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Inhibition in Kainate-Lesioned Hyperexcitable Hippocampi:
Physiologic, Autoradiographic, and Immunocytochemical

Observations
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Following kainate lesions of hippocampal subfield CA3, the
remaining CA1 pyramidal cells become hyperexcitable. This
lesion is of interest because, morphologically, it resembles
the damage often seen in cases of temporal lobe epilepsy;
it may provide insight into the consequences of such cell
loss in humans. The hyperexcitability in CA1 is associated
with a loss of both early and late IPSPs. At long postlesion
latencies (2-4 months) inhibition shows partial recovery and
the hyperexcitability subsides. The intent of the present work
was to determine if alterations in CA1 excitability and func-
tional inhibition postlesion are correlated with changes in
morphologic and physiologic indicators of inhibitory inter-
neuron function or with alterations in binding sites for inhib-
itory transmitters.

Using GAD immunocytochemistry, we found no acute or
chronic lesion-induced decrease in numbers of CA1 inter-
neurons or in qualitative characteristics of the pericellular
distribution of their terminals in CA1 stratum pyramidale.
Intracellular recordings from identified cells in CA1 indicated
that putative interneurons were viable in hyperexcitable tis-
sue. It was further observed that “‘recovery” in tissue studied
2-4 months postlesion primarily involved the early IPSP; the
late IPSP failed to reappear. Quantitative in vitro autoradio-
graphic analysis of *H-flunitrazepam—a marker for the early
IPSP associated GABA, receptor complex—indicated that
hyperexcitability was associated with an increase in GABA,
receptor number in CA1; receptor binding returned to normal
at long postlesion latencies as the early IPSP returned and
hyperexcitability subsided. Finally, hyperexcitable pyrami-
dal cells were found to retain their responsivity to exoge-
nously applied GABA.

These data indicate that much of the cellular machinery
necessary for inhibition is retained in CA1, despite lesion-
induced hyperexcitability. We suggest that the acute loss of
the IPSP after kainate lesion is due to a transient discon-
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nection between inhibitory and excitatory elements in CA1
and/or to a loss of normal afferent drive from CA3 onto some
CA1 interneurons. We further suggest that incomplete re-
covery can b2 explained by abnormalities that occur as neu-
roplastic rearrangements in response to deafferentation of
CA1. The relevance of these studies to human hippocampal
necrosis and to other models of focal epilepsy is discussed.

Human temporal lobe epilepsy and posttraumatic epilepsy are
often associated with a loss of hippocampal subfields (Babb and
Brown, 1986). It has been repeatedly hypothesized that selective
hippocampal cell loss and resulting plastic changes in remaining
neurons may contribute to epileptogenesis. The discoveries that
subregions of the hippocampus have receptors for an exogenous
toxin, kainic acid (KA) (Foster et al., 1981), that KA causes
selective hippocampal cell damage much like that seen in tem-
poral lobe epileptic foci (Nadler et al., 1980a, b), and that KA
is one of a family of toxic ligands that are similar to the putative
endogenous hippocampal excitatory transmitters (Olney, 1978;
Cotman et al., 1981) have raised the possibility that endogenous
K A-like substances are responsible for epilepsy-associated dam-
age in hippocampus. Kainate has also provided an experimental
means of destroying hippocampal subfields in a clinically rel-
evant pattern so that the function of remaining tissue can be
studied.

Spontaneous electrographic and behavioral seizures do occur
for some time after KA-induced limbic lesions (Cavalheiro et
al., 1982; Tanaka et al., 1985). KA lesions of hippocampal sub-
fields CA3—-CA4 induce cellular hyperexcitability and synchrony
in CA1 (Franck and Schwartzkroin, 1985; Ashwood et al., 1986)
and the dentate gyrus (Tauck and Nadler, 1985). This increased
excitability has been shown to be associated both with recurrent
excitation (Tauck and Nadler, 1985) and with a transient loss
of IPSPs (Franck and Schwartzkroin, 1985). Furthermore, the
lost IPSP reappears—i.e., “recovers” (Franck and Schwartz-
kroin, 1985)—at time intervals that parallel recovery from be-
havioral and limbic seizures (Cavalheiro et al., 1982).

The mechanism underlying the transient IPSP loss, and the
abnormalities that characterize the hippocampus at different
times postlesion, have not been elucidated. In our previous work
we found that the CA1 region of hippocampi in which CA3 had
been destroyed by KA had become hyperexcitable when studied
in vitro 2—4 weeks postlesion (Franck and Schwartzkroin, 1985).
We also demonstrated that, to some extent, “recovery” had
occurred by 2-4 months postlesion. The intent of the present
work was to examine inhibitory function in the CA1l region at
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these same intervals, particularly during increased excitability.
In the present series of studies, we examined both pre- and
postsynaptic features of inhibitory function in hyperexcitable
and “recovered” KA-lesioned hippocampi. An immunocyto-
chemical approach was used to determine if glutamic acid de-
carboxylase (GAD)-immunoreactive cells (presumably GA-
BAergic) are present in hyperexcitable hippocampi. Quantitative
autoradiography was used to examine the distribution and char-
acteristics of binding sites related to the inhibitory neurotrans-
mitter, GABA, in lesioned hippocampi. And, finally, intracel-
lular electrophysiologic methods were used to determine if
putative interneurons were viable in the region of pyramidal
cell hyperexcitability and if these pyramidal cells retain their
ability to respond to GABA.

Materials and Methods

Animals and surgical procedures. Adult male and female Long-Evans
rats, 70-90 d of age at the beginning of the study, were used. Rats were
anesthetized with Equithesin (0.3 ml/100 gm, i.p.), and KA was bilat-
erally injected (intraventricularly) over a 10 min period (0.5 ugin 1 ul
saline/hemisphere, pH 7.4). Coordinates for injection were 0.6 mm
posterior to bregma, 2.0 mm lateral to the midline, and 3.5 mm deep
to the dura (Pellegrino and Cushman, 1967). A total of 41 animals was
divided among the experiments as follows: physiology: control, n = 5;
2—4 weeks postlesion, n = 7; 2—4 months, 7 = 5; immunocytochemistry:
n = 3 for each group; autoradiography: n = 5 for each group. Both
unoperated rats and rats that received only intraventricular saline in-
jections served as controls.

Physiology. The CA1 region of hippocampi from lesioned and control
rats was studied at 2—-4 weeks or 2—4 months postlesion. Transverse
slices, 400 um thick, were prepared and maintained as previously de-
scribed (Franck and Schwartzkroin, 1985). Since the lesion produced
with intraventricular KA is restricted to dorsal hippocampus, slices (6—
8/experiment) were taken only from this region. In each slice, the CA1
population response was characterized so that subsequent intracellular
records could be correlated with the presence or absence of afterdis-
charge activity. Typically, a 0.1-0.3 mA pulse (50 usec duration) was
delivered to either the alveus (antidromic activation of pyramidal cells)
or stratum radiatum (orthodromic activation) at a rate of 0.3-2 Hz
through bipolar tungsten electrodes. Field potentials were recorded with
2 M Nadl pipettes (3-5 MQ).

Intracellular recordings were made from CA1 neurons with 4 M po-
tassium acetate electrodes (50-80 MQ). Current injection during re-
cording was carried out using a standard bridge circuit, and bridge
balance was monitored throughout each recording session. Neuronal
input resistance (R,,) was estimated by injecting a 100 msec hyperpo-
larizing constant-current pulse (0.5 nA), and calculating resistance from
the steady-state voltage deflection. In some experiments, GABA (1 mMm
in physiologic saline, pH 6.4) was applied at the soma layer, in close
proximity to the impaled cell, by pressure ejection (70 msec pulses, 30
psi) every 30 sec. All data was stored on magnetic tape for subsequent
off-line analysis.

In selected experiments, pyramidal cells and presumed interneurons
were intracellularly labeled with Lucifer yellow (4% in LiCl) by passing
constant DC hyperpolarizing current (0.5 nA) for 1015 min. The slices
were removed from the chamber 1 hr after filling and were immersion-
fixed in buffered formalin. The slices were then infiltrated with 30%
sucrose in 0.1 M phosphate buffer and sectioned (75 um) on a freezing
microtome. These thinner slices were wet-mounted in buffer, and filled
cells were located. Physiologic characterization of the cells was always
carried out before cell filling was initiated.

Immunocytochemistry. The animals were anesthetized and perfused
with 3% paraformaldehyde in 0.1 m phosphate buffer (pH 7.4) contain-
ing 0.34% /-lysine and 0.05% sodium m-periodate (Kunkel et al., 1986).
Brains were postfixed for 2-24 hr in the same fixative at 4°C and the
hippocampus removed. Tissue blocks were infiltrated with 30% sucrose
in buffer and transverse serial sections were cut at 30 um on a freezing
microtome.

Sections for immunocytochemistry were processed according to mod-
ifications of the indirect peroxidase—antiperoxidase (PAP) method
(Sternberger, 1979). Prior to immunocytochemical staining, tissue sec-

tions were pretreated in alchohol/hydrogen peroxide as follows: 70%
ethanol, 5 min; 100% methanol with 1% peroxide, 10 min; 70% ethanol,
5 min. After thorough rinsing in phosphate or Tris-buffered saline (pH
7.4), the sections were incubated as follows: primary GAD anti-serum
(1:100-1:200; 48-72 hr; 4°C); rabbit anti-sheep IgG (1:30; 60 min; 37°C);
sheep PAP (1:100; 60 min; 37°C). The primary GAD antiserum (Oertel
et al., 1981) was diluted in 0.05 M buffer containing 1% normal rabbit
serum and 0.1% Triton X-100. Rinses in PBS containing 0.1% Triton
occurred between each incubation. Sections were then reacted with 0.04%
3,3'-diaminobenzidine (Sigma; diluted in 0.1 M Tris) and 0.003% hy-
drogen peroxide (8—15 min), rinsed, mounted, dehydrated, and cover-
slipped.

Autoradiography. In vitro autoradiographic techniques were used to
examine the distribution and characteristics of binding sites for fluni-
trazepam (FLU), which is known to bind with high affinity to the ben-
zodiazepine (BZ) moiety on the GABA, receptor complex (Enna and
Karbon, 1986) and thus is an excellent marker for this complex.

Animals were perfused with 0.1% paraformaldehyde in 0.2 M caco-
dylate-buffered saline (pH 7.4). The brains were rapidly immersed in
liquid freon and stored at —60°C until sectioning no more than 1 week
later. Coronal cryostat sections, 8—10 um, were finger thawed onto cold,
subbed microscope slides and returned to the freezer in dessicated boxes.
The slides were prewashed in 0.17 M Tris HCI (pH 7.4) for 30 min and
then incubated in the same buffer containing varying concentrations of
tritiated FLU (0.5-12 nm; New England Nuclear; specific activity, 92.3
Ci/mmol) for 40 min. The incubation was terminated by two 1 min
rinses in buffer followed by rapid washing in distilled water. The tissue
was dried immediately under a stream of cold air. Parallel slides were
incubated at each ligand concentration with excess unlabeled diazepam
(650 nm) to determine nonspecific binding. All incubation steps were
performed on ice.

The slides were apposed to LKB Ultrofilm and exposed for 3 weeks.
The films were analyzed densitometrically on an Apple computer-based
system (Baskin et al., 1986), and regions of interest within the hippo-
campus were referenced to tritiated brain mash standards prepared as
previously described (Unnerstall et al., 1982). Optical densities over the
regions of interest were converted to pmole/mg protein according to the
conversion of Unnerstall et al. (1982), and FLU receptor number and
affinity were determined by Scatchard analysis. Two hippocampal re-
gions were chosen for analysis: stratum radiatum of CA1 and the dentate
gyrus molecular layer. The lesion produced in the present study destroys
much of the CA3 Schaffer collateral input to CA1l stratum radiatum,
and this region is a likely site of potential receptor alterations. The
dentate molecular layer was chosen as a control region, although it has
been shown that aberrant recurrent mossy fibers grow into this region
following more extensive KA-induced hippocampal lesions (Tauck and
Nadler, 1985).

Gray and white matter differentially quench tritium (Herkenham and
Sokoloff, 1984; Geary et al., 1985). We attempted to quantify this
quenching so that subsequent FLU binding could be corrected to ac-
curately reflect receptor parameters. Slide-mounted tissue sections iden-
tical to those used for receptor binding were soaked in a conventional
subbing solution containing tritiated ornithine (New England Nuclear;
25-50 uCi/100 ml; specific activity, 20 Ci/mmol) for 30 min at 37°C.
The slides were dried, and one was apposed to Ultrofilm with each set
of receptor binding slides. This procedure resulted in a relatively even
layer of radioactivity over the tissue sections, and any subsequent dif-
ferences in optical density were attributed to lesion-induced differential
quenching.

Results

The appearance of the lesion produced by KA has been exten-
sively documented (Nadler et al., 1980a, b; Franck, 1984; Ben-
Ari, 1985). Subfield CA3 is destroyed and CA1 and the dentate
gyrus remain undamaged.

Pyramidal cell physiology

Population responses

The physiologic characteristics of subfield CAl in slices from
lesioned tissue were like those previously described (Franck and
Schwartzkroin, 1985). Slices from 7 rats, lesioned 2-4 weeks
previously, were examined. In each experiment, slices respond-
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Figure 1. Characteristic neuronal population responses in CAl at 2—
4 weeks (4-C) and 2-4 months postlesion (D). Multiple population
spikes were produced by orthodromic stimulation in stratum radiatum
(4) and occurred spontaneously in some animalis (B). In 3 experiments,
medial and lateral portions of individual slices were transected to isolate
CAl from the remainder of the tissue (C, hatched lines). Alveus stim-
ulation (arrow) of this isolated CA1 produced aberrant population re-
sponses both prior to (CI) and following transection (C2). When the
same tissue was perfused with medium containing low calcium, to elim-
inate synaptic transmission, all but the antidromic population response
disappeared (C3). Reperfusion with normal medium restored the syn-
aptic multispike population response (C4). Similar stimulation param-
eters in normal medium in CA1 from tissue lesioned 2—4 months pre-
viously elicited several small population spikes in some experiments
(D). However, this response was much less vigorous than population
bursts elicited from shorter survival tissue (e.g., that shown in A). Such
bursts never occurred spontaneously in the slices from 2-4 month sur-
vival hippocampus.

ed to ortho- or antidromic stimulation (<0.3 mA, 0.3-2 Hz)
with markedly abnormal multiple population spikes and repet-
itive afterdischarge activity like that shown in Figure 1A4. Epi-
sodes of afterdischarge activity also occured spontaneously (Fig.
1B).

In 3 experiments, a series of cuts was made in hyperexcitable
slices with fine forceps, successively isolating the recorded region
of CAl from the remainder of the slice (Fig. 1C). Removing
more medial parts of CA1, and lateral regions corresponding to
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CA2 and the remnants of CA3, had no effect on the occurrence
of multiple population spikes elicted by alveus stimulation (cf.
Fig. 1, C1 and C2). Following CAl isolation, the slices were
perfused with low Ca2+/high Mg+ (0.5 mm/8 mm) to block
synaptic transmission. CA1 was then stimulated from the al-
veus. In each instance (n = 5 slices), multiple population spikes
disappeared, leaving only the antidromic response (Fig. 1C3).
When normal medium was reintroduced, repetitive population
responses returned (Fig. 1C4). These experiments suggest that
hyperexcitability in lesioned slices is synaptically mediated and
locally generated.

Slices were also examined from 2—4 months postlesioned tis-
sue. Five experiments were performed, and in each case the field
response elicited by stratum radiatum or alveus stimulation
consisted of a single large primary population spike followed by
1-3 smaller spikes (Fig. 1D). Often, the synaptically mediated
additional spikes could only be elicited by mild tetanization (5-
10 Hz). The occurrence of spontaneous afterdischarge activity
(i.e., repetitive large-amplitude population spikes) characteristic
of CA1 at 2-4 weeks postlesion was never observed in tissue
examined 2—4 months postlesion.

Single-cell responses

Following field screening, individual pyramidal cells were ex-
amined in both hyperexcitable slices from the 2—4 weeks post-
lesion interval and in slices showing small multiple population
responses at 2-4 months postlesion. When possible, character-
ized neurons were filled with Lucifer yellow, and, in each of the
10 successful fills, the pyramidal nature of the cell was con-
firmed.

From tissue at 2-4 weeks postlesion, 15 cells were recorded
from slices showing aberrant hyperexcitability in 7 experiments.
These cells were compared with 12 pyramidal cells recorded
from normal or sham-lesioned tissue in 5 experiments. Each
cell had a resting membrane potential of at least —50 mV and
an action potential amplitude of at least 60 mV. As was found
previously (Franck and Schwartzkroin, 1985), the mean R,, of
CA1 pyramidal cells in slices lesioned 2-4 weeks previously was
high relative to control values (41 + 8 MQ vs 26 = 3 MQ).
Synaptic responses in the cells from lesioned tissue were also
markedly abnormal. All CA1 pyramidal cells in sham-lesioned
or unlesioned hippocampi responded to radiatum stimulation
with a brief EPSP (or action potential), followed by an IPSP/
afterhyperpolarization, as exemplified by the response from the
pyramidal cell shown in Figure 24 (inset). Most (11/15) CA1l
neurons studied in slices from tissue 24 weeks postlesion had
no IPSP. These neurons responded to radiatum or alveus stim-
ulation with a prolonged EPSP or a large burst of action poten-
tials, such as in Figure 2B (inset). Repetitive stimulation of such
neurons in lesioned slices (Fig. 2C) also elicted aberrant burst
discharges (Fig. 2D).

We attempted to determine whether the orthodromically or
antidromically elicited IPSP was more diminished in hyper-
excitable cells. Some pyramidal cells studied that had no IPSP
in response to one mode of stimulation could respond with a
hyperpolarization to the other mode; however, most aberrant
neurons (8/11) failed to show an IPSP to both radiatum and
alveus stimulation.

Of 9 pyramidal cells examined 2-4 months postlesion, all
responded to stimulation with a small EPSP, or single action
potential, followed by an IPSP. When repetitive stimulation was
presented (10 Hz), depolarizing afterpotentials developed, but
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Intracellular responses from normal and lesioned hippocampus. Normal pyramidal cells (4) responded to stimulation (arrowhead in

inset) with a single action potential followed by an IPSP/afterhyperpolarization. Hyperexcitable neurons from tissue lesioned 2—4 weecks previously
(B and C) responsed to similar stimulation with a burst of action potentials riding on a large underlying depolarization (inset in B). Each stimulus
of a 5 Hz train produced similar bursts in hyperexcitable pyramidal cells (D). However, even when the stimulation rate was increased to 10 Hz,
cells from tissue lesioned 2—4 months previously failed to generate synaptic bursts (E). sp, stratum pyramidale.

synaptic bursts did not occur (Fig. 2E). In this respect, cells from
this tissue appeared much like those observed in normal hip-
pocampus. In spite of our observations of small, multiple pop-
ulation spikes in this tissue, stimulation did not induce multiple
action potentials or burst discharge in single neurons.

We tested cells from tissue lesioned 2-4 months previously
to determine if the IPSP that occurred had the same properties
as the IPSP normally observed in control neurons. Subthreshold
stimulation in control slices produces a rapid, readily reversible,
hyperpolarization followed by a more prolonged late IPSP (Fig.
3A4) that is mechanistically different from the early IPSP and
cannot be easily reversed with hyperpolarizing current injection
(Fig. 3B; Alger, 1984). The IPSPs elicited in 2—4 month post-
lesion tissue tended to be small compared with those observed
in control cells (Fig. 3C). Table 1 shows the latency and mag-
nitude of the early, presumably chloride-dependent, IPSP pro-
duced by orthodromic stimulation (set just below spike firing
threshold). Also shown is the total period of poststimulus hy-
perpolarization, reflecting a combined duration of early and late
IPSPs.

There was no difference between control and lesioned tissue
in early IPSP latency or amplitude; however, the total duration
of hyperpolarization in pyramidal cells from hippocampi le-
sioned 2-4 months previously was significantly attenuated rel-
ative to control values (¢,; = 2.95; p = 0.009).

These data corroborate our earlier work showing that, at rel-
atively brief intervals following KA lesions of CA3, subfield
CALl is hyperexcitable in a manner that appears to reflect a loss
of the IPSP in the majority of CAl pyramidal cells. The per-
sistence of CA1 hyperexcitability in slices where CA1 was iso-
lated from the remainder of the tissue, and its dependence on
CA?* concentration, also suggests that recurrent excitation plays
a role in aberrant activity.

At longer intervals postlesion, most (if not all) pyramidal cells
have IPSPs; this “recovery™ is reflected in a population response
that, while not entirely normal, is clearly different from the
seizure-like activity observed at the earlier postlesion intervals.
Even at this later time, however, the IPSP observed in CAl
neurons does not include the late component, suggesting that
this tissue fails to recover completely.
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Figure 3. Attenuation of IPSPs in lesioned tissue. Stratum radiatum
stimulation (arrow) in normal tissue produced a brief EPSP followed
by both an early IPSP and a more prolonged, later hyperpolarizing
component (A4). Constant hyperpolarizing current injected into normal
neurons reverses the early IPSP and reduces, but does not completely
reverse, the later hyperpolarizing potential (B). In contrast, in slices
from tissue lesioned 2—4 months previously neurons that did show an
IPSP typically responded with only the early component (C).

Presynaptic features of inhibition

Interneuron morphology

At a time when physiologic experiments demonstrate marked
hyperexcitability, the distribution of GAD immunoreactivity in
CAL appears essentially like that seen in control tissue (Fig. 4,
B and A, respectively). There is no evidence of degenerating
GAD-reactive somata in lesioned tissue, and viable GAD-pos-
itive cells are apparent throughout strata oriens and radiatum
and within stratum pyramidale (Fig. 4C). The characteristic
GAD-positive pericellular terminal plexus also appears unal-
tered at the light microscopic level 2—4 weeks postlesion in both
CA1 and adjacent CA2 (Fig. 4D). The number of GAD-positive
cells in an area of CAl, extending 1 mm mediolaterally and,
in the other dimension, from the base of the pyramidal cell layer
to the hippocampal fissure, were counted in 10 sections from
each of the 3 controls and 2-4 week postlesion rats. There was
no difference in the mean (=SD) number of somas present (con-
trol, 12.3 + 3/section; lesion, 10.9 + 2/section).

Interneuron physiology

Since interneurons did persist in subfield CA1 of lesioned tissue,
we attempted to gain some information about their functional
characteristics. Schwartzkroin and Mathers (1978) have previ-
ously shown that interneurons can be reliably distinguished from
pyramidal cells on the basis of spike duration, time constant,
afterhyperpolarization amplitude, and adaptation to depolar-
izing current injection. Ten neurons recorded at 2—4 weeks post-
lesion and 5 neurons recorded at 2-4 months postlesion were
identified as “nonpyramidal” based on these criteria. The pu-
tative interneurons recorded at the early postlesion interval were
observed in regions of CAl in which the population response
reflected tissue hyperexcitability. Four of these cells were filled
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Table 1. Latency and magnitude (mean + SEM) of the early IPSP
and the total period of hyperpolarization observed intracellularly
following subthreshold orthodromic stimulation in cells from control
and 2-4 months postlesioned tissue

Early IPSP Early IPSP Total hyper-

peak latency peak ampli-  polarization
Group (msec) tude (mV) (msec)
Control (n = 8) 175+ 2.4 7.5+ 14 229 + 37
2-4 months (n = 9) 213 £ 3 73+ 14 109 + 19«

ats = 2.95; p = 0.009, relative to controls.

with Lucifer yellow and in each instance were observed to be
aspinous cells with sparse bipolar dendrites extending both into
stratum oriens and deep into stratum radiatum (Fig. 5), features
characteristic of the interneuron type described by Schwartz-
kroin and Kunkel (1985). The interneuron shown in Figure 5,
Aand B, appears dye-coupled to a pyramidal cell, a phenomenon
we also occasionally observed in control tissue.

The physiologic characteristics of the interneuron shown were
typical of those seen in slices at both postlesion intervals. R,,
values of interneurons in lesioned tissue were not significantly
different from R, of 3 interneurons recorded from normal tissue
(control, 41 + 5.2 MQ; 2-4 wecks, 36 + 13.6 MQ; 2—-4 months,
36.2 + 6.5 MQ). The identified interneurons of all groups re-
sponded to current injection with a characteristic prolonged
train of action potentials (Fig. 5CI). All interneurons studied
in control tissue and at 2-4 months postlesion responded to
stimulation with an EPSP, or action potential, followed by an
IPSP and/or afterhyperpolarization (Fig. 5C2). A number of
interneurons examined 2—-4 weeks postlesion failed to respond
to nearby stratum radiatum stimulation with either an EPSP
(2/10) or an IPSP (4/10; Fig. 5C3).

These data suggest that the interneurons present following
KA were functional at the time when CA1 was hyperexcitable.
As was the case for the hyperexcitable pyramidal cells in lesioned
tissue, there also appeared to be a loss of postsynaptic potentials
in the interneurons. Loss of either the IPSP (4/10) or EPSP (2/
10) occurred in a total of 5/10 interneurons studied at 2—4 weeks.
While this is a significant percentage of interneurons recorded,
these results were interpreted with caution since the loss of PSPs
was not accompanied by a change in R,,, which would be ex-
pected with a dramatic change in the number of synapses im-
pinging on the interneurons.

Postsynaptic features of inhibition

GABA receptor complex binding sites

Prior to binding analysis it was first determined that there was
no significant shrinkage of CA 1 stratum radiatum that may have
contaminated subsequent results. The average widths of the
CA1 apical dendritic region determined microscopically were
as follows: 2—4 weeks post-KA, 390 + 18 um, n = 3; 2-4 months
post-KA, 394 + 28 um, n = 3; unlesioned controls, 398 + 34
um, n =3,

The distribution of FLU binding in normal hippocampus (4)
and in hippocampus lesioned 2-4 weeks (B) or 2-4 months (C)
earlier 1s shown in Figure 6. The boxes outlined indicate the
regions that were scanned densitometrically. Densitometric
binding analysis demonstrated that specific FLU binding in both
stratum radiatum and the dentate molecular layer was saturable
in each of the treatment groups examined. Scatchard plots of
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Figure4. GAD immunoreactivity in normal tissue (4) and tissue lesioned 2-4 weeks previously (B-D). Low-power micrographs (x 2.5) demonstrate
little qualitative change in either the presence or distribution of GAD-positive somata or terminal fields in control versus hyperexcitable tissue.
The location of the micrographs shown in C and D are indicated by the lines in B. When CA1l (C) and portions of CA2 (D) are examined at higher
magnification (x 25), both GAD-reactive somata (arrows) and a normal pericellular distribution of GAD-positive terminal puncta are observed in

lesioned tissue. so, stratum oriens; sr, stratum radiatum.

the binding data were linear in all regions and conditions ex-
amined, consistent with binding to a single population of re-
ceptors. The saturation experiments were replicated 5 times.
Table 2 summarizes the results of the Scatchard analyses for all
replicates expressed as a percentage of the coincubated controls.

At 2—4 weeks postlesion, FLU receptor number in CAl stra-
tum radiatum was modestly but significantly increased; by 2—4
months, receptor number had declined to near-control levels.
There were no significant changes in receptor affinity, nor was
FLU binding altered in the dentate gyrus.

We found no differences in tritium quenching within hip-
pocampus due to the lesion condition. The mean optical den-
sities and SEs of 8 readings over CA1 stratum radiatum resulting
from the ornithine coating procedure in a typical experiment
were as follows: control, 0.2124 + 0.009; 2—4 weeks, 0.209 +
0.01; and 2—4 months, 0.2245 + 0.005.

GABA responses in lesioned tissue

Pyramidal cells examined for GABA responses were from the
2-4 weeks postlesion tissue only. Five neurons were examined
that discharged aberrant bursts and showed no IPSP in response

to stimulation. In each cell, GABA application in the immediate
vicinity of the recording electrode produced a hyperpolarization
and associated conductance increase (Fig. 7, 4 and B). Like the
normal, 2-component, IPSP, the early phase of this hyperpo-
larizing potential was easily reversed with progressively increas-
ing hyperpolarizing current injection (Fig. 7C); the later com-
ponent decreased in amplitude with increasing current but was
not reversed.

Table 2. Summary of flunitrazepam binding data from all replicates
in CA1 stratum radiatum and the dentate gyrus stratum moleculare

CAl stratum Dentate stratum

radiatum moleculare
Group B i K, B K,
2-4 weeks (n = 5) 115+ 2« 110 + 10 101 £ 5 90 + 6
24 months (n=5) 106 =3 103 +6 96 +4 100 =7

Data are expressed as a percentage of control values.
= p = (.006, normal distribution.
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Figure 5. A dye-filled nonpyramidal cell in hyperexcitable CA1 2—4 weeks postlesion. The presumed interneuron shown appears dye-coupled to
a pyramidal cell (4). The interneuron apical dendrite bifurcates once, and 2 branches descend into stratum radiatum (B, arrows). This cell responded
to depolarizing current injection with a typical spike train (CI). Orthodromic stimulation (arrows) elicited an IPSP (C2) when the stimulating
electrode was close to the recording electrode and an EPSP when stimulation was moved further out into stratum radiatum (C3). so, stratum oriens;
sp, stratum pyramidale; sr, stratum radiatum.
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Figure 6. Invitroautoradiograms of tritiated flunitrazepam binding in normal (4), 24 weeks postlesion (B), and 2—4 months postlesion hippocampi
(C). A representative autoradiogram appears on the /eff, and corresponding line drawings showing the location of neuronal subfields and the extent
of the lesion appear on the right. The boxes in A denote the approximate regions scanned for quantitative analysis.

Discussion

This work extends our previous results (Franck and Schwartz-
kroin, 1985), and the results of others (Ashwood et al., 1986),
demonstrating that loss of CA3 induces an aberrant hyperex-
citability in CA1l that is associated with a loss of functional
inhibition. We show that (1) when inhibition is absent, 24
weeks postlesion, there is no decline in the number of presumed
GABAergic neurons or in the appearance of their pericellular
terminal distribution in CAl; (2) these interneurons are viable
but, like pyramidal cells, may have a reduced occurrence of
IPSPs; (3) when CAl is hyperexcitable, there is an increase in
number of the GABA ,-BZ receptor complex; (4) at more chronic

postlesion latencies, hyperexcitability in CAl population and
single-cell responses is attenuated; this attenuation is coincident
with a recovery of the early, GABA, mediated, IPSP; and (5)
the late IPSP fails to recover.

Physiology of lesioned hippocampi

The population response observed at 2—-4 weeks postlesion, re-
flecting synchronous uninhibited bursts in a large population of
neurons, is dramatically abnormal. The observation that a com-
ponent of the IPSP reappears at longer postlesion latencies (when
synaptic bursting ceases to be predominant) reflects a partial
recovery in this tissue. This interpretation is consistent with
findings that spontaneous electrographic and behavioral seizures
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Figure 7. Response of a hyperexcitable pyramidal cell from tissue
lesioned 2—4 weeks previously to local pressure ejection of GABA. GABA
produced a prolonged hyperpolarization (4) and a conductance increase,
as demonstrated by the injection of 0.5 nA of hyperpolarizing current
with (4) or without (B) GABA application. The effect of constant hy-
perpolarizing current on the GABA response in a cell from hyperexcit-
able tissue (C) is like that of current on the synaptically produced IPSP
in normal tissue. As increasing amounts of current are applied (CI-3),
the early IPSP is reversed, but the later component, while decreased,
fails to reverse completely.

decrease at long latencies following KA lesions (Cavalheiro et
al., 1982) and with the demonstration of recovery of function
following KA disruption of nonseizure phenomenon (Handel-
mann and Olton, 1981). It should be emphasized, however, that
our measures suggest that recovery is not complete. Subtle mul-
tiple population responses could still be elicited in slices from
2-4 month tissue. In addition, while IPSPs do reappear at longer
intervals postlesion, the total duration of these hyperpolariza-
tions is much less than in normal tissue. The IPSP peak in such
cells occurred at a short latency from the stimulus, consistent
with measurements of the early IPSP peak (Knowles et al., 1984;
Kehl and McLennan, 1985). This peak latency did not differ
between treatment groups, suggesting that the significantly ab-
breviated hyperpolarization observed at long intervals postle-
sion reflects a chronic loss or reduction in the late IPSP (Alger
and Nicoll, 1982; Knowles et al., 1984). These observations
contrast with those of Ashwood et al. (1986), who studied tissue
1 week postlesion and reported that the late IPSP persists in
CA1 neurons from KA-treated slices and that loss of the early
IPSP was most apparent when orthodromic stimulation was
used. In our tissue studied at a similar time point (2 weeks), we
found that both the early and late IPSP are absent in most cells
following either ortho- or antidromic stimulation. The most
likely explanation for this discrepancy lies in the nature of the
lesion. The bilateral lesion in our animals produces more ex-
tensive denervation than the unilateral cell damage examined
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by Ashwood et al. (1986); the latter lesion leaves commissural
connections intact, and different components of inhibitory and
excitatory circuitry may be altered as a result.

While the primary focus of this work was to examine inhi-
bition in hyperexcitable tissue, the experiments performed fol-
lowing CA1 isolation in aberrant slices suggest that recurrent
excitation also plays a role in synchronizing excitable cells. Such
a recurrent system has not been demonstrated in CA1 (Knowles
and Schwartzkroin, 1981). However, a small number of pyrami-
dal cell-to-pyramidal cell excitatory connections may be present
in CAl and become more efficient when not antagonized by
normal inhibition.

Morphologic versus functional inhibition

The present data indicate that CA1 hyperexcitability is not as-
sociated with a major loss of GABAergic neuronal somata or
their terminals surrounding pyramidal cell bodies. Our record-
ings from physiologically and morphologically identified non-
pyramidal neurons also indicates that these cells were grossly
functional. Our failure to find interneuron loss in hyperexcit-
able tissue is consistent with the preliminary results of other
investigators (Davenport and Babb, 1985) but contrasts with
the work of Ben-Ari and his colleagues, who have studied hip-
pocampi lesioned by systemic KA (Nitecka et al., 1984; Ben-
Ari, 1985). These investigators report extensive interneuron loss
but also demonstrate that this route of KA administration pro-
duces more prominent loss of CAl pyramidal cells than does
intraventricular toxin injection. We have also found extensive
CAL1 pyramidal cell and interneuron loss following systemic KA
in developing animals (in the absence of CA3 damage) (Franck
and Schwartzkroin, 1984) and have suggested, as have others
(Lassman et al., 1984), that the 2 routes of administration pro-
duce differing patterns of damage by differing mechanisms. The
resulting hyperexcitability in the 2 preparations may involve
different substrates, with interneuron loss a major factor in only
one.

At 2—-4 weeks postlesion, when most CA 1 pyramidal cells have
neither early nor late IPSPs, the affinity and number of mod-
ulatory BZ binding sites on the GABA, complex did not de-
cline; in fact, there was a modest, but significant, increase in
total number of binding sites on CA1l neurons, a change that
returned to normal at a time when the early, GABA ,-mediated,
IPSP recovered. These data suggest that the alterations that
occur in hyperexcitable tissue at the early postlesion latency, at
least in these measures of the GABA-complex function, are
compensatory in nature. It wouid be of interest to determine if
markers for the late IPSP-related GABA; binding site are altered
in a more chronic fashion since this late inhibitory potential
fails to recover.

The failure of inhibition at 2-4 weeks in KA-lesioned hip-
pocampi, in the presence of apparently normal (or supranormal)
pre- and postsynaptic markers for inhibitory function, suggests
a functional “uncoupling” between the production and/or re-
lease of GABA at the presynaptic terminal and its recognition
or accessibility to the postsynaptic site. This possibility is con-
sistent with the demonstration (see also Ashwood and Wheal,
1986) that hyperexcitable CA1 pyramidal cells respond “nor-
mally” to exogenously applied GABA. Several features of in-
hibitory function remain to be tested. For example, GABA syn-
thesis may be compromised, although this possibility seems
unlikely since even more extensive hippocampal lesions do not
totally disrupt GABA synthesis (Schwarcz et al., 1978). Alter-
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Figure 8. Hypothesized lesion consequences. Features of normal hip-
pocampi include (/) feedforward activation of interneurons; (2) late
IPSPs in pyramidal cells mediated by these interneurons; (3) recurrent,
early IPSPs; (4) recurrent excitation (absent in normal tissue); (5) GA-
BA, and GABA, receptors; and (6) CA3 input to CAl.

Features of 2—4 week postlesion hippocampi may include (I) loss of
feedforward interneuron activation from CA3; (2) loss of late IPSPs as
a result of I; (3) loss of early IPSPs due to some disruption at the
interneuron—-pyramidal cell synapse; (4) beginning of recurrent excita-
tion; (5) compensatory increase in GABA, receptors due to loss of early
IPSPs (the effects on the GABA; site are unknown); and (6) deaffer-
entation of CA1 dendrites.

Features of 2—4 month postlesion hippocampi may include (I) per-

natively, GABA release may be reduced, an attractive hypoth-
esis in light of the suggestion that acute effects of KA on inhi-
bition in vitro is due to an alteration of presynaptic transmitter
release (Fisher and Alger, 1984).

A different, but related, hypothesis for the loss of functional
inhibition is that GABA may not have access to postsynaptic
sites because there is a morphologic “disconnection” between
local excitatory and inhibitory elements. Several alterations may
occur in lesioned hippocampi to produce such a disconnection.
First, the CA3 lesions destroy roughly 85% of the excitatory
synapses onto CA1 apical dendrites (Nadler et al., 1980b). Such
a denervation also reduces excitatory synaptic drive onto the
dendrites of several types of hippocampal interneurons that ra-
diate extensively in stratum radiatum and mediate, in part,
feedforward inhibition (Schwartzkroin and Kunkel, 1985; La-
caille and Schwartzkroin, 1988). Feedforward inhibition in hip-
pocampus may be an important mechanism of the late IPSP
(Alger and Nicoll, 1982). Thus, deafferentation of some inter-
neurons may explain the chronic loss of this potential. Second,
feedback inhibition (e.g., as seen with alveus stimulation) also
is compromised. Although we observed a dense GAD-positive
terminal plexus in stratum pyramidale of CA1 in lesioned tissue,
HofT et al. (1981) have shown that selective denervation of one
afferent to a group of neurons can result in a transient “shed-
ding,” without degeneration, of other, unrelated afferents. Thus,
massive loss of excitatory contacts on CAl apical dendrites may
induce a shedding, or detachment, of unlesioned terminals, in-
cluding GAD-positive somatic boutons. Recovery of the early
IPSP at later postlesion intervals may then involve terminal
“reattachment’” at these synapses. Alternatively, the disruption
may be at the level of recurrent pyramidal cell excitation of
interneurons. Finally, it is possible that the lesion disrupts an
inhibitory pathway from CA3 to CAl.

Figure 8 schematically summarizes the hypothetical sequence
of alterations in lesioned tissue suggested by the present data.
There are several types of hippocampal inhibitory interneurons
categorized, in part, on the basis of location and the way in
which they interact with pyramidal cells. All types may be ex-
cited in a feedforward fashion. Some types, by virtue of their
location, distant to the pyramidal cell layer (e.g., in stratum
lacunosum; Lacaille and Schwartzkroin, 1988), may depend more
on feedforward excitation than do interneurons near the pyrami-
dal cells (e.g., basket cells or oriens-alveus interneurons;
Schwartzkroin and Kunkel, 1985). These proximal interneu-
rons, again, by virtue of location, may more preferentially me-
diate recurrent inhibition. In Figure 8 we have illustrated these
2 general types of interneurons. In the present study, we recorded
only from interneurons within, or near, stratum pyramidale.
Based on the above considerations, however, it may be that the
inhibition mediated by the more distal interneuron types is the
more severely and permanently compromised.

—

sistent deafferentation of some interneurons; (2) continued failure of
late IPSP, due either to a loss of interneuron activation or to persistent
changes at their contacts with pyramidal cells; (3) return of the early
1PSP; (4) well-established recurrent excitation; (5) GABA, receptor levels
return to normal (fate of GABA; receptors currently unknown); and (6)
continued absence of CA3 input to CAl. The placement of different
synapses and of GABA binding sites is for graphic purposes only and
does not imply their actual location on CA1 cells.



Hyperexcitability versus “‘recovery”

The present work stresses features of inhibition during periods
of hyperexcitability following a lesion that may be relevant to
human temporal focal seizures. However, the functional con-
sequences of this lesion change with time. The earliest time we
examined lesioned tissue was 2 weeks after surgery. Other in-
vestigators have studied the same lesion at 1 week (Ashwood
and Wheal, 1986; Ashwood et al., 1986). At 1-2 weeks postle-
sion, CA1 denervation is maximal; by 2 months, reinnervation,
perhaps by recurrent CA1 collaterals, is almost complete (Nad-
ler et al,, 1980a). The chronic morphologic alterations, to the
extent that they reflect the functional capabilities of the tissue
after “compensatory” neuroplastic rearrangement, are certainly
of as great an interest as those produced at short postlesion
latencies, which may primarily be responses to trauma.

We have indicated that CA1 shows partial “recovery” at long
postlesion intervals but that some abnormal features persist at
2-4 months postlesion. These abnormalities include small mul-
tiple population spikes elicited by radiatum stimulation and
failure of late IPSP recovery. A recurrent excitatory collateral
system may develop between CA1 pyramidal cells. In our pre-
vious work, we also demonstrated that pyramidal R;, remained
high relative to controls. These features reflect a continued dys-
function in lesioned tissue, perhaps mediated by mechanisms
different from those operating at acute postlesion latencies. It
is important to emphasize, however, that spontaneous bursts
and afterdischarge activity were not observed in single cells
studied several months postlesion. This result suggests that a
partially recovered IPSP is quite effective in limiting cell firing,
even in this compromised tissue.

Lesion model of epilepsy

The chronic KA model is becoming increasingly discussed as a
relevant tool in the study of complex partial seizures (Ben-Ari,
1985; Ashwood et al., 1986). The lesions produced in this model
are similar to those seen in clinical material; the lesions do
produce behavioral and electrographic seizures; and a primary
pathology appears to involve remaining neurons in hippocam-
pus. However, several questions remain regarding the model.
First, do similar lesions, produced by a treatment that does not
itseif cause seizures, produce a similar postlesion symptomatol-
ogy or do the long-lasting seizures produced by KA result in a
kindling-like phenomenon? Second, how does this model “fit”
with data from other models of partial seizures and from studies
on human material? Data from the alumina cream model sug-
gest that morphologic changes at the presumed focus involve a
loss of the substrates for GABAergic function; both GAD-pos-
itive interneurons and their terminals are lost (Ribak, 1986),
and there is a decrease in receptors for GABAergic ligands (Ba-
kay and Harris, 1981). These observations are not consistent
with the results of our study of the KA model. In contrast, studies
of human tissue (patients diagnosed as having partial seizures
of temporal lobe origin, i.e., patients most likely to have hip-
pocampal cell loss) suggest that a simple loss of functional in-
hibition and its morphologic substrate, interneurons and recep-
tors, may not always occur in temporal lobe foci. In vitrorecording
from resected human temporal lobe indicates that inhibitory
function, while reduced, persists in this tissue (Schwartzkroin,
1986) and may even synchronize cell discharge (Schwartzkroin
and Haglund, 1986). In vivo presurgical depth recording con-
firms the presence of inhibition and has further shown that
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interneurons are present in necrotic epileptic hippocampi (Babb
and Brown, 1986). Thus, complex partial seizures in general,
and those of temporal lobe origin in particular, may not result
from a simple focal loss of inhibitory function but may rely
more on increased excitation.

The KA lesion model remains intriguing for the apparent
dissociation of functional inhibition (dramatically reduced, at
least temporarily) and its morphologic substrates (maintained).
At long recovery intervals, inhibition and hyperexcitability (al-
though not as dramatic as at acute postlesion latencies) seem to
coexist, much as in human temporal foci. Experimental models
of hippocampal cell death thus appear to be of interest for pro-
viding insight into the mechanisms of idiopathic and posttrau-
matic temporal lobe seizures.
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