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Reduced Inhibition of Dentate Granule Cells in a Model of
Temporal Lobe Epilepsy

Masayuki Kobayashi and Paul S. Buckmaster
Departments of Comparative Medicine and Neurology and Neurological Science, Stanford University School of Medicine, Stanford, California 94305-5342

Patients and models of temporal lobe epilepsy have fewer inhibitory interneurons in the dentate gyrus than controls, but it is unclear
whether granule cell inhibition is reduced. We report the loss of GABAergic inhibition of granule cells in the temporal dentate gyrus of
pilocarpine-induced epileptic rats. In situ hybridization for GAD65 mRNA and immunocytochemistry for parvalbumin and somatostatin
confirmed the loss of inhibitory interneurons. In epileptic rats, granule cells had prolonged EPSPs, and they discharged more action
potentials than controls. Although the conductances of evoked IPSPs recorded in normal ACSF were not significantly reduced and
paired-pulse responses showed enhanced inhibition of granule cells from epileptic rats, more direct measures of granule cell inhibition
revealed significant deficiencies. In granule cells from epileptic rats, evoked monosynaptic IPSP conductances were <40% of controls,
and the frequency of GABA , receptor-mediated spontaneous and miniature IPSCs (mIPSCs) was <<50% of controls. Within 3-7 d after
pilocarpine-induced status epilepticus, miniature IPSC frequency had decreased, and it remained low, without functional evidence of
compensatory synaptogenesis by GABAergic axons in chronically epileptic rats. Both parvalbumin- and somatostatin-immunoreactive
interneuron numbers and the frequency of both fast- and slow-rising GABA, receptor-mediated mIPSCs were reduced, suggesting that
loss of inhibitory synaptic input to granule cells occurred at both proximal/somatic and distal/dendritic sites. Reduced granule cell
inhibition in the temporal dentate gyrus preceded the onset of spontaneous recurrent seizures by days to weeks, so it may contribute, but
is insufficient, to cause epilepsy.
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Introduction

Temporal lobe epilepsy is the most common type of epilepsy in
adults (Engel et al., 1997). Patients with temporal lobe epilepsy
display specific patterns of neuron loss, and the most consistent
loss occurs in the hilus of the dentate gyrus (Margerison and
Corsellis, 1966). Some of the missing cells are interneurons (de
Lanerolle et al., 1989; Mathern et al., 1995a; Wittner et al., 2001).
Whether granule cells, the principal neurons of the dentate gyrus,
are less inhibited is an important but unresolved issue.

Despite the loss of interneurons, many previous studies that
evaluated tissue from patients or models of temporal lobe epi-
lepsy found evidence of normal or enhanced granule cell inhibi-
tion. Surviving GABAergic interneurons have been reported to
sprout axon collaterals and form new inhibitory synapses with
granule cells (Babb et al., 1989; Davenport et al., 1990; Mathern et
al., 1995a, 1997; Andre et al., 2001; Wittner et al., 2001). Unit and
field potential recordings provide evidence of robust inhibition
in tissue from patients with temporal lobe epilepsy (Isokawa-
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Akesson et al., 1989; Uruno et al., 1995; Colder et al., 1996; Wil-
son et al., 1998). Paired-pulse inhibition of granule cells is en-
hanced in models of temporal lobe epilepsy (Tuff et al., 1983;
Haas et al., 1996; Buckmaster and Dudek, 1997). GABA , receptor
density is greater in acutely isolated granule cells from epileptic
rats compared with controls (Gibbs et al., 1997). Granule cells
express more GABA, receptors per synapse in kindled animals
compared with controls (Otis et al., 1994; Nusser et al., 1998).
Some intracellular and whole-cell patch-clamp studies of granule
cells from patients and models of temporal lobe epilepsy report
relatively normal inhibitory postsynaptic responses (Franck et al.,
1995; Buhl et al., 1996; Isokawa, 1996; Buckmaster and Dudek,
1999; Okazaki et al., 1999), but others found reduced IPSPs (Wil-
liamson et al., 1995, 1999).

To address this unsettled issue we used multiple approaches to
evaluate the inhibition of granule cells at different stages of epi-
leptogenesis in the pilocarpine-treated rat model of temporal
lobe epilepsy. We compared electrophysiological results with an-
atomical measures of interneuron loss in adjacent slices. We ex-
amined the dentate gyrus in the temporal pole of the hippocam-
pus, which is homologous to the part of the hippocampus that is
resected from patients with temporal lobe epilepsy and is the
region in which neuron loss in patients and models is most severe
(Babb et al., 1984; Masukawa et al., 1996; Buckmaster and Dudek,
1997). We found reduced inhibition of granule cells in epileptic
rats and asked the following questions. Does the loss of inhibition
precede or follow the onset of spontaneous, recurrent seizures? Is
there functional evidence that surviving inhibitory interneurons
form additional, compensatory synapses in chronically epileptic
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animals? Where on the granule cells (soma, dendrites, or both)
are inhibitory synapses lost?

Materials and Methods

Animal treatment. We used the pilocarpine-treated rat model of tempo-
ral lobe epilepsy because it replicates the cell type-specific pattern of
neuron loss and axon reorganization found in many patients with tem-
porallobe epilepsy (Turski etal., 1983; Mello etal., 1993). It also is similar
to a common clinical history of patients with temporal lobe epilepsy
(Mathern et al., 1995b), in that a brain injury precedes a seizure-free
latent period before spontaneous, recurrent seizures begin. All experi-
ments were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and approved by
the Stanford University Institutional Animal Care and Use Committee.

Sprague Dawley male rats (35-77 d old) were treated with pilocarpine
(380 mg/kg, i.p.) 20 min after atropine methylbromide (5 mg/kg, i.p.).
Approximately 60% of the treated rats experienced status epilepticus.
Diazepam (10 mg/kg, i.p.) was administered 2—3 hr after onset of status
epilepticus and repeated, as needed.

Slice preparation. Animals were deeply anesthetized with pentobarbital
(75 mg/kg, i.p.) and decapitated. Tissue blocks including the dentate
gyrus were removed rapidly and stored for 3 min in modified ice-cold
artificial CSF (M-ACSF) containing (in mm): 230 sucrose, 2.5 KCI, 10
MgSO,, 1.25 NaH,PO,, 26 NaHCOj, 2.5 CaCl,, and 10 p-glucose. Hor-
izontal slices were cut by a microslicer (Lancer series 3000, Vibratome, St.
Louis, MO) into 425-um-thick sections for sharp intracellular electrode
recording and 350-um-thick sections for whole-cell patch-clamp re-
cording. Slices were incubated at 32°C for 40 min in a submersion-type
holding chamber that contained 50% M-ACSF and 50% normal ACSF
(ACSF), pH 7.35-7.40. ACSF contained (in mm): 126 NaCl, 3 KCl, 2
MgSO,, 1.25 NaH,PO,, 26 NaHCO;, 2.0 CaCl,, and 10 p-glucose. After
that, slices were placed in ACSF at 32°C for 1 hr. ACSF was aerated
continuously with a mixture of 95% O,/5% CO,. Slices were thereafter
maintained at room temperature until they were used for recording.

Intracellular recording. We used sharp intracellular electrodes and cur-
rent clamp in some evoked response experiments of the present study.
Although whole-cell patch-clamp recording could have been used to
measure IPSP conductance, we chose sharp electrode recordings because
they can be compared more directly with most of the relevant published
studies that also used sharp electrode recordings, they reduce cell dialysis,
and in our hands, they generate more consistent and superior intracellu-
lar labeling. In a recording chamber (Fine Science Tools, Foster City,
CA), slices were maintained at an interface of humidified 95% O,/5%
CO, and ACSF flowing at 1 ml/min and maintained at 30—32°C. Record-
ing electrodes were made from quartz (P-2000, Sutter Instruments, No-
vato, CA) and filled with 2% biocytin and 1 M potassium acetate (100—
180 M()). Signals were amplified (AxoClamp 2B and CyberAmp 380,
Axon Instruments, Foster City, CA), observed on-line, and stored
(pCLAMP, Axon Instruments).

IPSPs were recorded in normal ACSF, and monosynaptic IPSPs were
recorded in the presence of glutamate receptor antagonists [50 um
6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) and 100 um D-2-
amino-5-phosphonovalerate (D-APV), RBI, Natick, MA]. IPSP reversal
potentials were measured by altering the membrane potential with DC
current to change the amplitude and polarity of postsynaptic potentials.
IPSP amplitude was plotted against the prestimulus membrane potential,
and data were fit with a least-squares regression line to estimate the
reversal potential. IPSP conductance was calculated by subtracting the
input conductance of the cell before stimulation from its conductance
during the IPSP (20 and 150 msec after the stimulus artifact). Conduc-
tance was the slope of I-V curves, where I was DC holding current and V/
was membrane potential.

Whole-cell patch-clamp recording. Whole-cell patch-clamp recordings
were obtained from granule cells identified with Nomarski optics (40X;
Nikon, Tokyo, Japan) and an infrared-sensitive video camera (Hamamatsu
Photonics, Hamamatsu City, Japan). Electrical signals were amplified by a
patch amplifier (Axopatch 1-D, Axon Instruments) for voltage-clamp re-
cordings and by an intracellular amplifier (AxoClamp 2B, Axon Instru-
ments) for current-clamp recordings. The composition of the pipette
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solution for voltage-clamp recordings was (in mm): 120 cesium methane-
sulfonate, 20 biocytin, 10 HEPES, 8 NaCl, 5 QX-314, 2 magnesium ATP, 0.3
sodium GTP, and 0.1 BAPTA. The presence of QX-314 and cesium in the
pipette solution precluded recording GABA receptor-mediated
IPSCs. The pipette solution for whole-cell current-clamp recordings
contained (in mm): 100 potassium gluconate, 40 HEPES, 20 biocytin, 10
EGTA, 5 MgCl,, 2 disodium ATP, and 0.3 sodium GTP. Pipette solutions
had a pH of 7.3 and osmolarity of 300 mOsm. The liquid junction potential
for voltage-clamp recordings was 7 mV, and all voltages were corrected ac-
cordingly. Thick-wall borosilicate patch electrodes (4—6 M()) were pulled
on a Flaming-Brown micropipette puller (P-97, Sutter Instruments).

Recordings were obtained at 30-31°C. Seal resistance was >5 G(), and
only data obtained from electrodes with access resistance of 8—17 M{)
and <20% change during recordings were included in this study. Series
resistance was 80% compensated. Spontaneous (s), miniature (m), and
evoked IPSCs were measured near the reversal potential of glutamatergic
input (0 mV). For blocking GABA, and glutamate receptors, 10 um
bicuculline methiodide and 25 um CNQX/50 uMm D-APV, respectively,
were bath applied. To record mIPSCs, 1 uMm tetrodotoxin (TTX) was
applied in combination with CNQX and p-APV. Paired patch-clamp
recordings were obtained from putative basket cells and granule cells.
Basket cells were recorded in current-clamp mode, and bridge balance
was adjusted during recording. Membrane currents and potentials were
low-pass filtered at 1-2 kHz and digitized at 4—8 kHz.

Data analysis. Both sTPSCs and mIPSCs were automatically detected
by customized software (kindly provided by Dr. J. Huguenard, Stanford
University) using the second derivative of the current traces as the trigger
(Ulrich and Huguenard, 1996). Threshold values were set at three times
the SD of baseline noise amplitude. For every recording we visually
checked at least 10% of the file to verify that the software accurately
detected events. More than 95% of the visually identified events were
detected by the software, and false positives accounted for <1% of the
events detected by the software. Threshold values for sIPSCs recorded in
normal ACSF were 5.6 = 0.2 pA in epileptic rats (n = 23 cells), 4.9 = 0.2
PA in adult control rats (n = 42 cells), 4.8 = 0.2 pA in 3-7 d post-status
epilepticus rats (n = 42 cells), and 4.9 = 0.2 pA in young control rats (n =
64 cells). Threshold values for mIPSC recordings were 4.0 = 0.1 pA in
epileptic rats (n = 20 cells), 3.6 == 0.1 pA in adult control rats (n = 36
cells), 3.6 = 0.1 pA in 3—-7 d post-status epilepticus rats (n = 34 cells), and
3.8 = 0.2 pA in young control rats (n = 44 cells). IPSC frequency was
measured from continuous recordings that were at least 2 min long. The
distributions of mIPSC rise times were fit with two Gaussians (Origin,
Microcal Software Inc., Northampton, MA). To evaluate levels of spon-
taneous inhibitory synaptic input, the charge transfer of sIPSCs was
summed over a period of time by measuring the area between the trace
containing sTPSCs and the baseline. All statistical values are presented as
mean * SEM. Statistical comparisons were performed using a x* test, t
test, or Spearman Rho test. The level of p < 0.05 was considered statisti-
cally significant.

Anatomy. Immediately after slicing, the first and the last slice prepared
were placed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH
7.4, at 4°C for at least 24 hr. After fixation, slices were stored in 30%
ethylene glycol and 25% glycerol in 50 mm PB at —20°C or less. Slices
were sectioned with a sliding microtome set at 30 wm. From each slice,
one section was stained with thionin. Others were processed for soma-
tostatin or parvalbumin immunoreactivity or GAD65 mRNA in situ hy-
bridization using previously described protocols and reagents (Buck-
master and Dudek, 1997; Buckmaster and Jongen-Rélo, 1999). The
GADG65 cDNA (kindly provided by Drs. A. Tobin and N. Tillakaratne,
University of California at Los Angeles) was ~2.4 kb and was isolated
from a A Zapll library from adult rat hippocampus (Erlander et al.,
1991). Neuronal profile counts were measured with a neurolucida system
(MicroBrightField, Colchester, VT). A contour was drawn along the bor-
ders of the dentate gyrus (see Fig. 1a). The border between the hilus and
the CA3 region was drawn as straight lines from the ends of the granule
cell layer to the proximal end of the CA3 pyramidal cell layer. Within
the contour, all of the neuron profiles of interest were counted
(somatostatin- or parvalbumin-immunoreactive neurons, GAD65
mRNA-positive neurons, or hilar Nissl-stained neurons). Results from
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the first and last slice prepared from an animal were averaged. All of the
slices used for electrophysiology were between the two slices prepared for
anatomy.

To visualize biocytin-labeled neurons after sharp-electrode recording,
slices were fixed, cryoprotected, and sectioned (60 wm). Sections were
processed using the ABC method (Vector Laboratories, Burlingame, CA)
and nickel-intensified diaminobenzidine as the chromogen. All chemi-
cals unless specified were purchased from Sigma (St. Louis, MO).

Results

Epileptic rats (n = 25) experienced pilocarpine-induced status
epilepticus when they were 51 * 3 d old. They were video-
monitored for seizure activity 40 hr/week. Their first observed
spontaneous seizure occurred 26 * 3 d after status epilepticus,
and they were used in an experiment 28 = 4 d later. Controls for
the epileptic rats included age-matched naive rats (n = 17) and
pilocarpine-treated rats that did not experience status epilepticus
and did not develop epilepsy (n = 21). In some experiments, rats
(n = 15) were examined 37 d after status epilepticus, before the
onset of spontaneous seizures. It is likely that most, if not all, of
these rats would have become epileptic, because >90% of the 82
rats that we have video-monitored displayed spontaneous, recur-
rent seizures within 3 months after pilocarpine-induced status
epilepticus. The control group for the 3—7 d post-status epilepticus
rats included age-matched naive rats (n = 25) and pilocarpine-
treated rats that did not have status epilepticus (n = 14). We found
no significant differences in the anatomical or electrophysiological
results from naive controls versus pilocarpine-treated controls.

Interneuron loss after status epilepticus

Patients with temporal lobe epilepsy have fewer interneurons in
the dentate gyrus than controls (de Lanerolle et al., 1989; Math-
ern et al., 1995a; Wittner et al., 2001). Experimental models of
temporal lobe epilepsy display similar patterns of interneuron
loss (Sloviter, 1991; Obenaus et al., 1993; Schwarzer et al., 1995;
Houser and Esclapez, 1996; Buckmaster and Dudek, 1997; Buck-
master and Jongen-Rélo, 1999; Andre et al., 2001; Gorter et al.,
2001). This was true for pilocarpine-treated rats that experienced
status epilepticus. Compared with age-matched controls, the
number of GAD65 mRNA-positive neuron profiles in the dentate
gyrus was reduced to 66 and 71% in epileptic rats and in 3-7 d
post-status epilepticus rats, respectively (Figs. 1c,d, 2a). The av-
erage number of GAD65 mRNA-positive neuron profiles per
dentate gyrus in 3—7 d post-status epilepticus rats (215 * 18;n =
12) was similar to that of chronically epileptic rats (200 £ 11;n =
24), suggesting that virtually all of the interneuron loss occurred
by 37 d after status epilepticus.

There are many different types of GABAergic interneurons in
the dentate gyrus. Somatostatin-immunoreactive interneurons
are abundant, and they synapse preferentially with the distal den-
drites of granule cells (Leranth et al., 1990; Katona et al., 1999;
Buckmaster et al.,, 2002a). In contrast, parvalbumin-immunoreac-
tive interneurons synapse preferentially at or near the granule cell
body (Kosaka et al., 1987). In slices from control rats, somatostatin-
immunoreactive profiles accounted for 27% of the GAD65 mRNA-
positive profiles in the dentate gyrus, similar to previous stereologi-
cal results (Buckmaster and Jongen-Rélo, 1999). In controls,
parvalbumin-positive profiles accounted for 8% of the GAD65
mRNA-positive neuron profiles in the dentate gyrus. After status
epilepticus, the average number of both somatostatin- and parval-
bumin-immunoreactive interneuron profiles per dentate gyrus was
reduced to 46—48% of controls (Figs. le-h, 2a).

When using neurochemical markers to identify and count
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neurons, it is important to determine whether neurons die or just
reduce marker expression. Seizure activity can reduce parvalbu-
min immunoreactivity in surviving interneurons (Scotti et al.,
1997), and we could not measure parvalbumin-positive inter-
neuron numbers in 3-7 d post-status epilepticus rats, because
somata were not reliably labeled that soon after status epilepticus.
In the dentate gyrus, somatostatin-immunoreactive cell bodies
are found almost exclusively within the hilus. The number of
somatostatin-immunoreactive interneurons was correlated with
the number of Nissl-stained hilar neurons in the same slice (Fig.
2b), suggesting that these interneurons were killed and did not
just lose their immunoreactivity. Surviving somatostatin-
immunoreactive neurons and their axons in the outer molecular
layer were labeled more intensely in epileptic rats compared with
controls (Fig. le,f), confirming previous results from patients
(Mathern et al., 1995a) and models of temporal lobe epilepsy
(Wanscher et al., 1990; Schwarzer et al., 1995; Buckmaster and
Dudek, 1997). Similarly, the intensity of GAD65 mRNA expres-
sion in somata increased in epileptic rats (Figs. 1¢,d) (Feldblum et
al., 1990; Houser and Esclapez, 1996).

In patients with temporal lobe epilepsy, neuron loss in the
dentate gyrus is most severe in the temporal end of the hippocam-
pus (Babb et al.,, 1984; Masukawa et al., 1996). Similarly, in
kainate-treated epileptic rats, interneuron loss is most severe in
the temporal dentate gyrus (Buckmaster and Jongen-Rélo, 1999),
and frequently the temporal dentate gyrus is the only dentate
region in which the number of parvalbumin-immunoreactive
interneurons is reduced (Buckmaster and Dudek, 1997). We
found similar results in pilocarpine-induced epileptic rats. All of
the slices examined in the present study were from the temporal
part of the hippocampus, but some slices were more temporal
than others. GAD65 mRNA-positive neuron loss was more severe
in the ventral (most temporal) slices than in the dorsal slices. The
number of GAD65 mRNA-positive neuron profiles was reduced
to 58% in ventral slices and to 70% of controls in dorsal slices.

Granule cells are hyperexcitable in epileptic rats

Perforant path fibers in the outer two-thirds of the molecular
layer provide the predominant excitatory synaptic input to gran-
ule cells. The outer molecular layer was stimulated with a bipolar
electrode (25 wm diameter, insulated stainless steel wires) placed
100-300 wm off-center from the impaled cell. Stimulus intensity
was gradually increased and set to evoke the maximal amplitude
IPSP at a 150 msec latency (0.2 msec, 0.1 Hz). Stimulation of the
outer molecular layer revealed hyperexcitability of granule cells
in slices from epileptic rats. The maximum number of action
potentials discharged per stimulus was higher in epileptic rats
(1.4 = 0.1; n = 84 cells) compared with controls (0.7 = 0.1; n =
74 cells; p < 0.0001; unpaired ¢ test) (Fig. 3a—c). At stimulation
intensities below spike threshold, prolonged depolarizations
were evident in epileptic (Fig. 3b2) but not control rats. Resting
membrane potential and input resistance were similar in epilep-
tic and control groups (Table 1) (Buckmaster and Dudek, 1999;
Williamson et al., 1999). Granule cells from control or epileptic
rats responded to current step injection with a train of action
potentials and never with a burst (Fig. 3d). These findings suggest
that changes in synaptic transmission, rather than changes in
intrinsic firing properties, underlie the hyperexcitability of gran-
ule cells in epileptic rats. Granule cell hyperexcitability to ortho-
dromic stimulation has been found in tissue from patients
(Isokawa and Levesque, 1991; Franck et al., 1995; Williamson et
al., 1995; Isokawa, 1996; Masukawa et al., 1996) and models of
temporal lobe epilepsy (Sloviter, 1991; Simmons et al., 1997; Bra-
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Figure 1.  Interneuron loss in the dentate gyrus of a pilocarpine-induced epileptic rat. Nissl-staining (a, b), GAD65 mRNA in situ hybridization (c, d), and somatostatin (e, f) and parvalbumin
immunocytochemistry (g, h) demonstrate the loss of interneurons in adjacent sections from an epileptic rat (b, d, f, h) compared with a control (g, ¢, e, g). GAD65 mRNA expression appears more
intense in surviving interneurons in the epileptic rat () compared with the control (c). The surviving somatostatin-immunoreactive somata and axons in the outer molecular layer (arrowheads) are
labeled more intensely in the epileptic rat (f) compared with the control (e). Interneuron profiles (GAD65 mRNA-, somatostatin-, and parvalbumin-positive) were counted within the borders of the
dentate gyrus that are demonstrated in a. Nissl-stained hilar neurons were counted only within the hilus ( h). m, Molecular layer; g, granule cell layer; CA3, CA3 pyramidal cell layer. Scale bar, 250 m.
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Figure 2.  Analysis of interneuron loss in the dentate gyrus of pilocarpine-induced epileptic
rats and in rats 3-7 d after status epilepticus. a, Parvalbumin- and somatostatin-
immunoreactive and GAD65 mRNA-positive interneuron profiles were counted in the most
dorsal (Fig. 1) and the most ventral slice prepared from each rat. Slices between were used for
electrophysiology. The number of interneuron profiles per dentate gyrus for each rat was cal-
culated by averaging the values from the most dorsal and the most ventral slice. The averages of
each experimental group are plotted in this graph. Epileptic and 3—7 d post-status epilepticus
rats had fewer interneurons than did controls (*p << 0.0001; unpaired ¢ test). Parvalbumin-
positive interneurons could not be analyzed in 3—7 d post-status epilepticus rats (see Results).
Error bars indicate SEM. b, The number of somatostatin-immunoreactive interneuron profiles
per dentate gyrus was correlated with the number of Nissl-stained hilar neurons from the same
slice (r = 0.86). Analysis of only the data from epileptic and 3—7 d post-status epilepticus rats
also revealed a significant correlation ( p << 0.005; Spearman Rho test).

gin et al., 1999; Buckmaster and Dudek, 1999; Patrylo et al., 1999;
Lynch and Sutula, 2000).

Changes in glutamate receptors (Mody and Heinemann, 1987;
Mathern et al., 1998) and excitatory circuitry might enhance excita-
tory synaptic input to granule cells and make them hyperexcitable.
We found evidence of changes in excitatory circuitry that included
abnormal morphological characteristics reported previously for
granule cells in epileptic tissue (Fig. 4) (Represa etal., 1993; Franck et
al., 1995; Okazaki et al., 1995; Spigelman et al., 1998; Sutula et al.,
1998; Buckmaster and Dudek, 1999; Ribak et al., 2000). At least one
axon collateral from a biocytin-labeled granule cell projected into
the molecular layer in 91% of the 34 slices from epileptic rats (Fig. 4c)
and in only 19% of the 27 slices from controls (p < 0.005; x test).
Mild mossy fiber invasion of the inner molecular layer occurs in the
temporal pole of control rats (Cavazos et al., 1992; Buckmaster and
Dudek, 1997).

Basal dendrites were evident in 31% of the 108 labeled granule
cells in epileptic rats (Fig. 4b) and in only 5% of the 58 cells in
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Figure 3.  Granule cells in epileptic rats are hyperexcitable and less inhibited. Sharp elec-

trode, current-clamp recordings of responses evoked by outer molecular layer stimulation re-
veal one action potential in the granule cell from a control rat ( a) and five action potentials in
the granule cell from an epilepticrat (b7). b2, Lower stimulation intensity revealed a prolonged
depolarization in the granule cell from an epileptic rat. ¢, Granule cells in epileptic rats dis-
charged more action potentials than controls ( p << 0.0001; unpaired t test). d, Granule cells
from epileptic (and control) rats did not discharge bursts of action potentials in response to
injected current steps. e— h, Representative examples of IPSPs evoked by molecular layer stim-
ulation and recorded at a range of holding currents. Evoked potentials were analyzed at laten-
cies of 20 and 150 msec, which are near the peaks of the early and late IPSPs, respectively. IPSPs
recorded in normal ACSF in control (e) and epileptic rats (). Action potentials evoked in the
epileptic tissue are clipped. £, The reversal potential at the 20 msec latency in the epileptic rat
was more depolarized (arrow). g, h, Monosynaptic IPSPs recorded in the presence of CNQX/p-
APV. Reversal potentials were similar in the epileptic rat ( h) and control ( g) (Table 1).
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Table 1. Granule cell intrinsic physiology and evoked responses recorded with current-clamp and sharp

intracellular electrodes
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rats were lower than those of controls (74
and 77% of controls, respectively), but the

Control n (cells) Epileptic n(cells)  differences were not significant (unpaired
Input resistance (M(2) 100 +8 37 10+ 11 % t test) (Table 1?. The reversal potential at
Resting membrane potential (mV) —77*1 37 —76+2 26 20 msec was significantly more depolar-
Normal ACSF ized in epileptic rats (Fig. 3f), probably be-
Stimulation intensity (mA) 0.34 = 0.04 33 0.35 +0.05 25 cause the early IPSP was more contami-

20 msec latency nated by prolonged EPSPs.
Conductance (nS) 26,5+ 22 33 19.7 =39 25 Hyperexcitability of principal neurons
Reversal potential (mV) —60 =1 33 —51 £ 2% 25 amplifies excitatory synaptic input to in-
150 msec atency terneurons, thereby enhancing feedback
Conductance (n.S) 9808 33 75%10 25 inhibition (Chagnac-Amitai and Connors,
X /::/;\;salpotennal (mV) o=l 3 =2 % .1989b). Th.erefore, in normaI. ACSF tchere
Stimulation intensity (mA) 288 %120 8 528+ 124 9 is a potential for polysynaptic amplifica-
20 msec atency tion of IPSPs in tissue from epileptic rats,
Conductance (nS) 441 + 153 3 102 + 1.7% 9 because their granule cells discharge more
Reversal potential (mV) —71+2 8 —67 *+ 1 9 action potentials and may excite surviving
150 msec latency postsynaptic interneurons more than in
Conductance (nS) 16.1 £33 8 5.2 = 1.0% 9 controls. To block polysynaptic amplifica-
Reversal potential (mV) —90*+2 8 —92+3 9 tion, we applied CNQX/D-APV and re-

Stimulation of the outer molecular layer was set at an intensity that evoked a maximum amplitude IPSP ata 150 msec latency. Stimulation intensity was reset
after switching to CNQX/o-APV. Synaptic responses were measured at latencies of 20 and 150 msec, which are near the peaks of the early and late IPSPs,

respectively. Values represent mean = SEM. *p << 0.03; **p << 0.005; ***p < 0.001; unpaired ¢ test.

controls ( p < 0.005; x> test). We measured the distance from the
closest edge of the soma of biocytin-labeled granule cells to the
hilar/granule cell layer border. Granule cells with basal dendrites
were closer to the border (13 * 3 wm; range, 0—80 wm) than
granule cells without basal dendrites (29 = 2 um; range, 0—88
pm; p < 0.002; unpaired ¢ test). Previous studies found fewer
granule cells with basal dendrites in epileptic rats and virtually no
granule cells with basal dendrites in control rats (Spigelman et al.,
1998; Buckmaster and Dudek, 1999; Ribak et al., 2000). Possible
causes for the different results include the septotemporal level
examined and how status epilepticus was initiated and termi-
nated in different experimental models. Regardless of these dif-
ferences, the presence of axon projections into the molecular
layer and the presence of basal dendrites might contribute to
granule cell hyperexcitability through novel recurrent excitatory
circuits in epileptic rats.

Reduced monosynaptic IPSPs in epileptic rats

In addition to recurrent excitation through sprouted mossy fibers
and granule cell basal dendrites, the loss of inhibitory interneu-
rons may contribute to granule cell hyperexcitability. IPSPs were
recorded with sharp intracellular electrodes and current clamp
while DC current injection was used to collect a family of evoked
responses at different baseline membrane potentials. The outer
molecular layer was stimulated because it is a region where the
axons of a vulnerable population of GABAergic interneurons
concentrate and synapse with granule cell dendrites (Leranth et
al., 1990; Katona et al., 1999; Buckmaster et al., 2002a). In normal
ACSF, this stimulation method is likely to evoke a mixture of
monosynaptic and polysynaptic responses through feedforward
and feedback circuits. Synaptic conductances were calculated at
latencies of 20 and 150 msec, which are near the peaks of the early
GABA, receptor-mediated and late GABAj receptor-mediated
IPSPs, respectively (Fig. 3e,f). IPSP conductances were slightly
higher than those recorded in the septal dentate gyrus in vivo with
angular bundle stimulation (Buckmaster and Dudek, 1999), and
they were similar to those reported for human granule cells in
slice experiments (Williamson et al., 1999). In normal ACSF the
average conductances at 20 and 150 msec latencies in epileptic

corded monosynaptic IPSPs (Figs. 3g,h).
Monosynaptic IPSPs in control and epi-
leptic rats had similar reversal potentials
(Table 1). The reversal potential of the
early IPSP in control and epileptic rats was more negative in
CNQX/p-APV than in normal ACSF, probably because contam-
inating EPSPs had been blocked. In epileptic rats the mean con-
ductances of monosynaptic IPSPs at 20 and 150 msec latencies
were reduced to 23 and 32% of control values, respectively
(Table 1).

Increased paired-pulse facilitation of IPSCs in epileptic rats
Previous studies have used paired-pulse stimulation to evaluate
inhibition of the dentate gyrus in epileptic and control tissue
(Tuffetal., 1983; Uruno et al., 1995; Buhl et al., 1996; Haas et al.,
1996; Buckmaster and Dudek, 1997; Wilson et al., 1998). To test
paired-pulse depression of GABA , receptor-mediated IPSCs we
stimulated the outer molecular layer with bipolar wire electrodes
(15 pm diameter) under application of CNQX and p-APV (Fig.
5a). Low-intensity stimuli elicited no response, but gradual in-
creases (to 26—65 A, 80 wsec, 0.1 Hz) evoked IPSCs in an all-
or-none manner. Stimulation intensity was set at 1.5X the
threshold for minimal responses. IPSCs were completely blocked
by application of bicuculline methiodide (data not shown), indi-
cating that they were mediated by GABA , receptors. In the con-
trol group, paired-pulse depression of monosynaptic IPSCs was
observed, especially at shorter interstimulus intervals. In epileptic
animals, instead of paired-pulse depression, IPSCs displayed
paired-pulse facilitation when stimuli were delivered at intervals
=100 msec (Fig. 5b).

Fewer IPSCs in epileptic and 3-7 d post-status epilepticus rats
As described above, our evoked response analyses of granule cell
inhibition yielded mixed results. Granule cells in epileptic rats
had smaller conductance monosynaptic IPSPs, but their mono-
synaptic IPSCs were less depressed during paired-pulse stimula-
tion. Intense electrical stimulation of the molecular layer is non-
physiological, and evoked responses may reflect the activation of
both synaptic and extrasynaptic receptors. Therefore, we evalu-
ated sIPSCs, which reflect a more physiological form of GABA
receptor-mediated inhibition. In normal ACSF the frequency
and charge transfer of sIPSCs in epileptic rats was reduced (51
and 72% of controls) (Fig. 6a,c). These findings suggest that in
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Figure4.  Morphological evidence for changes in the excitatory circuitry of granule cells in epileptic
rats. a, Biocytin-labeled granule cells in a control rat extended dendrites into the molecular layer (m)
and axons into the hilus (). b, In an epileptic rat, one of two labeled granule cells extended a basal
dendriteintothe hilus (arrow). ¢, Inan epilepticrat, an axon collateral (arrowheads) projected from the
hilus, through the granule cell layer (g), and into the molecular layer. Scale bars, 50 wm.

epileptic rats, granule cells receive less spontaneous inhibitory
synaptic input than in controls. The reduced frequency of sSIPSCs
could be caused by reduced spontaneous activity of presynaptic
interneurons or fewer inhibitory synapses on granule cells, or
both. If there were fewer inhibitory synapses on granule cells, the
frequency of mIPSCs should be reduced. Therefore, we evaluated
mIPSCs under application of CNQX, D-APV, and tetrodotoxin.
Bicuculline methiodide completely blocked mIPSCs (data not
shown). In epileptic rats the frequency of mIPSCs was reduced to
47% of controls (Fig. 7a,c).

To determine whether inhibitory synaptic input to granule
cells decreased before or after the onset of epilepsy, we recorded
sIPSCs and mIPSCs in 3—7 d post-status epilepticus rats. Sponta-
neous IPSCs recorded in 3—7 d post-status epilepticus rats were
less frequent and transferred less charge (30 and 42% of age-
matched controls, respectively) (Fig. 6b,c). Shortly after status
epilepticus, excitatory synaptic drive onto dentate interneurons is
reduced (Doherty and Dingledine, 2001). That might explain, in
part, why sIPSC frequency was lowest in 3—7 d post-status epilep-
ticus rats compared with all other groups. Similarly, mIPSC fre-
quency was reduced to 36% of controls (Figs. 7b,c). These results
suggest that in pre-epileptic rats, before the onset of epilepsy,
granule cells receive less inhibitory synaptic input.

The average amplitude of sIPSCs in epileptic rats was 143% of
controls (Fig. 6¢). This could be attributable to larger amplitude
IPSCs per synapse or to more synchronous synaptic release. The
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Figure 5. Reduced paired-pulse depression of monosynaptic GABA, receptor-mediated

IPSCs recorded with whole-cell voltage clamp in granule cells from epileptic rats. IPSCs were
evoked by outer molecular layer stimulation. a, Superimposed pairs of evoked IPSCs at inter-
stimulusintervals of 30, 70, 100, 200, and 500 msec (average of 4 trials). Horizontal bars indicate
the average peak of the first response. b, Time course of paired-pulse responsesin controls (n =
13) and epileptic animals (n = 10). Error bars indicate SEM. *p << 0.05; **p << 0.01; ***p <
0.001 (unpaired ¢ test).

average amplitude of mIPSCs in epileptic rats was 137% of con-
trols (Fig. 7¢), suggesting increased IPSC amplitude per synapse.
In granule cells from kindled animals, mIPSC amplitude is in-
creased, and more GABA, receptors are expressed per synapse
(Otis et al., 1994; Nusser et al., 1998).

The average 10-90% rise time of sIPSCs in granule cells from
epileptic rats was similar to age-matched controls, although the
average 10—-90% rise time in 3—7 d post-status epilepticus was
smaller than that of controls (Fig. 6¢). Rise times of mIPSCs were
similar in all groups (Fig. 7c). These findings suggest that inter-
neurons generating slow-rising IPSCs might be transiently and
selectively inactive after status epilepticus.

As mentioned above, the average frequency of mIPSCs in ep-
ileptic and 3—7 d post-status epilepticus rats decreased to <50%
of controls. The average frequency of mIPSCs in chronically ep-
ileptic rats (4.5 * 0.4 Hz) was similar to that in 3-7 d post-status
epilepticus rats (3.9 = 0.4 Hz; p > 0.1; unpaired ¢ test) (Fig. 7c¢).
These results suggest that granule cells lose more than half of their
inhibitory synapses within 3 d of pilocarpine-induced status epi-
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Figure 6.  Fewer spontaneous IPSCs recorded in normal ACSF in epileptic (a) and 3-7 d
post-status epilepticus rats ( b) compared with their respective controls. a, b, Middle and bottom
traces show time-expanded view of regions indicated by bars under top traces. ¢, Frequency,
charge transfer, amplitude, and 10-90% rise time of spontaneous IPSCs in each group. Error
bars indicate SEM. *p << 0.05; ***p < 0.001 (unpaired t test).

lepticus, and this loss is maintained into the stage of chronic
epilepsy.

Which inhibitory inputs to granule cells are lost?
Granule cells receive inhibitory synaptic input at proximal/so-
matic and distal/dendritic sites (Halasy and Somogyi, 1993).
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When measured at the soma, synaptic events generated in the
distal dendrites of granule cells are slower rising and smaller in
amplitude than those generated more proximally (Soltesz et al.,
1995). To verify this we evoked IPSCs by minimal stimulation
under application of CNQX and D-APV in control granule cells.
Stimulating electrodes were positioned in the outer molecular
layer and granule cell layer (Fig. 8a). Minimal stimulation (30 *
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Two types of GABA, receptor-mediated mIPSCs in granule cells based on 10 —90% rise times. a, In a granule cell from a control rat, minimal stimulation of outer molecular layer evoked

slower rise time and smaller amplitude IPSCs compared with minimal stimulation of the granule cell layer. b, Paired whole-cell patch-clamp recording from a putative basket cell and a granule cell.
Action potentials evoked by a short-duration current pulse injected into the basket cell generated fast-rising and large-amplitude unitary IPSCs in the granule cell. Traces were aligned at the peak
time of the action potential. ML, Molecular layer; GCL, granule cell layer; S, stimulation electrode; R, recording electrode. ¢, Responses of a putative basket cell (same as one shown in b) display
nonadapting repetitive firing to a small (feft side) and a larger (right side) current step. d, Consecutive mIPSCs in a granule cell from an epileptic rat arranged in columns from the top trace of the left
panelto the bottom trace of the right panel. e, Distribution of 10 —90% rise times of mIPSCs obtained from the same cell as shown in d. The distribution was fit with two Gaussians (dotted lines). The

thick line shows the summation of these curves.

1 pA in the granule cell layer; 51 * 2 pA in the molecular layer;
p < 0.001; paired ¢ test) failed to evoke an IPSC 38 = 6% of the
time in the granule cell layer and 39 = 6% of the time in the
molecular layer (# = 13). Minimal stimulation of the granule cell
layer evoked large-amplitude (91.8 = 15.0 pA) fast-rising (1.2 =
0.2 msec; 10-90% rise time) IPSCs with stepwise variations in
amplitude. In the same granule cells, minimal stimulation of the
outer molecular layer evoked smaller-amplitude (28.3 * 4.7 pA;
p < 0.001; t test) slower-rising (3.7 = 0.3 msec; p < 0.001; paired
t test) IPSCs.

To confirm that our minimal stimulation protocol evoked
unitary synaptic responses, we obtained recordings from basket
cells and synaptically coupled granule cells in control rats (1 = 5).
Putative basket cells were identified by their large pyramidal-
shaped soma positioned between the granule cell layer and hilus
(Kosaka et al., 1987), short-duration action potentials (data not
shown), and fast spiking without adaptation in response to sus-
tained current injection (Kraushaar and Jonas, 2000) (Fig. 8c).
Action potentials in presynaptic basket cells evoked unitary IP-
SCsin postsynaptic granule cells (Fig. 8b) with similar amplitudes
(91.1 £ 24.5 pA) and rise times (1.1 * 0.2 msec) as IPSCs evoked

by minimal stimulation in the granule cell layer. The average rise
time was longer than that reported by Kraushaar and Jonas
(2000), but they measured 20—80% rise time in chloride-loaded
cells at a higher temperature. Our findings confirm that sponta-
neous and miniature IPSCs generated at proximal/somatic sites
are likely to have fast rise times and large amplitudes, whereas
those generated at distal/dendritic sites will tend to have slower
rise times and smaller amplitudes. Similarly, CA1 pyramidal neu-
rons have fast- and slow-rising GABA , receptor-mediated IPSCs
(Wierenga and Wadman, 1999) that are generated at somatic and
dendritic sites, respectively (Banks et al., 1998).

To determine whether there was a selective loss of fast- or
slow-rising GABA , receptor-mediated events in epileptic rats, we
constructed histograms of the 10-90% rise-times of mIPSCs in
individual granule cells. Those histograms were well fit by two
Gaussian distributions (Fig. 8¢), suggesting that mIPSCs can be
divided into two groups. The average 10-90% rise times were
0.88 msec for the fast-rising and 2.09 msec for the slow-rising
group. IPSC rise time depends on GABA , receptor subunit com-
position in the postsynaptic membrane and site of origin on the
recorded cell. Although we did not obtain direct recordings from
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Table 2. Properties of fast- and slow-rising GABA, receptor-mediated mIPSCs
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Adult control Epileptic Young control 3-7 d post-status
Number of cells 12 16 15 30
Fast-rising mIPSCs
10-90% rise time (msec) 0.89 £ 0.06 0.86 = 0.05 0.93 £ 0.07 0.84 £ 0.04
Proportion 0.29 = 0.03 0.30 = 0.01 0.27 = 0.02 0.33 £0.03
Amplitude (pA) 109 = 1.1# 19.8 = 3.7%x 10.7 = 0.9* 171 = 1.3
Slow-rising mIPSCs
10-90% rise time (msec) 211 £0.08 21701 202 £0.14 2.05 £ 0.09
Proportion 0.71 £ 0.03 0.70 = 0.01 0.73 £ 0.02 0.67 + 0.03
Amplitude (pA) 8807 9.9+£05 9.2+07 11.3 = 0.6*

Histograms of mIPSCrise times from individual cells were fit with two Gaussian curves (Fig. 8¢). From the two Gaussian curves, the average rise times of fast-rising and slow-rising events were calculated. Those results were compiled for cells
from animals in all four experimental groups, and the values in this Table represent the means = SEM. There were no significant differences in the average rise times or proportion of fast- versus slow-rising events between epileptic, 3-7
d post-status epilepticus, and control rats (¢ test). Average amplitudes of the fastest fast-rising (10-90% rise time less than the median minus 1 5D) and the slowest slow-rising (10 -90% rise time more than the median plus 1 SD) were
calculated and are shown in this Table. Within each experimental group, the average amplitudes of the fastest fast-rising mIPSCs were larger than the average amplitudes of the slowest slow-rising mIPSCs (p < 0.05; *p << 0.001; paired
ttest). The average amplitude of the fastest fast-rising mIPSCs in epileptic rats was 182% of that of adult controls (*p << 0.05; unpaired t test). Similarly, the average amplitude of the fastest fast-rising mIPSCs in 37 d post-status epilepticus
rats was 160% of that of young controls (**p << 0.001; unpaired t test). The average amplitude of the slowest slow-rising mIPSCs in 37 d post-status epilepticus rats was 123% of that of young controls (*p << 0.05; unpaired ¢ test).

granule cell dendrites, the similarity of rise times of mIPSCs and
IPSCs evoked by minimal stimulation of the outer molecular
layer suggests that slow-rising mIPSCs are generated in the den-
drites. Evoked responses might be slightly slower because stimu-
lating electrodes were placed in the outermost edge of the molec-
ular layer, whereas mIPSCs may arise all along the dendritic
arbor. Fast- and slow-rising events accounted for an average of 30
and 70% of the mIPSCs, respectively (Table 2), which is similar to
the proportion of somatic versus dendritic GABAergic synapses
on granule cells (25 and 75%, respectively) (Halasy and Somogyi,
1993).

As mentioned previously, the average amplitudes of granule
cell mIPSCs were larger in epileptic and 3—7 d post-status epilep-
ticus rats compared with controls. After categorizing mIPSCs as
fast or slow rising by fitting histograms with two Gaussian curves,
it was possible to determine whether the amplitudes of fast-rising
mIPSCs, slow-rising mIPSCs, or both were larger in granule cells
recorded from epileptic and 3-7 d post-status epilepticus rats
compared with controls. For this analysis, mIPSCs were subdi-
vided into two extreme categories: the fastest fast-rising mIPSCs
and the slowest slow-rising mIPSCs. The fastest fast-rising events
from each cell were mIPSCs with 10-90% rise times that were less
than the median minus 1 SD in the Gaussian curve that fit the
distribution of fast-rising events. The slowest slow-rising events
from each cell were mIPSCs with 10-90% rise times that were
more than the median plus 1 SD in the Gaussian curve that fit the
distribution of slow-rising events. In all experimental groups, the
average amplitudes of the fastest fast-rising mIPSCs were larger
than the slowest slow-rising mIPSCs (Table 2). Compared with
controls, the amplitudes of both the fastest fast-rising and the
slowest slow-rising mIPSCs were larger in epileptic and 3-7 d
post-status epilepticus rats. The amplitudes of the fastest fast-
rising mIPSCs increased more (160—182% of control values)
than the amplitudes of the slowest slow-rising events (113-123%
of control values). These findings suggest that GABAergic syn-
apses that are located at or near the granule cell body display more
plasticity than those located on the distal dendrites.

There were no significant differences in the average rise times
or proportion of fast- versus slow-rising events between epileptic,
3-7 d post-status epilepticus, and control rats (Table 2). Histo-
grams of the average mIPSC frequency versus rise time reveal
fewer fast- and slow-rising events in epileptic and 3-7 d post-
status epilepticus rats compared with their controls (Fig. 9a).
Similarly, histograms of the average mIPSC frequency versus am-
plitude reveal fewer large- and small-amplitude events in epilep-
tic and 3-7 d post-status epilepticus rats compared with their
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Figure9. Histograms of average 10-90% rise times (a) and mIPSCamplitudes (b). a, Both

fast- and slow-rising mIPSCs were less frequent in epileptic and 37 d post-status epilepticus
rats. b, Both low- and high-amplitude mIPSCs were less frequent in epileptic and 3—7 d post-
status epilepticus rats. Error bars indicate SEM.

respective controls (Fig. 9b). Therefore, our data suggest that in
epileptic rats there is a loss of both proximal/somatic and distal/
dendritic GABAergic synapses to granule cells. The mIPSC rise time
and amplitude data are consistent with the anatomical results
that show a loss of both proximally synapsing parvalbumin-
immunoreactive interneurons and distally synapsing somatostatin-
immunoreactive interneurons (Figs. le—h, 2a). This is somewhat
different from the situation in the CA1 region where spontaneous
inhibition is reduced at the dendritic level but increased at the soma
of pyramidal cells (Cossart et al., 2001).

Discussion

The principal finding of this study is the reduction of granule cell
inhibition in a model of temporal lobe epilepsy. The use of mul-
tiple techniques to evaluate granule cell inhibition and the com-
parison of electrophysiological and anatomical data at different
stages of epileptogenesis provided new clues about the role of
granule cell inhibition in temporal lobe epilepsy.

Reduced granule cell inhibition in epileptic rats

Our most direct measures of granule cell inhibition (mIPSC and
sIPSC frequencies and evoked monosynaptic IPSP conductance)
detected reductions to <50% of controls. This is a substantial
loss, considering that relatively small reductions of GABA, re-
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ceptor function to 80-90% of control values permit the spread of
epileptiform activity in neocortex (Chagnac-Amitai and Con-
nors, 1989a). It is likely that the loss of granule cell inhibition is
attributable in large part to the loss of inhibitory interneurons.
However, reduced mIPSC frequency also could be caused by
lower probability of transmitter release (Hirsch et al., 1999). Our
findings of reduced inhibitory synaptic input to granule cells in
epileptic rats are consistent with some previous studies of tissue
from patients with temporal lobe epilepsy. Williamson et al.
(1995, 1999) found reduced evoked IPSPs in granule cells of ep-
ileptic patients. These findings support the hypothesis that inter-
neuron loss in the dentate gyrus reduces granule cell inhibition
and contributes to temporal lobe epilepsy (de Lanerolle et al.,
1989).

If the reduction in granule cell inhibition is so substantial, why
have many previous studies reported strong inhibition in the
dentate gyrus of epileptic patients and models (Tuff et al., 1983;
Isokawa-Akesson et al., 1989; Franck et al., 1995; Uruno et al.,
1995; Colder et al., 1996; Haas et al., 1996; Isokawa, 1996; Buck-
master and Dudek, 1997, 1999; Wilson et al., 1998)? Possible
explanations include the septotemporal level examined, the
methods used to evaluate granule cell inhibition, and compensa-
tory mechanisms. One’s ability to detect reductions in granule
cell inhibition might be affected by the septotemporal level of
the dentate gyrus. Previous in vivo studies in rats examined the
hippocampus at its more accessible septal end. In the present
study we used slices from the temporal dentate gyrus, because
tissue resected to treat patients with temporal lobe epilepsy
includes the temporal (or anterior) dentate gyrus and because
it is the region where hilar neuron loss is most severe (Babb et al.,
1984) and where the number of GAD-positive (Buckmaster
and Jongen-Rélo, 1999) and somatostatin- and parvalbumin-
immunoreactive interneurons are most reduced (Buckmaster
and Dudek, 1997). Therefore, studies of the septal dentate
gyrus might miss the more severe interneuron loss and re-
duced granule cell inhibition in the temporal dentate gyrus.

Potential compensatory mechanisms

Several mechanisms appear to compensate, albeit incompletely,
for reduced inhibitory synaptic input to granule cells. Without
these compensatory mechanisms, granule cell hyperexcitability
might be worse. First, in epileptic rats granule cells discharge
more action potentials when stimulated. Therefore, surviving in-
terneurons are likely to receive more excitatory synaptic drive,
and that could amplify feedback inhibition of granule cells. Stud-
ies that evaluate evoked IPSPs in normal ACSF might overesti-
mate the inhibitory synaptic input to granule cells in epileptic
tissue. Second, mIPSC amplitude increases, suggesting that more
GABA , receptors were expressed per synapse (Otis et al., 1994;
Nusser et al., 1998). However, in the present study the increased
amplitude of mIPSCs in epileptic rats was offset by the large
decrease in mIPSC and sIPSC frequencies, such that the average
sIPSC charge transfer was lower than that of controls. Third,
paired-pulse depression of IPSCs decreases in granule cells in
epileptic rats (Buhl et al., 1996; Haas et al., 1996), consistent with
increased paired-pulse inhibition of granule cell-generated field
potentials (Tuff et al., 1983; Uruno et al., 1995; Haas et al., 1996;
Buckmaster and Dudek, 1997; Wilson et al., 1998). Results from
paired-pulse analyses, therefore, suggest that granule cell inhibi-
tion would be more persistent during repetitive stimulation in
epileptic tissue. Our findings confirm that granule cells from ep-
ileptic rats have reduced paired-pulse depression of monosynap-
tic IPSCs, which could contribute to increased paired-pulse inhi-
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bition of granule cell discharge. However, that is just one of many
factors affecting granule cell inhibition. We found that the less
direct measures of granule cell inhibition (conductances of IPSPs
evoked in normal ACSF and paired-pulse depression) failed to
reveal the loss detected by analysis of sIPSCs, mIPSCs, and
evoked monosynaptic IPSPs.

Our data do not support another potential compensatory
mechanism. Previous studies described increased staining of in-
hibitory interneuron fibers in the dentate gyrus molecular layer
of patients (Babb et al., 1989; Mathern et al., 1995a) and models
of temporal lobe epilepsy (Davenport et al., 1990; Wanscher et al.,
1990; Schwarzer et al., 1995; Buckmaster and Dudek, 1997; Math-
ern et al., 1997; Esclapez and Houser, 1999; Andre et al., 2001).
These findings suggested that surviving interneurons might
sprout axon collaterals to restore some of the lost inhibitory syn-
aptic input to granule cells. On the other hand, GABAergic axon
sprouting might be epileptogenic by producing hypersynchrony
(Babb et al., 1989). We, too, found increased staining of
somatostatin-immunoreactive fibers in the molecular layer of
epileptic rats compared with controls. However, functional evi-
dence for additional, compensatory, GABAergic synapses was
lacking. The frequency of mIPSCs in granule cells did not in-
crease significantly from 3 to 7 d after status epilepticus into the
stage of chronic epilepsy. It seems unlikely that new GABAergic
synapses at distal dendritic sites went undetected, because we
detected IPSCs evoked with minimal stimulation of the outer
molecular layer. We cannot exclude the possibility that func-
tional evidence for additional GABAergic synapses would have
eventually developed after longer periods of chronic epilepsy, but
at the stage examined, glutamatergic axon sprouting and synap-
togenesis by granule cells are well established (Mello et al., 1993;
Mathern et al., 1998; Okazaki et al., 1999; Wuarin and Dudek,
2001), so one might expect that GABAergic synaptogenesis
would have occurred. Perhaps surviving interneurons only ap-
pear to sprout axon collaterals, because seizure activity increases
antigen expression (Feldblum et al., 1990; Wanscher et al., 1990;
Shinoda et al., 1991; Schwarzer et al., 1995; Houser and Esclapez,
1996; Esclapez and Houser, 1999), making preexisting axon col-
laterals more visible by immunocytochemical methods. Stereo-
logical analysis of inhibitory synapse numbers at different stages
of epileptogenesis would help resolve this issue.

Previous studies of granule cell mIPSCs

Some studies have used direct measures of granule cell inhibition
in the temporal dentate gyrus and have found results different
from ours. Previous studies found a similar frequency of mIPSCs
in granule cells of control (Molnir and Nadler, 2000) and
pilocarpine-induced epileptic rats (Molnar and Nadler, 2001). In
contrast, we found an average decrease to <50% of controls.
And, previous studies of granule cells found many fast-rising
GABA ,-mediated mIPSCs but few slow-rising mIPSCs (Soltesz
etal., 1995). In contrast, we found that an average of 70% of the
GABA ,-mediated mIPSCs fit within the slow-rising category.
The causes of these differences are unclear, but possibilities in-
clude differences in rat strains and experimental models (for ex-
ample, whether and how status epilepticus was stopped and the
consequent effects on excitotoxic damage) and differences in slice
preparation, recording, and data analysis techniques. Filtering
associated with low-quality recording conditions could produce
an artificially high proportion of slow-rising events. This is an
unlikely explanation for our data because (1) the series resis-
tances of our recordings were similar to those of previous mIPSC
recordings from granule cells (Soltesz et al., 1995), (2) series re-
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sistance was 80% compensated in our recordings, and (3) all of
our recordings included both fast- and slow-rising events from
the same cell (Fig. 8). If recording conditions had been poor, then
all events should have been filtered.

Functional implications of reduced inhibition

Our findings suggest that granule cells receive less inhibitory synap-
tic input in epileptic rats than in controls. Frequencies of
sIPSCs and mIPSCs also were reduced in pre-epileptic rats days to
weeks before the onset of recurrent, spontaneous seizures. There-
fore, reduced granule cell inhibition alone is insufficient to cause
epilepsy, because it was present when rats were not experiencing
spontaneous seizures. This finding suggests that epileptogenesis re-
quires other changes. Those other changes might include alterations
in the excitatory synaptic input to granule cells. Granule cells sprout
axon collaterals into the molecular layer (Represa et al., 1993; Franck
etal., 1995; Okazaki et al., 1995; Sutula et al., 1998; Buckmaster and
Dudek, 1999; Buckmaster et al., 2002b) and extend novel basal den-
drites into the hilus (Spigelman et al., 1998; Buckmaster and Dudek,
1999; Ribak et al., 2000). Both developments might take weeks to
establish, and both could contribute to the abnormal recurrent ex-
citation of granule cells found in epileptic rats (Molnar and Nadler,
1999; Lynch and Sutula, 2000; Wuarin and Dudek, 2001). Consis-
tent with enhanced recurrent excitation, orthodromically evoked
responses of granule cells in epileptic rats displayed prolonged depo-
larizations and more action potentials compared with controls. Re-
current excitation can be controlled when inhibition is sufficiently
strong (Miles and Wong, 1987; Cronin et al., 1992). The findings of
the present study suggest that in epileptic rats the inhibitory synaptic
input to granule cells is reduced to a level that sometimes fails to
control recurrent excitation and seizure activity. Reduced inhibition
and inadequate control of recurrent excitation might be common
mechanisms that contribute to epileptogenesis in other regions of
the hippocampal formation (Morin et al., 1998; Esclapez et al., 1999)
and in neocortex (Li and Prince, 2002).
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