneurons, because
they determine the inhibition received by pyramidal cell somata
and dendrites.

Hyperactivity of interneurons
Interneurons were first recorded in the cell-attached configura-
tion, which allows a non-invasive determination of the sponta-
neous firing frequency20. We recorded from 115 interneurons
(n = 51 epileptic; n = 64 control) from stratum oriens, stratum
pyramidale and stratum radiatum, and morphologically iden-
tified them post hoc. Because of the specific cell loss occurring
in stratum oriens in experimental TLE, interneurons from this
region and those from   stratum radiatum and pyramidale are
presented separately (see below).

Cell-attached recordings from interneurons of stratum radia-
tum and stratum pyramidale showed that 82% of the interneu-
rons fired spontaneously in TLE (14 of 17 cells), whereas in
control animals, only 41% of the interneurons discharged spon-
taneously (14 of 34 cells; Fig. 3a). Moreover, interneurons fired
at a higher frequency in epileptic (9.5 ± 2.7, n = 7, 240% of con-
trol, p < 0.05) than in control animals (3.9 ± 0.8 Hz, n = 9, Fig.
3a). All classes of morphologically identified interneurons fired
more frequently in experimental epilepsy, including interneurons
with an axon projecting in stratum oriens (Fig. 3c), interneurons
projecting in both stratum oriens and stratum radiatum, and peri-
somatic projecting interneurons (putative basket cells, n = 3 of 4
in TLE; n = 1 of 4 in control; Fig. 4). Therefore, most surviving
interneurons in stratum radiatum and stratum pyramidale were
hyperactive in experimental TLE.

The hyperactivity of stratum radiatum and stratum pyrami-
dale interneurons likely resulted from increased glutamatergic
input. Spontaneous firing of interneurons (n = 4) was suppressed
by the glutamatergic antagonists CNQX (6-cyano-7-nitro-
quinoxaline-2,3-dione; 10 µM) and D-APV (D-2-amino-5-phos-
phonovaleric acid; 40 µM). In whole-cell voltage-clamp
recordings, there was a 7-fold increase in the frequency of spon-
taneous glutamatergic currents (measured at the reversal poten-
tial of GABAergic events) in all the interneurons recorded in
experimental animals (11.2 ± 2.9 Hz; n = 26, p < 0.01) as com-
pared to control animals (1.6 ± 0.2 Hz; n = 26; Figs. 3 and 4).
The increased excitatory input was uniform across the different
morphological classes of interneurons, and was comparable to
the increased input reported in CA1 pyramidal cells21.

The morphological study showed a severe loss of GABAergic
neurons in the stratum oriens of epileptic animals and a prefer-
ential vulnerability of O-LM cells. In control tissue, cell-attached
recordings showed that O-LM interneurons fired spontaneously22

(n = 3 of 4 cells) and received considerable glutamatergic sponta-
neous currents from the CA1 associational pathway (6.6 ± 2.7 Hz,
n = 4, Fig. 5). In experimental TLE, we could not record from any
O-LM cells, probably because few remained. As shown by cell-
attached recordings, all surviving interneurons in stratum oriens
were spontaneously active (n = 8), as compared to 62% in control
(n = 8; Fig. 5). The interneurons in stratum oriens also received a
high glutamatergic input (Fig. 5) and included presumed medial
septum projecting interneurons (n = 3; Fig. 5c) and bistratified
stratum oriens interneurons (n = 2).

Therefore, in experimental TLE, a subpopulation of interneu-
rons was lost, but discharge of all populations of surviving
interneurons was enhanced. We next investigated the result of

these modifications by quantifying the GABAergic input to den-
drites and soma of pyramidal cells.

Decreased inhibition in pyramidal cell dendrites
We examined the properties of tonic inhibition in soma and den-
drites of pyramidal neurons using a method previously developed23.
Systematic post-hoc identification ensured that recordings were
obtained from dendrites of pyramidal neurons. A dent or a hole
on the biocytin-filled apical dendrite23 indicated that the record-
ing sites were 359 ± 58 µm and 375 ± 55 µm from the soma in
experimental (n = 24) and control animals (n = 22), respectively.
We recorded spontaneous IPSCs at the reversal potential of gluta-
matergic events (+10 mV). The frequency of IPSCs recorded in
apical dendrites was significantly lower in experimental animals
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Fig. 2. Density of asymmetrical and symmetrical synapses in stratum
lacunosum moleculare. (a) Low-power electron micrographs of the
stratum lacunosum moleculare, which appears similar in control and
pilocarpine-treated rats. Scale bar, 0.5 µm. (b) High magnification of an
asymmetrical (left) and a symmetrical (right) synapse with a dendritic
spine and a dendritic shaft respectively in the stratum lacunosum mole-
culare of a pilocarpine-treated rat. Scale bar, 0.2 µm. (c) Left, density of
synapses in stratum lacunosum moleculare from control and epileptic
animals. Right, estimated total number of each type of synapse after
correction for shrinkage (38%) in epileptic tissue.
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(16.2 ± 3.5 Hz, n = 16, 73% of control, p < 0.01) than in controls
(22.3 ± 2.7 Hz, n = 17; Fig. 6). Following application of the sodi-
um channel blocker tetrodotoxin (TTX, 1 µM), the average fre-
quency of miniature IPSCs (mIPSCs) was 4.9 ± 1.3 Hz (n = 16) in
epileptic tissue, and 6.9 ± 1.8 Hz (n = 17) in control tissue. The ratio
of miniature/spontaneous IPSC frequencies was thus comparable in
experimental (29 ± 7%, n = 16) and control animals (28 ± 6%, 
n = 17; Fig. 6). To test for modification of postsynaptic GABAA
receptors, we analyzed the amplitude distribution of 
mIPSCs. Although there was a small decrease in experimental ani-
mals (control, 12.8 ± 0.2 pA, n = 17; experimental, 11.8 ± 0.1 pA,
n = 16; Fig. 6), in the same range as previously described in the
soma11, their kinetics did not seem modified, suggesting that post-
synaptic modifications, if any, were small.

We then examined the properties of somatic inhibition. The
frequency of spontaneous IPSCs recorded in the soma was not dif-
ferent in experimental (24.3 ± 5.1 Hz, n = 24) and control animals
(19.8 ± 2.5 Hz, n = 15, p > 0.05; Fig. 7). In contrast, there was a
net increase in the frequency of large-amplitude IPSCs (Fig. 7) and
a 47% increase in the total charge underlying the IPSCs in exper-
imental (n = 24) versus control animals (n = 15, p < 0.01). This
increase represented the net flux of ions through GABAA receptor
channels; it was not due to an increase of GABA quantal release
because, as previously shown11, the ratio of miniature/ sponta-
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Fig. 3. Stratum radiatum and stratum pyramidale interneu-
rons are hyperactive in TLE. (a) Left, distribution of sponta-
neous action potential (AP) frequencies in stratum
radiatum interneurons. Right, cell-attached recordings
(control, n = 10 cells, epileptic, n = 27 cells). Interneurons
that did not fire spontaneously were included and given a
mean frequency value of zero. AP frequency histograms
and spontaneous action potential discharge for two stra-
tum radiatum interneurons recorded in control and epilep-
tic tissue (pilocarpine treated). Control interneuron from
the low-frequency (f) group (0 < f < 3 Hz). Epileptic
interneuron from the high-frequency group (f > 9 Hz),
which was never recorded in control animals. (b) Left, the
frequency of spontaneous EPSCs (sEPSCs) is significantly
increased in epileptic interneurons (p < 0.01). Center and
right, trace recordings of sEPSCs (Vhold, –60 mV) from two
stratum radiatum interneurons (same as in a). 
(c) Photomicrographs of biocytin-filled interneurons from
control (left) and epileptic (right, pilocarpine treated) tis-
sue. Both cells have an ovoid soma in stratum radiatum, a
smooth dendritic tree and an axon (arrows) that ramifies in
stratum oriens (O). (P, stratum pyramidale; R, stratum
radiatum). Scale bar, 100 µm. (d) Cell-attached recordings
from the interneurons illustrated above. Left, frequency
versus time plot of spontaneous action potentials (bin
width, 1 s). Right, spontaneous action potential discharge.
(e) Whole-cell recordings. The membrane was voltage-
clamped at the reversal potential for GABAergic currents.

Fig. 4. Recordings from basket cells in control and epileptic rats.
(a) Montage of presumed basket cells from a control and a kainate-
treated animal. Both neurons have their soma in stratum radiatum
and exhibit an extensive axonal arborization in stratum pyramidale.
(b) Whole-cell recordings show increased spontaneous glutamater-
gic activity in the epileptic versus control interneuron.
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n = 13) as compared to control animals (9 ± 2%, n = 13, p < 0.05).
Thus, in experimental TLE, the balance between excitation and
inhibition is tipped toward excitation.

Epileptic activity in pyramidal cell dendrites
In control slices, blocking activity of stratum oriens interneurons
increases the amplitude of stratum radiatum field EPSPs24, which
suggests that O-LM interneurons control the excitability of pyra-
midal neurons’ dendrites. In epileptic tissue, which lacks a sub-
population of stratum oriens interneurons, stimulation of the
stratum radiatum evoked graded epileptiform discharges in the
apical dendrites of CA1 pyramidal cells, in contrast to the single
action potential evoked by comparable stimulation in control tis-
sue21. Furthermore, in the dendrites of epileptic rats, as previously
reported for the soma25, the NMDA receptor antagonist D-APV
decreased the number of action potentials overriding the epilepti-
form burst discharge evoked by suprathreshold stimulation 
(n = 4, Fig. 8a), suggesting that NMDA receptors actively partici-
pated in the generation of these evoked epileptiform discharges.
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neous IPSC frequencies decreased
from 75 ± 4% (n = 11) in control ani-
mals to 26 ± 5% (n = 10) in experi-
mental animals (Fig. 7; p < 0.001).
Therefore, the reduction of dendritic
inhibition was associated with a
paradoxical enhancement of the
activity-dependent inhibition of the
soma of pyramidal cells.

Increased excitation/inhibition ratio in dendrites
The balance between excitation and inhibition of principal cells
controls the cells’ spontaneous firing16. Because inhibitory input
was decreased in the dendrites of CA1 pyramidal cells in experi-
mental TLE, we investigated the fate of their excitatory input to
evaluate the change in excitation-to-inhibition ratio.

At the ultrastructural level, the estimated number of asym-
metrical synapses in stratum lacunosum moleculare was com-
parable in epileptic and control animals (Fig. 2). Still, the
shrinkage of the lacunosum moleculare probably modified the
distribution of asymmetrical synapses on distal dendrites, as sug-
gested by the increased density of asymmetrical synapses in pilo-
carpine-treated (15.4 ± 1.3 synapses/100 µm2, n = 10) versus
control animals (10.6 ± 1.2 synapses/100 µm2, n = 10). The ratio
of asymmetrical to symmetrical synapses in lacunosum molec-
ulare was thus increased about 46% in experimental animals.

At the physiological level, spontaneous EPSCs were recorded at
–60 mV and IPSCs at +10 mV to determine their ratio for each
recorded dendrite. This ratio was increased in epileptic (18 ± 4%,
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Fig. 5. Recordings from stratum oriens
interneurons in control and epileptic
rats. (a) Spontaneous action potential
firing and sEPSCs frequency are
increased in surviving stratum oriens
interneurons. High rate of glutamatergic
activity in control interneurons from
stratum oriens as compared to stratum
radiatum (compare with Fig. 3b). 
(b) Oriens-lacunosum moleculare
interneuron (O-LM) in control tissue.
Action potential (AP) spontaneous dis-
charge (top, cell-attached recording) and
spontaneous glutamatergic currents
(bottom, Vhold, –60 mV). Right, the
recorded interneuron with a cell body in
stratum oriens, horizontally oriented
dendrites and an axon that ramifies
extensively in stratum lacunosum molec-
ulare. Scale bar, 100 µm. (c) Presumed
medial septum-projecting stratum
oriens interneuron from a pilocarpine-
treated animal. Action potential sponta-
neous discharge (top, cell-attached
recording) and spontaneous glutamater-
gic currents (bottom, Vhold –60 mV).
Stimulation of stratum radiatum evoked
a burst of high-frequency action poten-
tials (current clamp recording at resting
membrane potential). Right, the
recorded interneuron with a cell body at
the stratum oriens/alveus border and an
axon running along the alveus. Scale bar,
100 µm.
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whereas the same stimulus intensity applied in the same condi-
tions in control animals triggered, at most, one action potential
(n = 4, Fig. 8c). Thus the excitatory pathway from entorhinal cor-
tex to CA1 was facilitated in TLE.

DISCUSSION
We report a domain-specific modification of the GABAergic inhi-
bition of pyramidal cells in chronic epilepsy: a reduction in the
dendrites and an increase in the soma. We propose that this dual
alteration is due to selective loss of O-LM cells (reducing den-
dritic inhibition) and to hyperactivity of the surviving interneu-
rons (increasing somatic inhibition). We therefore suggest that
chronic epilepsy permanently modifies the input/output rela-
tionship in principal cells, enhancing control over hippocampal
output via increased somatic inhibition, but also causing per-
missiveness to excitatory inputs (in particular, those from the
perforant path) via the decrease of dendritic inhibition.

57 nature neuroscience  •  volume 4  no 1  •  january 2001

One function of the inhibition provided by O-LM cells is to
control the temporo–ammonic pathway, which projects to stra-
tum lacunosum moleculare26. The loss of O-LM cells in experi-
mental TLE should favor the propagation of temporo–ammonic
pathway EPSPs and action potential firing. To address this issue,
we compared the responses evoked by stimulating the direct tem-
poro–ammonic pathway to the CA1 region in control and epilep-
tic tissue (Fig. 8b and c). The initial slope of the EPSP was
measured as a function of the stimulus intensity (input/output
curves); in the range of stimulation used, the curves were linear
(Fig. 8c). The mean slope of the curve in epileptic tissue increased
by 800% relative to control (Fig. 8c), demonstrating that sizeable
EPSPs were obtained with much lower stimulus intensities in
experimental animals. The stimulus intensity needed to generate
an action potential was lower in TLE than in control (Fig. 8c).
Furthermore, activation of the perforant path could generate a
burst of action potentials in epileptic animals (n = 5, Fig. 8c)
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Fig. 6. Recordings from the apical dendrites of CA1 pyramidal cells. 
(a) The cumulative probability plot of the amplitudes of miniature events
was shifted to the left, indicating a decreased frequency of amplitudes
larger than 15 pA in epileptic animals. The kinetics of miniature events
(normalized averages) did not seem modified (inset). Rise time, 0.99 ms
(control) and 0.98 ms (epileptic); decay time, 9 ms (control) and 10 ms
(epileptic). (b) Whole-cell recordings of spontaneous (control) and minia-
ture (TTX, 1 µM) inhibitory postsynaptic currents obtained at the reversal
potential of glutamatergic events in a control and a kainate-treated animal.
Continuous 4-s recordings are shown. The frequency of spontaneous
events is lower in the epileptic tissue.

a

b

Fig. 7. Somatic recordings from CA1 pyramidal cells. (a) The cumulative
probability plot of the amplitudes of spontaneous IPSCs was shifted to
the right, indicating an increased frequency of large-amplitude events in
experimental animals (n = 6 cells) as compared to controls (n = 6 cells).
(b) Whole-cell recordings of spontaneous (control) and miniature (TTX,
1 µM) inhibitory postsynaptic currents obtained at the reversal potential
of glutamatergic events. The frequency of spontaneous events was similar
in control and epileptic neurons, but the number of large-amplitude
events seemed increased in the epileptic neuron. The frequency of minia-
ture events is considerably decreased in the epileptic neuron.
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in stratum oriens comprise O-LM, bistratified cells28,29 as well
as medial septum-projecting interneurons that also express cal-
bindin19. In epileptic tissue, most somatostatin-containing neu-
rons that co-express calbindin survived, and the only cell types
we could record from were bistratified and medial septum-pro-
jecting interneurons. Together, these observations strongly sug-
gest that the somatostatin-containing neurons that degenerated
in stratum oriens  were O-LM interneurons. Because O-LM
neurons form symmetric synapses primarily on the distal den-
drites of pyramidal cells18 at the site of perforant path affer-
ences, a loss of GABAergic synapses was expected in stratum
lacunosum moleculare.

articles

Loss of O-LM interneurons
GABAergic and somatostatin-containing interneurons in the
hilus of the dentate gyrus are lost in experimental and human
TLE2,4,6–8,27. Confirming preliminary observations4, we now
report GAD-containing neuron loss in the stratum oriens of
the CA1 region of pilocarpine-treated rats with chronic limbic
seizures. This loss was due to cell death, as both GAD mRNA
and protein were reduced, along with the number of neurons
labeled with cresyl violet or Neu-N. Among the GABAergic neu-
rons that degenerated in stratum oriens, somatostatin-con-
taining neurons were particularly vulnerable (46% of neuronal
loss). In control tissue, somatostatin-containing interneurons

Fig. 8. Functional consequences of the decrease of dendritic
inhibition. (a) Dendritic recordings in the current-clamp
mode (KMeSO3) from a control and a kainate-treated animal.
Stimulation in stratum radiatum evoked a single action poten-
tial in the control dendrite and a burst in the epileptic den-
drite (no drug). Bath application of D-APV (40 µM) reversibly
reduced the duration of the burst and the number of evoked
action potentials. (b, c) Stimulation of the temporo–ammonic
pathway to CA1 in control and pilocarpine-treated rats. 
(b) Biocytin-filled pyramidal cell from a pilocarpine-treated
animal. Note the extent of the dendritic branches in stratum
lacunosum moleculare. Scale bar, 50 µm. (c) Left, input/out-
put curves. The initial slope of the EPSP increased linearly
with the intensity of the stimulus applied to the perforant
pathway. Right, mean input/output curve slope was steeper in
cells from epileptic (n = 4) than from control (n = 4) animals.
(d) Left, intensity of stimulation applied to the perforant path
necessary to reach AP threshold (T) in cells from control (T = 70 V, n = 4) and epileptic slices (T = 40 V, n = 5). Right, the mean number of action potentials
evoked at the mean threshold and twice the mean threshold (T × 2) was higher in epileptic than in control cells. Current-clamp recordings of the soma of
CA1 pyramidal cells (KMeSO3). (e) In a control cell, increasing the stimulation of the perforant path from threshold for action potential generation (40 V) to
70 V evoked at most a single spike. In a cell from a pilocarpine-treated animal, the same stimuli evoked one (40 V) or a burst (70 V) of action potentials.
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At the ultrastructural level, the estimated loss of one-third of
symmetric synapses in stratum lacunosum moleculare could
decrease either the number of GABAergic synapses per dendrite,
and/or dendritic volume (resulting from neuronal loss or reduced
dendrite number and/or length). Because most interneurons that
degenerate do not send dendrites to stratum lacunosum molec-
ulare (as do O-LM cells), a decrease in dendritic volume would
principally originate from the death of pyramidal cells or from
a decrease in their dendrite number and/or length. Several find-
ings are not consistent with the hypothesis of a major dendritic
loss. First, in pilocarpine-treated animals, the death of CA1 pyra-
midal cells is marginal (much less than 10%)30. Second, dendritic
and glial processes looked similar in control and epileptic tissue.
Third, the depth of stratum radiatum and the number of
GABAergic synapses in this region were not modified in pilo-
carpine-treated animals. Fourth, in pilocarpine (data not shown)
as well as in kainate models of TLE, the length and number of
dendritic branches in CA1 pyramidal cells increased, not
decreased, because of dendritic sprouting31. Thus, loss of sym-
metric synapses in stratum lacunosum moleculare most likely
reflects fewer GABAergic synapses in the distal part of the den-
dritic tree of pyramidal cells due to the loss of O-LM cells.

Network plasticity
The reactive plasticity of glutamatergic pathways is a major char-
acteristic of epileptic tissue. In many animal models of TLE and in
human patients, axonal sprouting is associated with the forma-
tion of new synapses. This sprouting is best documented for the
mossy fiber pathway (for review, see ref. 32). Similar observations
have been made for the axons of CA1 pyramidal neurons in
kainate- or pilocarpine-treated rats21,33. Here we show that the
frequency of spontaneous glutamatergic currents is increased in
interneurons from animals with TLE. In the same models of TLE,
a comparable increase in spontaneous glutamatergic currents in
pyramidal cells is associated with sprouting of the CA1 associa-
tional pathway in strata oriens, pyramidale and radiatum, and
probably leads to the formation of new functional synapses21.
Thus, it is likely that the increased connectivity resulting from the
axonal sprouting of principal cells is not restricted to other pyra-
midal cells, but also involves new connections with interneurons.
The increased glutamatergic input to interneurons in experimental
TLE directly contributes to their hyperactivity, although other
factors, such as a modification of their membrane properties, can-
not be ruled out34. However, a general increased level of interneu-
ron excitation is consistent with the observation that stimulation
of excitatory afferents triggers epileptiform discharges in surviving
interneurons35,36.

Dual alterations of spontaneous inhibition in TLE
Therefore, in TLE, glutamatergic axons seem to innervate their
various targets, including interneurons, more extensively. This
increased glutamatergic input leads to an enhanced GABAergic
input to principal cell somata, suggesting that seizures are asso-
ciated with a paradoxical enhancement of tonic inhibition37–39.
Our data suggest that inhibition changes in TLE are domain-spe-
cific, that is, they are compartmentalized along the somato–den-
dritic axis of pyramidal cells.

This conclusion requires that somatic and dendritic record-
ings reflect input from two distinct somatic- and dendritic-pro-
jecting inhibitory pathways. Currents recorded in the soma are
theoretically a mixture of synaptic events generated in the soma
and dendrites, even if imperfect space clamp and the complex
electrotonic properties of large adult neurons prevent proper

access to dendrites when recording from the soma23. When simul-
taneous somatic and dendritic recordings of the same pyramidal
neuron are made, small amplitude currents measured in the den-
drites more than 150 µm away from the soma are not detected in
the soma40. Likewise, dendritic IPSPs are not significantly altered
when the soma is voltage-clamped (J. Magee, personal commu-
nication). Furthermore, in our conditions, contamination of den-
dritic recordings by events generated in the soma is limited to
large-amplitude events23. Therefore, IPSCs recorded in the den-
drites and the soma mostly represent locally generated events.
These considerations support our hypothesis that in pyramidal
cells, the dendritic- and somatic-projecting inhibitory pathways
can be characterized by dendritic and somatic recordings, respec-
tively. Thus, there are two different, pathway-specific alterations of
the GABAergic input to CA1 pyramidal cells in experimental TLE.

In the soma of CA1 pyramidal cells, action-potential depen-
dent IPSCs occurred at a higher frequency than in control, with
a significant increase in charge transfer through the membrane.
This increased GABAergic input is likely due to the hyperactivi-
ty of perisomatic projecting interneurons, a population of cells
relatively resistant in TLE32 (also see present results). Because
spontaneous GABAergic input tightly controls the firing of prin-
cipal cells16, the increased inhibitory input we report would effec-
tively counterbalance the increased excitatory input to CA1
pyramidal cells that occurs in experimental TLE.

In apical dendrites, all the modifications decreased GABAer-
gic inhibition. First, miniature GABAergic activity decreased.
(Whether this is a direct consequence of GABAergic synapse loss
or a deficit of GABA quantal release remains to be investigated.)
Second, frequency of action-potential-dependent IPSCs signif-
icantly decreased (Fig. 6), despite the hyperactivity of the sur-
viving dendritic-projecting interneurons (Figs. 4 and 5). Our
morphological and physiological data strongly suggest that this
decrease mainly resulted from the loss of O-LM cells, a popula-
tion of neurons particularly active in control tissue. The inhibi-
tion deficit in the distal dendritic tree, combined with the
increased excitatory input, greatly modified the ratio of gluta-
matergic to GABAergic input during steady state. Because the
amplitude of glutamatergic events increases with the distance to
the soma40, distally, the balance between excitation and inhibi-
tion will be further tipped toward excitation, creating permis-
sive conditions for large glutamatergic events to travel toward
the soma. Reducing the tonic inhibitory input on distal den-
drites could have direct pro-epileptic consequences, by facili-
tating the excitatory input from the entorhinal cortex as shown
here. Such a reduction could also facilitate sodium and calcium
currents41, the NMDA-receptor-mediated component of
EPSCs41,42, and the backpropagation of action potentials in den-
drites43. The finding that NMDA receptors directly participat-
ed in epileptiform discharges in the dendrites of epileptic animals
supports this hypothesis. Perhaps the most important conse-
quence of the O-LM cell loss is the facilitation of the direct tem-
poro–ammonic pathway. In control CA1, stimulation of
excitatory inputs generates epileptiform discharges when the
inhibitory input from stratum oriens interneurons is blocked24.
Thus, in TLE, the activation of the temporo–ammonic pathway
can generate epileptiform bursts in pyramidal cells (although
increased boosting of excitatory events through activation of
voltage-gated cation channels cannot be ruled out). It now needs
to be addressed whether the selective decrease of tonic inhibi-
tion in the dendrites and the facilitation of the direct tem-
poro–ammonic pathway is important in the generation and
propagation of spontaneous seizures.
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In conclusion, the extensive morphological alterations that
occur in TLE—cell death and synaptic reorganization—lead to a
permanent imbalance between the two components of inhibition:
an increase in somatic inhibition and a decrease in distal dendritic
inhibition. The first component may be a key factor in keeping
the system under control most of the time, whereas the second,
in association with the increased excitatory input, would tend to
reduce seizure threshold. The development of therapeutic strate-
gies to treat drug-resistant forms of TLE should take into account
the duality of the alterations in GABAergic input.

METHODS
Animals. Adult male Wistar rats (180–200 g) were treated with pilocarpine
or kainate according to established procedures2,44. Briefly, pilocarpine
(325–340 mg/kg) was injected intraperitoneally 30 min after a low dose
of cholinergic antagonist methyl scopolamine nitrate (1 mg/kg, i.p.) to
minimize peripheral cholinergic effects. Kainate (0.5 µg in 0.5 µl phos-
phate buffer, pH 7.4) was infused over 30 min into the left lateral ventri-
cle under chloral hydrate (350 mg/kg) anesthesia. After recovery from the
acute seizures induced by the drugs, rats were observed periodically in
the vivarium for spontaneous seizures. Kainate- (n = 28)  and pilocarpine-
treated rats (n = 27) that had spontaneous limbic seizures were selected
(1–24 months after drug injection). Age-matched rats (n = 30) were used
for control experiments. All animal use protocols conformed to the NIH
guidelines and the French Public Health Service policy on the use of lab-
oratory animals.

Electrophysiology. Animals were intracardially perfused, under chloral
hydrate (350 mg/kg) anesthesia, with modified artificial cerebrospinal
fluid (ACSF), and 400-µm-thick slices were prepared with a Leica VT
1000E (Nussloch, Germany) tissue slicer as described25. ACSF contained
124 mM NaCl, 3 mM KCl, 1.25 mM KH2PO4, 26 mM NaHCO3, 1.3 mM
MgSO4•7H2O, 2 mM CaCl2, 10 mM D-glucose, and was continuously aer-
ated with 95% O2 and 5% CO2. The temperature in the submerged
recording chamber was maintained at 30–32°C. Spontaneous postsynap-
tic currents were recorded from somata or dendrites of CA1 pyramidal
neurons (using the blind technique) with tight-seal, whole-cell patch-
clamp pipettes. Interneurons were recorded in the cell-attached configu-
ration using infrared imaging. Slices were transferred to a chamber on
the stage of an Axioscope Karl Zeiss microscope (Jiena, Germany) or a
Leica DM LFS microscope. Interneurons were identified using IR-DIC
(infrared-differential interference contrast) microscopy through a 40×
water-immersion objective. Microelectrodes had a resistance of 4–12 MΩ,
and we used internal solutions of the following compositions: for volt-
age-clamp recordings, 135 mM Cs-gluconate, 10 mM MgCl2, 0.1 mM
CaCl2, 1 mM EGTA, 2 mM Na2 adenosine triphosphate, 10 mM HEPES,
0.5% biocytin, pH 7.25; for current clamp recordings, Cs-gluconate was
replaced by K-methanesulfonate. The osmolarity of the internal solutions
was between 265 and 275 mOsm. All recorded pyramidal cells and
interneurons were morphologically identified post hoc.

We measured spontaneous inhibitory currents at the reversal poten-
tial for glutamatergic events (around +10 mV), as described36. Bicuculline
was applied at the end of the experiments to verify that the currents were
indeed GABAergic36. Spontaneous glutamatergic currents were measured
at the reversal potential for GABAergic events and were blocked by CNQX
and D-APV21. The temporo–ammonic pathway to the CA1 region was
stimulated in control and epileptic tissues as described26. The perforant
pathway was isolated with a cut that severed the entorhinal cortex input to
the dentate gyrus, and a second cut was made in the CA1 area from the
stratum oriens to the stratum radiatum/lacunosum moleculare border
(Fig. 8b) to prevent the spread of the stimulating current to the Schaffer
collateral pathway. The stimulating electrodes were positioned in stratum
lacunosum moleculare on the side of the cut opposite the recorded cell.
Bicuculline, kainate, pilocarpine, methyl scopolamine nitrate and bio-
cytin were obtained from Sigma (St. Louis, Missouri) and TTX from
Latoxan (Rosans, France). D-APV and CNQX were donated from Novar-
tis (Basel, Switzerland). Signals were fed to an Axopatch 200A,B amplifi-
er (Axon Instruments, Foster City, California) or a EPC9 (HEKA,

Heidelberg, Germany). All data were digitized (10 kHz) with a Labmaster
(Axon Instruments) interface card to a personal computer and analyzed
with Acquis1 program (G. Sadoc, 1994, Biologic, Grenoble, France). Data
are given as mean ± s.e.m and compared with Student’s t-test. Because
there was no statistical difference between the results obtained from pilo-
carpine- or kainate-treated rats, data were pooled.

Light microscopy. All recorded slices were processed for biocytin-filled
neuron detection. In addition, some hippocampal slices from nine pilo-
carpine-treated and six control animals were collected immediately after
slice preparation for non-radioactive in situ hybridization histochemistry
and immunohistochemistry. Slices were fixed overnight at 4°C in 
4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.4), rinsed in
PB, cryoprotected in sucrose and quickly frozen on dry ice. Slices to be
processed for histochemistry were resectioned (40 µm) on a cryostat. Sec-
tions were rinsed in 0.01 M phosphate-buffered saline, pH 7.4 (1× PBS),
collected sequentially in tubes containing an ethylene glycol-based cry-
oprotective solution and stored at –20°C until processing. From each ani-
mal, adjacent sections were processed for non-radioactive in situ
hybridization with GAD67 and pre-prosomatostatin cRNA probes and
for immunohistochemistry with antibodies that are specific for somato-
statin, calbindin and the GAD67 isoform.

GAD67 and pre-prosomatostatin mRNA were detected with digoxi-
genin-labeled riboprobes produced by in vitro transcription of the cor-
responding cDNAs. The GAD67 cDNA (2.7kb) was a subclone of the
GAD67 clone that was isolated from a λgt-11 rat whole-brain library
using a feline GAD67 cDNA and subcloned into a bluescript vector45.
The localization of GAD67 mRNA was used here because previous in
situ hybridization studies demonstrated that GAD67 mRNA is present
in all groups of GAD- and GABA-containing neurons in the hippocam-
pal formation17. The rat pre-prosomatostatin cDNA (0.4 kb) was isolat-
ed from a rat medullary thyroid carcinoma library and subcloned into
a Sp65 vector46. This cDNA contained the entire coding region of the rat
pre-prosomatostatin, the common precursor of somatostatin-14 and
somatostatin-28, the biologically active peptides. Transcription was done
with the nonradioactive RNA labeling kit (Boehringer Mannheim, Indi-
anapolis, Indiana) as described47. Transcripts labeled with digoxigenin-
11-UTP were fragmented by limited alkaline hydrolysis to obtain probes
of approximately 160 nucleotides in length.

Free-floating sections were processed for GAD67 and pre-proso-
matostatin non radioactive in situ hybridization as described47. Briefly,
after standard pretreatments to enhance penetration of the reagents,
sections were incubated for 1 h at room temperature in the prehy-
bridization solution, and for 16 h at 50°C in hybridization solution
containing 0.2 ng/µl digoxigenin-labeled RNA probe. Sections were
treated with ribonuclease A (50 µg/ml) and low to high stringency
washes were done with decreasing concentrations of saline sodium cit-
rate (SSC), ending with an incubation in 0.1× SSC, 10 mM sodium
thiosulfate for 30 min at 55°C  (1× SSC, 150 mM NaCl, 60 mM Na cit-
rate, pH 7.0). Sections were then processed for immunodetection of
the digoxigenin label with a nucleic acid detection kit (Boehringer
Mannheim; for details, see ref. 47). Sections from control and pilo-
carpine-treated animals were processed in parallel under identical
experimental conditions (including the incubation time) in the chro-
mogen solution (2 h for GAD and pre-prosomatostatin mRNAs in each
of the two animal groups). Sections were mounted on gelatin-coated
slides, dried and coverslipped in an aqueous mounting medium (Crys-
tal/Mount, Biomeda, Foster City, California).

Preparation and characterization of the polyclonal antiserum K2, used
to localize GAD67, have been described48. We used a polyclonal rabbit
antiserum (IHC 8001, Peninsula Laboratories, Belmont, California) that
recognizes both somatostatin-14 and somatostatin-28 peptides. We used a
monoclonal antibody that recognizes the neuron-specific protein Neu-N
(MAB 377, Chemicon, Temecula, California) to visualize all hippocampal
neurons, and a mouse monoclonal antibody D-28K (McAB 300, Swant,
Bellinzona, Switzerland) to localize calbindin.

Sections from control and pilocarpine-treated animals were processed
in parallel for GAD67 or somatostatin immunohistochemistry by unla-
beled antiserum and standard avidin-biotin-peroxidase immunolabel-
ing methods (Vectastain Elite Rabbit IgG Kit, Vector, Burlingame
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California) as described47 with a few modifications for tissue fixed by
immersion. Sections were washed in 0.02 M potassium phosphate-
buffered saline (KPBS, pH 7.4), used throughout these experiments. To
block endogenous peroxidase, sections were incubated in 1% hydrogen
peroxide for 30 min. Sections were then incubated for 1 h at RT in 3%
normal goat serum with (GAD67 and somatostatin) or without (GAD67)
0.3% Triton X-100 . Sections processed for GAD67 were then incubat-
ed for 20 h at room temperature (RT) in K2 antiserum, diluted 1:4000
in KPBS containing 1% normal goat serum. We incubated sections
processed for somatostatin for 48 hours at 4°C in the primary antiserum
diluted 1:4000 in KPBS containing 1% normal goat serum and 0.3% Tri-
ton X-100. Following incubations, sections were rinsed for 30 min in
KPBS, incubated for 1 h at RT in biotinylated goat anti-rabbit IgG (1:200
dilution), rinsed in KPBS for 30 min and incubated for 1 h at RT with
the avidin-biotin-peroxidase solution (1:100 dilution). After a 30-min
rinse in 0.075 M PBS (pH 7.3), all sections were incubated for 15 min in
0.06% 3,3´-diaminobenzidine-HCl and 0.006% H2O2 diluted in PBS.
Sections were rinsed, mounted on gelatin-coated slides, dehydrated and
coverslipped with Permount (Fisher, Pittsburgh, Pennsylvania).

Some sections from control and pilocarpine-treated animals were dou-
ble labeled to assess all neurons and somatostatin interneurons. Sections
were incubated for 48 h at 4°C in somatostatin antiserum (1:4000) mixed
with Neu-N monoclonal antibody (1:4000) in KPBS containing 0.5% milk
protein (Boehringer Mannheim) and 0.3% Triton X-100. Then we detect-
ed somatostatin antiserum as described above, with a slight modification,
including 0.03% of nickel ammonium sulphate in the incubation with DAB
and H2O2 to obtain a dark blue product. We next detected the Neu-N anti-
body. We incubated sections for 1 h at RT in biotinylated horse anti-mouse
IgG diluted 1:200 in KPBS containing 0.5% milk proteins, rinsed the sec-
tions in KPBS for 30 min, and incubated them for 1 h at RT with avidin-
biotin-alkaline phosphatase solution (1:100). Visualization was done by
incubating the sections with a fast red chromogen according to the manu-
facturer’s recommendations, to obtain a red precipitate.

Somatostatin and calbindin were simultaneously detected in some sec-
tions from control and epileptic animals. Sections were incubated for 48 h
at 4°C in somatostatin antiserum (1:2000) and calbindin monoclonal anti-
body (1:2000) diluted in KPBS containing 0.5% milk protein (Boehringer
Mannheim) and 0.3% Triton X-100. After a 30-min rinse in KPBS, sections
were incubated for 2 h at RT in biotinylated goat anti-rabbit IgG (1:200)
and Cy3 goat anti-mouse IgG (1:100), rinsed in KPBS for 30 min, and incu-
bated for 1 h at RT with avidin-FITC (1:100). Sections were rinsed, mount-
ed on gelatin-coated slides, and coverslipped in an aqueous mounting
medium (Gel/Mount, Biomeda, Foster City, California). Sections were
examined with a Zeiss confocal microscope.

Quantitative studies of GAD mRNA- and somatostatin-containing
neurons were done to determine the extent of cell loss in the stratum
oriens of the CA1 region in pilocarpine-treated animals. For each popu-
lation of cells, quantitative data were obtained from the stratum oriens in
five sections each from control and pilocarpine-treated animals. In each
section, the stratum oriens of the CA1 region was delineated, and the
number of labeled neurons was plotted using a computer-assisted sys-
tem (Neurolucida, Microbrightfield) with a Nikon microscope (Tokyo,
Japan). Mean numbers of GAD mRNA- and somatostatin-containing
neurons per 10,000 µm2 were determined for each group of animals. For
each cell population, the data were analyzed statistically by a mixed model
analysis of variance (ANOVA) and Student’s t-test.

Biocytin-filled neurons were detected on unsectioned slices. To neutralize
endogenous peroxidase, slices were pretreated for 30 min in 1% H2O2. After
several rinses in 0.1 M PBS (pH 7.4), slices were incubated for 24 h at RT, in
1:100 avidin-biotinylated peroxidase complex (Vector) diluted in PBS con-
taining 0.3% Triton X-100. After 30 min rinses in PBS, slices were processed
with 0.06% 3,3´-diaminobenzidine tetrahydrochloride (DAB, Sigma) and
0.006% H2O2 diluted in PBS. After histological processing, the general fea-
tures of the recorded neurons were observed on a Nikon E800 microscope.
A dent or a hole corresponding to the recording site was frequently observed
in the membrane of the neurons. When observed for the dendritic recordings
of pyramidal cells, its distance from the soma was calculated23.

Electron microscopy. Hippocampal slices used for electrophysiological
studies (from one control and one pilocarpine-treated rat) were prepared for

electron microscopy as follows. Slices were transferred to 2% paraformalde-
hyde, 0.5% glutaraldehyde and 15% picric acid in 0.1 M phosphate buffer
(pH 7.4) for 16 h at 4°C. Afterward, slices were cut at 50 µm on a vibratome
and osmicated in 1% osmium tetroxide, dehydrated and embedded in
Araldite resin. The embedded sections were trimmed and then re-sectioned
serially into semi-thin (2 µm) sections with a Reichert Ultracut microtome.
The sections were stained with 1% toluidine blue in 1% borax buffer. Neu-
ropil from the stratum lacunosum-moleculare from CA1 regions was delim-
ited light microscopically in the 2-µm sections. Selected semi-thin sections
were then trimmed and resectioned at 60–70 nm for electron microscopy.
Thin sections were collected on Formvar-coated, single-slot grids and were
stained with uranyl acetate and lead citrate. The ultra-thin sections were
examined with a Phillips-420 or a Jeol-1200 EX (Tokyo, Japan) electron
microscope.

The sampling procedure consisted of 10 electron micrographs of neu-
ropil from the stratum lacunosum moleculare and the stratum radia-
tum, taken at an initial magnification of 10,000× and printed at a final
magnification of 30,000×. All synapses were identified following well-
established morphological criteria49, regardless of the angle of section at
which the synaptic junctions were viewed (showing or not showing a
synaptic cleft). Most synapses showing a synaptic cleft could be classi-
fied into asymmetrical (thick postsynaptic densities) or symmetrical (thin
postsynaptic densities) synapses. Other synapses with no visible synaptic
cleft or with postsynaptic densities that could not be clearly identified as
symmetrical or asymmetrical were classified as uncharacterized.

The density of synapses (number/100 µm2) was calculated. The rela-
tive numbers of synapses in stratum lacunosum moleculare and stratum
radiatum between control and pilocarpine-treated animals were then
estimated, taking into account the shrinkage, when observed, for these
layers in epileptic rats. To calculate shrinkage, we measured the thick-
ness of stratum lacunosum moleculare and stratum radiatum in slices
prepared for electron microscopy, and in 50-µm vibratome sections
stained with toluidine blue. The mean thickness of the stratum lacuno-
sum moleculare measured on slices was 230 ± 14 µm and 133 ± 10 µm in
control and pilocarpine-treated rats, respectively; a 42% shrinkage of
this layer was observed in epileptic animals. The mean thickness of the
stratum lacunosum moleculare assessed on sections was 144 ± 5 µm and
94 ± 5 µm in control and pilocarpine-treated rats, respectively; a 35%
shrinkage of this layer was observed in epileptic animals. A mean shrink-
age of 38% was used to estimate the number of synapses in stratum
lacunosum moleculare of epileptic animals. The mean thickness of stra-
tum radiatum was similar in control and pilocarpine-treated rats, when
measured on slices (control, 476 ± 13 µm; pilocarpine, 458 ± 16 µm) or
on sections (control, 274 ± 2 µm; pilocarpine, 265 ± 4 µm).

Data were analyzed by two-way analysis of variance (ANOVA) and
Student’s t-test. Counts and classification of synapses were made inde-
pendently by two authors and then re-examined together.
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