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Abstract 

Depression of GABA-mediated IPSPs has been proposed to be a crucial factor in the onset of 
epileptiform activity in most models of epilepsy. To test this idea, we studied epileptiform activity 
induced by bath application of the excitatory neurotoxin kainic acid (KA) in the rat hippocampal 
slice. Repetitive field potential firing, spontaneous or evoked, occurred during exposure to KA. 
Intracellular records from 52 CA1 pyramidal cells during changes from control saline to saline 
containing i PM KA indicated that KA depolarized cells an average of about 5 mV and caused a 
15% decrease in input resistance. Action potentials and current-induced burst afterhyperpolariza- 
tions did not change significantly. In several cells the tonic effects of KA were preceded by a 
transient phase of sporadic, spontaneous depolarizations of 2 to 10 mV and 50 to 200 msec duration. 
These phasic depolarizations were blocked by hyperpolarization. 

The major effect of 1 PM KA was a depression of synaptic potentials. Initially, KA depressed fast 
GABA-mediated IPSPs and slow, non-GABA-mediated late hyperpolarizing potentials to 23% and 
40% of control values, respectively. IPSP depression correlated closely with onset of burst potential 
firing in response to synaptic stimulation. Similar observations were made on six cells from the 
CA213 region, although these cells were affected by lower doses of KA. 

The mechanism of IPSP depression was studied by using KCl-filled electrodes to invert sponta- 
neous IPSPs and make them readily visible. In nine CA1 cells the rate and amplitude of spontaneous 
IPSPs transiently increased but then decreased in conjunction with evoked IPSP depression. 
Possible KA effects on postsynaptic GABA responses were investigated by applying GABA locally 
to cells. KA did not significantly affect GABA responses. Prolonged exposure of CA1 cells to KA in 
doses of 1 PM or higher depressed intracellularly and extracellularly recorded EPSPs and all field 
potential activity. This depression was not apparently due to depolarization block in CAl, however. 

We conclude that KA induces epileptiform activity in hippocampus principally by a presynaptic 
block of IPSP pathways. 

Recent studies of epileptiform activity induced by bi- 
cuculline (Schwartzkroin and Prince, 1980), picrotoxin 
(Alger and Nicoll, 1980a), or penicillin (Wong and 
Prince, 1979; Dingledine and Gjerstad, 1980) in the in 
vitro hippocampal slice preparation have shown that 
reduction of pyramidal cell IPSPs is closely associated 
with the onset of repetitive cell firing and epileptiform 
extracellular field potential discharges. To test whether 
disinhibition is a necessary factor in generation of epi- 
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leptiform discharges, we have examined the electrophy- 
siology of kainic acid (KA)-induced discharges in the rat 
hippocampal slice. 

KA is a conformationally rigid analogue of glutamic 
acid (Kizer et al., 1978), a putative excitatory neurotrans- 
mitter in the hippocampus (Nadler et al., 1976). In 
moderate doses it induces behavioral and electroenceph- 
alographic seizures analogous to clinical complex partial 
seizures (Nadler, 1981), whereas in high doses it causes 
“toxic” changes in cells (McGeer et al., 1978). Excitatory 
effects of KA were first described for rat neocortical cells 
(Shinozaki and Konishi, 1970). Subsequently KA has 
been shown to excite motoneurons (Biscoe et al., 1976; 
Engberg et al., 1978), dorsal root fibers (Constanti and 
Nistri, 1976; Evans, 1980), Renshaw interneurons (John- 
ston et al., 1974), rat thalamic neurons (Hall et al., 1979), 
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and hippocampal pyramidal cells (De Montigny and Tar- 
dif, 1981). The electrophysiological mechanisms of neu- 
ronal excitation are poorly understood. The principal 
action of KA on invertebrate neurons is a potentiation 
of glutamate-induced depolarizations (Shinozaki and 
Shibuya, 1974; Daoud and Usherwood, 1975; Constanti 
and Nistri, 1976). In contrast, iontophoretic application 
of KA to vertebrate spinal cord directly produces large 
and often irreversible depolarizations (Biscoe et al., 1976; 
Constanti and Nistri, 1976; Ault et al., 1980; Evans, 
1980), by a mechanism which decreases input resistance 
(Engberg et al., 1978) and depends upon the presence of 
extracellular sodium (Evans et al., 1977; MacDonald and 
Porietis, 1982). 

The hippocampus is especially susceptible to the epi- 
leptogenic effects of KA (Ben-Ari, et al., 1981; Zaczek et 
al., 1981). Hippocampal field potential studies have sug- 
gested that the epileptogenicity is due either to an aug- 
mentation in excitation (Lothman et al., 1981; Collin- 
gridge et al., 1983), a depression of inhibition (Sloviter 
and Damiano, 1981), or perhaps to both. Intracellular 
recordings from hippocampal cells in the in vitro slice 
preparation have indicated that KA induces membrane 
depolarizations (Robinson and Deadwyler, 1981; West- 
brook and Lothman, 1983), but synaptic potentials have 
not been analyzed in detail. Therefore, it has remained 
open whether or not KA might induce epileptiform ac- 
tivity in vertebrate CNS by direct excitation not involv- 
ing disinhibition. 

To evaluate KA effects on synaptic potentials in hip- 
pocampus, two technical requirements should be met. 
First, synaptic potentials should be measured directly 
with intracellular techniques. Second, drug-induced ef- 
fects on synaptic potentials should be reversible, if pos- 
sible, to minimize complications due to nonspecific ef- 
fects. We have studied synaptic potentials in individual 
hippocampal pyramidal cells before, during, and after 
bath application of KA. We find that KA decreases 
synaptic inhibition and that the major component of this 
effect is exerted at a presynaptic locus. 

Materials and Methods 

Experiments were performed on 400-pm thick slices 
from hippocampi of 175 to 250-gm adult male Sprague- 
Dawley rats using standard techniques (Langmoen and 
Andersen, 1981). After dissection, single slices were 
transferred to a submersion-type recording chamber (Ni- 
co11 and Alger, 1981a) and set gently on a nylon net. The 
standard saline solution consisted of (millimolar): NaCl, 
122.6; KCl, 5.4 (in the first few experiments 3.5 IrIM was 
used); MgS04, 2.0; CaC12, 2.5; NaH2P04, 1.2; NaHC03, 
26.2; glucose, 10. Solutions of KA were prepared fresh 
on the day of each experiment and were added to the 
saline to achieve concentrations of 0.3 to 10 pM. These 
concentrations did not affect final pH. In preliminary 
experiments we confirmed the dose-response relation- 
ship for KA determined by Westbrook and Lothman 
(1983). We also observed that prolonged perfusion with 
KA lead to increasingly marked depressive effects (e.g., 
see Fig. 5). Lacking a direct measure of actual drug 
concentration in the extracellular space, we were unable 
to determine if this was attributable to a time or dose 

dependency of the drug effect. To focus on the epilepto- 
genie effects, which always preceded the depression, we 
selected a KA dose of 1 pM so as to achieve relatively 
marked, reproducible, and reversible effects in conjunc- 
tion with a 20-min perfusion. In some experiments, 60 
pM picrotoxin or 1 pM tetrodotoxin (TTX) was used to 
block evoked IPSPs. Salines were bubbled with 95% O2 
and 5% CO, and were gravity-fed through the chamber 
at a rate of 0.3 ml/min. Solutions were switched by means 
of a stopcock close to the chamber. Dead space was small, 
so that steady-state drug concentrations in the chamber 
were achieved within 5 min of switching solutions. Tem- 
perature was regulated to 30 to 32°C. 

Electrophysiological technique. Intracellular potentials 
were recorded from pyramidal neurons in the midportion 
of CA1 and in a few cells from CA2/3 during control, 
experimental perfusion, and wash periods. (Since it is 
difficult to distinguish between regions CA2 and CA3 
near their common border, we refer to cells from this 
area as from “CA2/3,” cf. Wong and Traub, 1983.) Mi- 
croelectrodes were pulled from fiber-filled glass, with 
final impedance measuring 50 to 100 megohms at 135 Hz 
in 3 M KCl. Intracellular pipettes were usually filled with 
potassium methylsulfate (KCHSO,) or, where specified, 
with 3 M KCl. Conventional intracellular recording tech- 
niques were used. AC-coupled extracellular field poten- 
tials were recorded with broken-tip glass pipettes con- 
taining 1 M NaCl and were filtered at 3 to 1000 Hz. All 
electrodes were positioned in stratum (s.) pyramidale, s. 
radiatum, or fimbria. Concentric bipolar stainless steel 
wires were used to deliver 10 to 50-psec constant-voltage 
stimuli to hippocampal fiber systems in s. radiatum or 
alveus. Electrical potentials were viewed on-line oscillos- 
topically or via a rectilinear chart recorder (Gould 2200) 
and also stored on FM tape (Hewlett-Packard, bandpass 
0 to 5000 Hz). Only neurons with resting potentials in 
excess of -50 mV, stable for at least 30 min prior to any 
experimental manipulations, were exposed to KA. 

Experiments were done on 82 slices from 52 rats. 
Intracellular records were taken from 52 CA1 pyramidal 
cells, 6 CA2/3 pyramidal cells, and 2 presumed glia; 34 
of the CA1 pyramidal cells showed at least partial rever- 
sal of KA effects on synaptic potentials (see below). 
These 34 CA1 cells and 5 CA2/3 cells were analyzed in 
detail. The mean resting potential for the CA1 neurons 
was 72.8 f 10.4 mV, the mean input resistance was 51 + 
12 megohms, and the mean action potential amplitude 
was 96 f 18 mV. In the following, unless otherwise noted, 
“cell” refers to one of these CA1 pyramidal neurons. 

Current-voltage plots were constructed by plotting the 
maximal change in membrane voltage produced by an 
injection of lOO-msec constant-current pulses through a 
balanced bridge circuit. 

Local drug application. GABA was applied iontophor- 
etically by a single-barreled pipette (impedance 5 to 20 
megohms) containing 1 M GABA in normal saline, with 
pH adjusted to 4.0 with HCl. Iontophoretic pulses were 
delivered by a WPI 161 iontophoresis unit. Holding 
currents were 0 to 20 nA, and ejection currents ranged 
from 5 to 100 nA. During the control period of the 
experiments, the iontophoretic pipette was positioned as 
close to the intracellular microelectrode as possible and 
was then lowered by a remote drive in lo-pm steps until 
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the maximal hyperpolarizing response was observed. 
With high ejection currents a secondary depolarizing 
component of the response could be elicited, and current 
was decreased to minimize this depolarizing current. The 
resting potential of some of the ceils was very close to 
the IPSP equilibrium potential (about -75 mV), and in 
these cells iontophoretic pulses were sometimes delivered 
with the membrane potential depolarized by DC injection 
through the bridge circuit. Control and test period base 
line membrane potential levels were always matched 
closely. After initial positioning of the iontophoresis 
pipette, neither the pipette nor the iontophoresis current 
was changed. 

Pressure ejection controls were performed with a Pi- 
cospritzer (General Valve Corp.) and extracellular pi- 
pettes containing 1 mM GABA in normal saline (pH was 
neutral). Pressure pulses ranged from 10 to 40 psi in 
magnitude and 20 to 200 msec in duration. 

Extracellular potassium concentration measurements. 
Potassium-sensitive microelectrodes were fabricated 
from single-barreled fiber-filled glass tubing, pulled, and 
then broken to 5-pm tip diameters. Electrodes were 
siliconized by holding the tips in vapor from evaporating 
dimethyldichlorosilane for 45 set and then baking at 
95°F for 1 hr. Dow-Corning ion exchange resin was 
suctioned into the electrode tip, and the electrode was 
then back-filled with 0.5 M KCl. Final impedances ranged 
from 100 to 200 megohms. Signals from this electrode 
were recorded differentially with respect to an extracel- 
lular field electrode in s. pyramidale, within 100 pm of 
the potassium electrode. Before and after the experiment, 
the electrodes were calibrated by immersion in solutions 
of normal saline containing 3, 5, 7, 10, 30, and 50 mM 

KCl. Data were accepted only from electrodes whose 
calibration curves did not change and whose slopes were 
approximately 50 mV per lo-fold change in potassium 
concentration. “Concentration” will be used interchang- 
ably with “activity,” although it is actually the latter 
which is measured by ion exchange resins. Calibration 
curves were unaffected by KA in concentrations up to 10 
yM. After each electrode was positioned in s. pyramidale, 
an interval of 5 min was allowed for equilibration, after 
which starting extracellular potassium concentration 
([K+],J was assumed to equal the bath concentration of 
5.4 mM. 

Results 

Epileptiform field activity. Bath application of KA for 
5 to 15 min in concentrations of 0.3 to 1.0 pM induced a 
variety of epileptiform field potentials. Some slices ex- 
hibited spontaneous interictal spikes (Fig. 1A) and spon- 
taneous rhythmical field discharges (Fig. 1B). As docu- 
mented by Schwartzkroin and Prince (1978) and Wong 
and Traub (1983) for penicillin-induced bursting and by 
Lothman and colleagues (1981) for KA-induced bursting, 
burst activity in CA213 preceded and appeared to pace 
the burst activity in CA1 (Fig. 1C). Spontaneous bursting 
in CA1 usually lasted only a few minutes. This decline 
probably reflected loss of driving from CA2/3 since 
shocks to s. radiatum remained effective in eliciting CA1 
field potential and cell bursting. Spontaneous bursting 
resumed transiently during the wash period. All slices 

exposed to 1 pM KA reversibly developed multiple pop- 
ulation discharges in CA1 in response to a single shock 
to s. radiatum (Fig. 1D). With exposures longer than 15 
min or drug concentrations in excess of 1 pM, evoked 
and spontaneous field activity became grossly depressed 
(discussed below). The transition between epileptiform 
activity and depression of field potentials sometimes 
occurred rapidly. All field potential changes were fully 
reversible by control solution washes of 60 min or less. 

Well defined tonic-clonic electroencephalographic sei- 
zures, such as seen in intact hippocampus (Kandel and 
Spencer, 1961), were not observed. 

Effects of KA on passive membrane properties. Expo- 
sure of CA1 cells to 0.5 pM KA or less did not significantly 
depolarize the cells (mean and SD of difference = 1.6 f 
5.4 mV; n = 13; p > 0.1; this and all subsequent Student’s 
t-tests were two-tailed tests on paired observations), 
although epileptiform field potentials did occur. One 
micromolar KA caused an average depolarization of 6 + 
5 mV (n = 21; p < 0.01). It was not always possible to 
reverse the effects of 1 pM KA on resting membrane 
potentials, even with up to 60 min of wash. A subset of 
cells whose membrane potentials completely returned to 
base line levels exhibited depolarizations comparable to 
those of the whole group (5 + 7 mV; n = 9). 

Input resistance of CA1 pyramidal cells, determined 
by injection of 0.5 nA hyperpolarizing current pulses 
through a balanced bridge circuit, decreased an average 
of 15% during perfusion with 1 yM KA (Fig. 2A). The 
decreases, while small, frequently persisted through the 
wash. A composite current-voltage plot before and during 
perfusion of five cells with KA (Fig. 2B) illustrates that 
the slight degree of the input resistance change would be 
missed if grouped data alone were examined. 

Afterhyperpolarizations following trains of action po- 
tentials, induced by direct depolarizing current injections 
into cells (Alger and Nicoll, 1980a; Hotson and Prince, 
1980), were not altered by 1 pM KA, provided the number 
of action potentials elicited was held constant (Fig. 2C). 

Effects of h7A on active membrane properties. During 
the experiment the membrane potentials were adjusted 
to control levels by DC injection prior to an initiation of 
a test action potential, usually by orthodromic stimula- 
tion. KA did not change action potential amplitude 
(mean difference, 0.2 + 5.1 mV; n = 15; p > 0.2) or 
duration (mean difference, 0.11 f 0.28 msec; n = 15; 
p > 0.1). 

In approximately half of the neurons studied, an early 
and prominent effect of KA was induction of membrane 
potential instabilities (“bumps”), consisting of sponta- 
neous depolarizations 2 to 10 mV in amplitude and 50 to 
200 msec in duration (Fig. 3). Action potentials some- 
times originated from the peaks of these depolarizations. 
In contrast to pyramidal cell EPSPs (Schwartzkroin, 
1975), the amplitude of these KA-induced potentials 
increased with DC depolarization of the membrane po- 
tential, and they were abolished with membrane hyper- 
polarization (Fig. 3A). In one experiment, bumps were 
abolished when synaptic transmission and regenerative 
sodium channels were blocked by 1 PM TTX. 

In a given neuron, the majority of the bumps occurred 
asynchronously with the concurrently measured field 
potential discharges, although when a spontaneous field 
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A. 250 ms 
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c D- 40 ms 

Figure 1. Extracellular (field) and intracellular recordings of epileptiform activity induced by KA. A, Spontaneous interictal 
discharge 5 min after exposure to 1 pM KA. In this and all subsequent figures, action potentials have been truncated by the 
response time of the chart recorder. B, Spontaneous repetitive discharges during perfusion with 1 pM KA. C, Concurrent field 
potential records from CA1 and CA2/3 during perfusion with 0.5 pM KA. Although bursts appear synchronous in Cl, faster 
sweep speed of a typical burst in C2 demonstrates that the CA2/3 burst leads the CA1 burst by approximately 30 msec. The 
different morphologies of the field potentials in Cl and C2 are due to chart recorder response times and filters. D, An example 
of KA-induced repetitive field discharges in CAl. Only one population spike was elicited in the control period in response to an 
orthodromic stimulus, whereas multiple discharges result from the identical stimulus delivered during perfusion with 1 FM KA. 
A, B, C, and D above represent separate experiments. In this and all subsequent figures, stimulus artifacts have been retouched 
for photographic clarity. Where the site of the artifact is not evident, it is labeled by a vertical arrow (see Figs. 6 to 8). Positivity 
is always up. Voltage calibration is 20 mV for intracellular and 2 mV for extracellular records. Time calibrations are as indicated. 

potential did occur a depolarizing event also occurred in 
the cell (Fig. 3B). Within 5 to 10 min of appearance, 
bumps merged into more or less continuous fluctuations 
of the base line membrane potential. 

Effects of KA on synaptic potentials. During initial 
exposure to KA, large paroxysmal depolarizations 
(“bursts”), similar in appearance to the bursts induced 
by such GABA antagonists as penicillin (Prince, 1978), 
were elicitable in CA1 cells with suprathreshold ortho- 
dromic stimulation. Multiple action potentials arose 
from the depolarizations and corresponded to multiple 
population discharges in field recordings (Fig. 4A). When 
these bursts were present, EPSPs and IPSPs could not 
accurately be assessed. 

Evoked EPSP amplitudes could be studied in some 
cells using subthreshold orthodromic stimulation or DC 
membrane hyperpolarization to block voltage-dependent 
regenerative conductances. In all instances comparisons 
were made at the same membrane potential level and 
with identical orthodromic stimuli in the control, KA, 
and wash periods. Under these conditions, KA did not 
affect the amplitude of evoked EPSPs (Fig. 4B). EPSP 

duration was prolonged, consistent with elimination of 
inhibitory potentials (e.g., Wong and Prince, 1979) which 
abbreviated late phases of EPSPs. 

At times corresponding to appearance of multiple field 
potential discharges, the major effect of 0.3 to 1.0 pM KA 
was a reversible depression of both fast GABAergic 
IPSPs (Fig. 4C1) and potassium-dependent, slow, non- 
GABAergic late hyperpolarizing potentials (LHPs) (Fig. 
4C2). A decrease of IPSP amplitude was usually evident 
within 10 min after starting 1 pM KA perfusion and was 
closely correlated with the appearance of cell bursting 
and multiple field discharges. In no instance did epilep- 
tiform bursting appear with IPSPs at control levels, 
although projected burst activity from CA3 could appear 
in CA1 at times when IPSPs in CA1 cells were at 50 to 
75% of control levels. The mean decline of CA1 IPSPs 
after 10 min of KA perfusion was to 23 f 24% of the 
control IPSP amplitude (n = 24). During the wash phase, 
IPSP amplitude recovered to 88 + 34% of control. Both 
orthodromically and antidromically activated IPSPs 
were blocked in KA. 

LHPs (Nicoll and Alger, 1981b; B. E. Alger, submitted 
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taken from six CA2/3 pyramidal cells to determine 
whether the effects of KA in that region were qualita- 
tively different from those observed in CAl. One-half 
micromolar KA, a dose which did not significantly de- 
polarize CA1 cells (cf. Robinson and Deadwyler, 1981), 
depolarized CA2/3 cells a mean of 7 + 4 mV. 

B :;4 -1 :O -Or6 -0,2 ! k!; r) 
1 t it 10 

it 

20 30 

1 I 50 

40 

+ t 6o mV 

c CONTROL KAINATE WASH 

Figure 2. Effects of KA on membrane properties. A, Resting 
membrane potential (Em) and input resistance (Rm) for a cell 
during control, perfusion with 1 ~.LM KA, and wash periods. 
Traces in the lower row are voltage deflections in response to 
lOO-msec, 0.5-nA hyperpolarizing constant-current pulses de- 
livered through a balanced bridge circuit. B, Current versus 
voltage plotted for five cells during control (0) and 1 pM KA 
(+) periods. Vertical lines show standard deviations at each 
point. C, Afterhyperpolarizations, following trains of action 
potentials (in this example five action potentials) induced by 
direct current 50-msec depolarizing pulses, are not significantly 
altered in the presence of 1 pM KA. 

for publication), measured at 150 msec after delivery of 
an orthodromic stimulus to s. radiatum, decreased re- 
versibly to 40 f 23% of control values (n = 19), with a 
time course of decline similar to that for the IPSP. LHPs 
recovered to 80 f 20% of control values. 

Effects of KA in CA2/3. Region CA213 is known to be 
a pacemaker for burst discharges in hippocampus 
(Schwartzkroin and Prince, 1978; Wong and Traub, 
1983) and is more sensitive than CA1 to excitatory 
(DeMontigny and Tardif, 1981) and to neurotoxic (Nad- 
ler et al., 1978) effects of KA. Intracellular records were 

Spontaneous bursting during the control period and 
bursts evoked during KA perfusion made it difficult to 
measure IPSPs in CA2/3. In three cells inhibitory poten- 
tials were not obscured by bursts, and in these cells 
IPSPs and LHPs declined markedly within 3 min of drug 
perfusion onset (Fig. 5, 1). This decline correlated with 
onset of spontaneous field potential bursting (Fig. 5, 2). 
Inhibitory potentials returned during the wash. Thus, we 
believe that CA2/3 cells are more sensitive to low doses 
of KA than are CA1 cells but that the effects on synaptic 
potentials in the two regions are similar. Subsequent 
analysis of IPSPs pertains to CAl. 

A -72 

-88 

B 

I 7 mV 
500 ms 

Figure 3. KA-induced voltage-sensitive membrane depolari- 
zations (“bumps”) in CA1 pyramidal neurons. A, Voltage sen- 
sitivity of depolarizations. The top trace shows the quiet intra- 
cellular base line recorded at the resting membrane potential 
of -72 mV. The second trace was recorded 4 min after beginning 
perfusion with 0.5 pM KA, at which time resting membrane 
potential had decreased by 3 mV. Spontaneous phasic depolar- 
izations with quick rise and slow, variable fall phases are 
evident. Further depolarization of the membrane potential to 
-50 mV by DC injection intracellularly caused a striking in- 
crease in the amplitude of the bumps. In contrast, DC hyper- 
polarization of the membrane potential to -88 mV immediately 
and reversibly eliminated the bumps. B, Lack of clear corre- 
spondence between bumps and concurrently recorded field 
discharges. Voltage calibration is 5 mV for the intracellular and 
1 mV for the extracellular records. 
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Figure 4. Effect of KA on synaptic potentials in CAl. A, 
Field (Al) and cell (A2) potentials in response to orthodromic 
stimulation during control, kainate perfusion, and wash pe- 
riods. A paroxysmal depolarization shift-like event during drug 
perfusion is associated with repetitive firing of action potentials 
and field potentials. The inset in A2 shows the same cellular 
responses at slower sweep speed. Individual action potentials 
are not visible; however, loss of IPSP and LHP hyperpolariza- 
tion is evident during exposure to KA. B, EPSPs elicited by 
orthodromic test stimuli to stratum radiatum with membrane 
potential polarized to approximately -80 mV to block action 
potentials or depolarization shifts. The EPSP amplitude is not 
affected by KA, but apparent EPSP duration increases revers- 
ibly, consistent with loss of later inhibitory phases. Note also 
a slowing in the EPSP rise time. C, Responses to antidromic 
stimuli (Cl) and orthodromic stimuli to stratum radiatum (C2) 
are shown in a single cell before, during, and after perfusion 
with 1 pM KA. In this cell synaptic potentials were not obscured 
by depolarization shifts, so reversible loss of the IPSPs and 
orthodromic LHP are clearly visible. D, KA (1 pM) causes 
decrease of the input resistance shunt associated with IPSPs. 
During control, KA perfusion, and wash periods, pairs of 0.5 
nA, 50-msec hyperpolarizing current pulses were injected into 
the cell, such that the second pulse arrived 50 msec after an 
orthodromic stimulus. Input resistances (megohms) for the two 
pulses in control, KA perfusion, and wash periods, respectively, 
were 52 and 12 (23%); 40 and 28 (70%); and 36 and 10 (28%). 
Since the shunt due to the EPSP is largely over by 50 msec, 
the observed decrease in shunt in the presence of KA is best 
explained by a decrease in the IPSP. Sections A to D represent 
four different pyramidal cells. Voltage calibration is 10 mV for 
the intracellular and 2 mV for the extracellular records. Time 
calibrations are as indicated. 

Mechanisms of IPSP decrease. The decline of pyrami- 
dal cell IPSPs after exposure to KA could, in principle, 
be a result of several factors: (1) input resistance 
changes, (2) “masking” by concurrent excitatory poten- 
tials, (3) a shift in the equilibrium potential for the 

IPSP, (4) decreased transmitter release from presynaptic 
terminals, (5) alterations of GABA uptake, or (6) post- 
synaptic interactions among KA, GABA, and GABA 
receptors. 

The first possibility is untenable on quantitative 
grounds since the IPSP decrease was on the order of 75% 
and the input resistance decrease was 15%. The possi- 
bility of IPSP masking during KA perfusion was effec- 
tively ruled out by showing that the normal shunting of 
input resistance by the IPSP was attenuated reversibly 
in the presence of KA (Fig. 40). Direct measurement of 
the IPSP reversal potential in KA was difficult because 
of large bursts obscuring the diminishing IPSPs. How- 
ever, IPSP equilibrium potentials were plotted in two 
cells at a time when IPSPs were reduced about 50%; the 
magnitude of the shift was small. Furthermore, such a 
mechanism would have preserved the membrane resist- 
ance shunt (Dingledine and Langmoen, 1980). Depolar- 
izing IPSPs recorded by means of KCl-filled intracellular 
pipettes also disappeared in KA (Fig. 6A3), an unlikely 
event if the mechanism of IPSP decreases were a shift 

1 
CONTROL KAINATE WASH 

L -G---L 

IlOrnV 

500 ms 
12.5s 

Figure 5. Effects of KA on a neuron in CA2/3. In a CA213 
cell, 0.5 pM KA caused reversible declines of the IPSP and the 
LHP. Synaptic potentials in 1 were triggered by stimuli to 
mossy fibers in stratum radiatum of CA4. Records in 2 were 
taken at a time corresponding to the middle trace of 1, 3 min 
after the start of drug perfusion. The first discharge in the 
lower left-hand trace was triggered orthodromically; the second 
was spontaneous. The lower right-hand trace shows a slower 
sweep speed recording of rhythmical spontaneous cell bursting 
after exposure to KA. Individual action potentials are not 
resolvable at this speed. Voltage calibration is 10 mV in all 
cases. The time calibration is 12.5 set for the right-hand trace 
in 2 and 500 msec elsewhere. 
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in the IPSP equilibrium potential. We could not address in Figure 6Al and at fast speed in Figure 6A2. Subse- 
directly the issue of possible alterations in transmitter quently, the frequency and amplitude of spontaneous 
uptake caused by KA, but since the time course and IPSPs declined and remained low (Fig. 6A2, third row) 
morphology of evoked IPSPs remained fairly constant until KA was washed off. During the wash period (fourth 
as the amplitude declined, such a mechanism was also row), there was a transient increase of spontaneous IPSP 
unlikely. frequency and amplitude and then a return approxi- 

Presynaptic effects of KA on inhibitory pathways were mately to control levels (fifth row). Amplitudes of evoked 
explored by studying spontaneous IPSPs in pyramidal IPSPs (Fig. 6A3, stimuli delivered at time marked with 
cells. Spontaneous IPSPs were reversed with 3 M KCl- arrow) paralleled those of spontaneous IPSPs. 
filled recording pipettes which increased intracellular Picrotoxin (Fig. 6B) and TTX (Fig. 6C) each elimi- 
chloride concentration and shifted the driving force for nated the reversed depolarizing potentials, which sup- 
IPSPs in the depolarizing direction. The frequency and ports their identification as spontaneous IPSPs, result- 
amplitude of these TTX-sensitive spontaneous IPSPs ing from activity in the interneurons. Figure 6D charts 
can be utilized as an indirect measure of activity in the average spontaneous IPSP incidence per minute for 
inhibitory interneurons (Alger and Nicoll, 1980b). nine CA1 cells in the control period (A), early in the 

Figure 6 portrays the sequence of effects of KA on period of KA perfusion (B), later in KA perfusion (C), 
spontaneous IPSPs. Within 5 min of starting perfusion, and early (D) and late (E) in the wash period. The usual 
the amplitude and rate of occurrence of spontaneous time period of epileptiform field activity is marked with 
IPSPs increased markedly, shown at slow sweep speed a bar. The data suggest that KA initially increases but 
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Figure 6. Effect of KA on spontaneous IPSPs. A, Spontaneous IPSPs at different times before and after exposure to 5 pM KA. 
Al shows the potentials at a slow sweep speed and A2 at a fast sweep speed. A3 depicts a response to an orthodromic stimulus 
delivered at the time indicated by the vertical arrow. The top arrow shows control levels of spontaneous and evoked IPSPs. KCl- 
filled electrodes were used to record and the IPSPs are inverted to depolarizing potentials. The second row was recorded 3 min 
after the start of KA perfusion, the third row 10 min after, the fourth row 2 min after starting the wash, and the fifth row 15 min 
later. One-second timer marks are indicated in the lowest trace of A. B, Spontaneous IPSPs are present in the control period, 
absent after 15 min of perfusion with 1 pM KA and 60 pM picrotoxin, and return when the solution is switched to KA alone. C, 
The lower left trace (Cl) shows spontaneous IPSPs in KA. After addition of 1 pM TTX to 1 pM KA, spontaneous IPSPs rapidly 
disappear (C2). The timer marks in Al apply to Bl; the marks in A2 apply to B2 and C. The voltage calibration is shown beneath 
A3 and applies to all traces. D, A plot of frequency of spontaneous IPSPs per minute (Means and SDS shown) in nine cells 
studied: (A) during control periods; (B) 3 to 5 min after starting KA; ( C) 10 min after starting KA; (D) 5 to 7 min after starting 
the wash; and (E) after at least 45 min in the wash. Letters on the abscissa correspond to these times. IPSPs were counted for 10 
set real time and extrapolated to 1 min. Only potentials with the morphology of inverted IPSPs and at least 1 mV in amplitude 
were counted. A, B, and C represent three different cells. 
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Figure 7. Effect of KA on locally applied GABA. A, IPSPs 
and responses to iontophoresis of GABA with lOO-nA, 5-set 
currents. During the control period (left traces) a 60-V anti- 
dromic stimulus induced a robust IPSP. GABA iontophoresis 
caused a similar hyperpolarization (note different time scale) 
and a marked input resistance shunt. Three minutes after 
starting perfusion with 5 pM KA (middle trace), the same 
antidromic stimulus (arrow) failed to produce a response. In- 
creasing the stimulus to 100 V did not produce an IPSP 
(inset). In contrast, the hyperpolarization caused by direct 
application of GABA was reduced only by an amount consistent 
with the decreased input resistance in KA (i.e., 36%). The 
effects partially reversed in the wash (right columrz). The initial 
resting potential of the cell was -64 mV, and all traces were 
taken at this level. However, in 5 pM KA the unaltered RMP 
was -49 mV. B, Response to GABA applied by pressure ejection 
with a 20-msec, 10 psi pulse (bottom trace) can be compared to 
the response to an orthodromic test stimulus (top trace, same 
time scales). KA produced a greater effect upon the IPSP 
response than upon the GABA response. All records were taken 
with the membrane slightly depolarized with DC injection to 
emphasize the IPSP. C, Antidromic IPSPs and GABA re- 
sponses were inverted by KCl-filled intracellular pipettes. 
GABA was applied by iontophoresis using 20-nA, 3-set cur- 
rents. The resting potential in control and 1 pM KA perfusion 
periods was about -65 mV. All recordings were taken with the 
membrane hyperpolarized to -80 mV. Constant 0.2-nA hyper- 
polarizing current pulses were delivered during the iontophor- 

then depresses activity of the inhibitory GABAergic in- 
terneurons. 

One means by which KA might exert some of its effects 
would be by elevation of [K+],. Therefore, we measured 
[K’10 levels during control, drug perfusion, and wash 
periods in 12 slices from 3 rats, using ion-sensitive mi- 
croelectrodes, and in 2 slices using intracellular record- 
ings from putative glial cells. 

Perfusion with 1 PM KA for 15 min caused an average 
increase of only 0.6 + 0.3 mM (rz = 10) from the base 
line of 5.4 mM. Similarly, 10 pM KA induced an increase 
of only 2.7 + 1.4 mM (r~ = 4). The mean increase [K+], 
associated with repetitive field potential discharges was 
0.6 f 0.2 mM (n = 5). Depression of field potentials by 
KA to 50% or more of control amplitudes occurred at an 
average [K’]o increase of 0.8 + 0.7 mM. Field potentials 
in these same slices were not depressed when [K’]” levels 
were elevated nearly 3.0 mM by orthodromic tetani. In 
three of the four slices exposed to 10 pM KA, [K’lo 
undershot by approximately 0.5 mM early in the wash 
period and then returned to control levels. Two putative 
glial cells depolarized 3 mV each at the time of repetitive 
field bursting, corresponding to a [K’10 elevation of about 
0.9 mM (Alger et al., 1983). Temporal correlations be- 
tween field potential depression and increases or de- 
creases of [K’10 were poor. 

Therefore, data from ion-sensitive potassium elec- 
trodes and from glial cell recordings portray rather mod- 
est increases of [K’]o during periods of field epileptiform 
activity and field potential depression. 

The decrease of IPSP amplitude could result from 
postsynaptic effects of KA. To evaluate this possibility, 
we studied the effects of bath perfusion of 1 pM KA upon 
the pyramidal cell response to locally applied GABA. 
GABA was applied iontophoretically to nine cells and by 
pressure ejection to two cells. Although responses to 
pressure ejection were much faster than responses to 
iontophoresis (Fig. 7, A and B; note different time 
scales), results from the two methods were otherwise 
comparable. Thus, each method served as a control for 
possible artifacts of the other. 

Six of the nine cells exposed to iontophoretically ap- 
plied GABA were studied with KCH$04 pipettes; of the 
six, we focused attention on four that exhibited at least 
partial reversal of KA effects upon washout. For these 
four cells and the two cells studied by pressure ejection 
of GABA, the amplitude of the hyperpolarizing response 
to GABA in the presence of KA was calculated as a 
percentage of the control amplitude, and the percentages 
were corrected for the measured concurrent changes in 
input resistance. There was no statistically significant 
effect of KA on GABA responses, although results were 
variable and depression of the hyperpolarizing GABA 
response occurred in some experiments. 

Hyperpolarizing responses to GABA are probably 
mixed potentials with both depolarizing and hyperpolar- 
izing components (Alger and Nicoll, 1979; Andersen et 

etic recordings. Although KA reversibly attenuated the evoked 
IPSP, the response to GABA remained unaffected. In A, B, 
and C the period of active GABA application is denoted by a 
horizontal bar. 
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al., 1980), and this overlap of effects may complicate 
interpretation of KA effects on the overall response to 
GABA. Therefore, in three cells GABA responses were 
made wholly depolarizing by elevating intracellular chlo- 
ride concentration. A clear dissociation between loss of 
the (inverted) IPSP and response to GABA was evident 
(Fig. 7C). 

These results do not entirely rule out the possibility of 
a postsynaptic interaction between KA and GABA; how- 
ever, they do demonstrate that a change in postsynaptic 
responsiveness to GABA is not the major factor in loss 
of inhibition caused by KA. 

Depressive effects of fi. As noted by others (Koerner 
and Cotman, 1982; Collingridge et al., 1983; Westbrook 
and Lothman, 1983), KA in concentrations above 5 pM, 

or during prolonged perfusion at 1 pM, can lead to depres- 
sion of spontaneous and evoked field activity in CAl. 
Overdepolarization of pyramidal cells has been proposed 
as a possible mechanism for this depression (Shinozaki 
and Konishi, 1970). In our experiments, KA produced 
only small membrane depolarizations; consequently, we 
hypothesized that field depression resulted primarily 
from a failure of synaptic transmission. Figure 8A depicts 
simultaneous field potential records from s. radiatum in 
the region of afferent excitatory synapses (Andersen et 
al., 1966) and from s. pyramidale. The broad negative 
extracellular EPSP remained robust 4 min after KA 
application (Fig. 8A2, top row), but at 7 min both extra- 
cellular EPSP and population spike declined. The prefi- 
ber volley (open diamonds in Fig. 8A), which reflects 
afferent fiber discharge of the Schaffer collateral-com- 
missural system (Langmoen and Andersen, 1981), was 
relatively preserved, as was the antidromically evoked 
population discharge (not shown). The potential re- 
covered with washing (Fig. 8A4). 

Figure 8B illustrates intracellular data from a cell in 
which the resting membrane potential depolarized only 
about 5 mV during perfusion with KA and input resist- 
ance remained nearly constant; yet, the cell exhibited a 
marked depression of EPSPs. The first column of Figure 
8B shows antidromically and orthodromically evoked 
field activity concurrently with the intracellular record. 
Column 2 was recorded 6 min after starting 1 pM perfu- 
sion of KA. The test shock to s. radiatum elicited mul- 
tiple field and cell discharges. The adjacent column (Fig. 
8B3) was recorded after 23 min of perfusion; both field 
potential discharges and cell responses were markedly 
reduced. At that time antidromic stimulation (Fig. 8B6) 
and intracellularly injected depolarizing current pulses 
(Fig 8B7) could still fire the cell, demonstrating that the 
failure was synaptic or presynaptic. The relative preser- 
vation of the antidromically elicited field population 
spike implies that the majority of pyramidal neurons 
maintained membrane polarization sufficient to generate 
action potentials. The two right columns (Fig. 8, B4 and 
B5) show recovery in the wash stage. Excitatory poten- 
tials recovered before inhibitory potentials; during this 
lag the cells burst. Thereafter, inhibitory potentials re- 
covered, and cell and field responses returned to control 
levels. 

The above pattern of generalized depression of syn- 
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Figure 8. Depressant effects of KA. A, Simultaneous field 
potential recordings from the region of the excitatory synapses 
(SRAD.) and the pyramidal cell body layer (SPYR.). During 
the control period, an orthodromic stimulus evoked a single 
population spike in stratum pyramidale and a negative extra- 
cellular EPSP field potential in stratum radiatum. Early in 5 
pM KA (second column), multiple population spikes appeared, 
but the extracellular EPSP remained unchanged. Later, both 
EPSPs and population spikes declined, although the afferent 
fiber volley (0) was intact. The effects reversed with washing. 
B, Simultaneous records of field and cell potentials are dis- 
played at different times in relation to perfusion with 1 FM KA. 
The orthodromically evoked field and cell responses were re- 
corded simultaneously; antidromically elicited field responses 
were taken no more than 5 set after the other corresponding 
potentials. Bl shows the control response. B2 was recorded 6 
min after starting 1 pM KA, when epileptiform activity was 
present. B3 was recorded 23 min after onset of KA perfusion. 
Depression of the orthodromic field response and the intracel- 
lular response was marked. At this time the cell could be fired 
by antidromic stimuli (B6) or direct depolarizing 0.5-nA, 100- 
msec current injections (B7). B4 was taken 11 min after start 
of wash and B5 53 min into the wash. The resting membrane 
potential of this cell was about -75 mV. No DC polarization 
was given; therefore the cell trace depicts the actual membrane 
potential levels. C, In another cell the loss of the orthodromi- 
tally evoked EPSP after 15 min of exposure to 1 ELM KA is 
shown. This cell was hyperpolarized with DC during the stimuli 
to prevent occurrence of action potentials or bursts. 

aptic activity, relatively independent of resting mem- 
brane potential, was observed to be quite widespread. 
Figure 8C was taken from another cell in which the 
EPSP was depressed by exposure to KA. In this cell the 
membrane potential was artificially polarized to -80 mV 
to eliminate IPSPs and voltage-dependent regenerative 
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membrane conductances, thereby rendering the reversi- 
ble depression of the EPSP more visible. 

In summary, KA depresses synaptic activity, having a 
greater initial effect on inhibitory activity, but at high 
doses or prolonged perfusion times with moderate doses, 
a depression of EPSPs is also demonstrable. This latter 
effect does not require significant depolarization of py- 
ramidal cell somata. 

Discussion 

The present experiments clarify the mechanisms by 
which KA produces spontaneous and triggered epilepti- 
form burst potentials in the hippocampus (Ryan and 
Cotman, 1978; Schwartz et al., 1978; Menini et al., 1980; 
Ben-Ari et al., 1981; Lothman et al., 1981; Zaczek et al., 
1981; Collingridge et al., 1983; Westbrook and Lothman, 
1983). The action of KA is dose- and time-dependent. 
One micromolar KA produces epileptiform bursting 
within 15 min in CAl. At this time the drug has minimal 
effects on passive membrane properties (cf. Robinson 
and Deadwyler, 1981; Westbrook and Lothman, 1983), 
action potentials, calcium-mediated afterhyperpolariza- 
tions, fiber conduction, and EPSPs. 

Based on our data, the principal action of KA appears 
to be synaptic depression, with influence first on inhibi- 
tory potentials (the IPSP and the LHP) and soon there- 
after on the EPSP. During the time when inhibition is 
blunted with respect to excitation cells and field poten- 
tials burst repetitively. Thus, our results indicate that 
the excitatory phenomena which do occur at this stage 
(Collingridge et al., 1983; Westbrook and Lothman, 1983) 
may be secondary to decreased inhibition, as inferred by 
Sloviter and Damiano (1981) on the basis of field poten- 
tial studies. While depolarization block has frequently 
been proposed as a mechanism by which KA may cause 
depression of neuronal activity, our data do not support 
this hypothesis for the relatively low doses of KA we 
used, at least for the CA1 region. Depression of CA1 
excitability was correlated with only modest cellular 
depolarizations. We cannot rule out depolarization block 
of CA2/3 cells, their terminals, or those of other afferent 
systems as a cause of depression of synaptic transmis- 
sion. 

Our observations suggest that KA exerts a preferential 
effect at early stages upon hippocampal inhibitory inter- 
neuronal circuitry (Andersen et al., 1964). Studies of 
neurotransmitters have shown that microinjection of KA 
into in viuo hippocampus induces a major decline in 
biochemical markers for GABAergic transmission (Fon- 
num and Walaas, 1978; Schwartz et al., 1978; Schmid et 
al., 1980; Heggli and Malthe-Sorenssen, 1982). Since 
GABA markers are believed to be associated primarily 
with inhibitory interneurons in hippocampus (Ribak et 
al., 1978), our findings of a potent physiological effect of 
KA upon interneurons may relate to the subsequent toxic 
effect upon GABAergic interneurons. 

The means by which KA decreases synaptic potentials 
is not entirely clear. Part of the effect can be attributed 
to minor decreases in input resistance, alterations in 
extracellular potassium concentration, shifts of ionic 

equilibrium potentials, and possibly postsynaptic inter- 
actions between KA and endogenous neurotransmitters. 
In our experiments, these factors were not quantitatively 
adequate to account for the marked diminution in pyram- 
idal cell IPSPs; furthermore, in individual cells none of 
these factors correlated reliably with the concurrent loss 
of the IPSP and later of the EPSP. Consequently, we 
infer that the main influence of KA on hippocampal 
synaptic potentials is exerted presynaptically. Our data 
do not specify whether the presynaptic effect occurs at 
the inhibitory terminals synapsing onto pyramidal cells 
(Andersen et al., 1964), at the cell bodies of the inhibitory 
interneurons, or at the systems afferent to the interneu- 
rons, including presumed glutamatergic recurrent collat- 
erals of pyramidal cell axons (Storm-Mathisen, 1977). 
This point would be clarified by simultaneous intracel- 
lular recordings from pyramidal cells and inhibitory in- 
terneurons. 

A direct measure of KA action upon transmitter re- 
lease has been obtained at the locust neuromuscular 
junction (Daoud and Usherwood, 1975), where KA in- 
creases quanta1 release at low dosages and suppresses 
release at high dosages. Our data showing a transient 
increase in inhibition, followed by a decrease, are con- 
sistent with the above effects. One possible mechanism 
for this sequence would be a depolarization of the pre- 
synaptic terminals, leading initially to greater transmit- 
ter release, followed by decreased release as a result of 
depletion or terminal depolarization block. The fact that 
a subsequent increase in transmitter release was seen on 
washout may argue for a dose rather than true time 
dependency of these transitions. Nevertheless, our data 
do not directly address this issue. 

If KA has presynaptic effects in hippocampus, the 
question arises: are there presynaptic receptors for KA? 
Autoradiographic evidence for KA receptors on mossy 
fiber terminals has been equivocal (Monaghan and Cot- 
man, 1982). Recently, however, Ferkany et al. (1982) 
have shown that glutamate release from axon terminals 
in hippocampus is markedly increased by perfusion with 
KA. Although their study did not note a change in GABA 
release during perfusion with KA, the base line GABA 
release was not measurable. 

A large body of literature pertains to the neurotoxic 
actions of KA (Nadler, 1979; Coyle et al., 1981). The 
present experiments were designed to study KA epilep- 
togenic effects, and at concentrations where at least 
partial reversal of drug effect was possible. Therefore, 
the issue of neurotoxicity was not addressed directly. We 
would speculate that the unusual voltage-dependent par- 
oxysmal depolarizations (“bumps”) observed in several 
cells soon after exposure to KA reflect large influxes of 
cations into neurons (MacDonald and Porietis, 1982) 
and that this contributes to the injurious effects of KA. 
Because the bumps appeared briefly and then faded and 
because they were not present in all cells, we were unable 
to study them systematically. 

KA convulsant action is clearly different from those 
of penicillin, bicuculline, and picrotoxin-all of which 
are in large part postsynaptic GABA antagonists (Alger, 
1984). Nevertheless, a common feature to all of the above 
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epileptogenic compounds, including 
to decrease inhibition. 
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