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SUMMARY

1. The action of a short bath application of kainic acid (KA, 200-250 nM, 3-5 min)
on the CA3 region of rat hippocampal slices has been studied with intracellular and
extracellular recording techniques.
2. KA evoked bursts which persisted for 10-15 min. In addition, after KA,
electrical stimulation of various inputs to CA3 which elicited an EPSP-IPSP
sequence in control conditions evoked an EPSP followed by a burst. This evoked
response persisted for several hours after removal of KA suggesting the occurrence
of a long-lasting modification of the synaptic properties of CA3 neurones.
3. Intracellular recordings showed the spontaneous and evoked bursts to consist
of five to ten action potentials riding on a depolarizing shift 10-25 mV in amplitude
and 40-100 ms in duration. Both spontaneous and evoked bursts were followed by
a long-lasting hyperpolarization 15-25 mV in amplitude and 1-15 s in duration.
4. We propose that both spontaneous and evoked synchronized bursts are
generated by a polysynaptic network since: (a) intracellularly recorded bursts were
synchronized with the bursts in extracellular field recording; (b) bursts disappeared
when synaptic transmission or Na+ action potential were blocked by cobalt (1 mm)
or TTX (1 ,UM) respectively; (c) bursts were suppressed by elevated divalent cation
concentration; (d) burst occurrence was independent of the membrane potential of
the cell; (e) the depolarization shift that underlies the bursts was a linear function
of the membrane potential and reversed in polarity at 0 mV. In addition, the evoked
bursts were all-or-none events with a variable latency.
5. Laminar profile analysis of the spontaneous and evoked bursts suggests that
they were generated by synapses located on the distal apical segments of the
dendrites of CA3 pyramidal cells.
7. The persistence of the evoked bursts was neither due to a persistent change in
cell excitability nor to a long-lasting reduction in GABAergic synaptic inhibition.
8. Bath application of a high concentration of potassium (7 mm) also induced
spontaneous and evoked bursts; the latter also persisted several hours after return
to control medium.
9. The N-methyl-D-aspartate (NMDA) antagonist, D-APV (D(-)-2-amino-5phosphonovaleric acid) (30 /tM), did not block the spontaneous discharges induced by
KA or high potassium, but prevented the long-lasting effects on the synaptic
responses.
10. In conclusion, we suggest that the long-lasting change of synaptic responses is
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generated by the spontaneous synchronized discharges present during and shortly
after the application of KA or high potassium. D-APV experiments suggest that
NMDA receptors are involved in this change as in other forms of long-term synaptic
plasticity.
INTRODUCTION

The mammalian hippocampus is thought to be the brain area with the lowest
seizure threshold (Green, 1964). Within the hippocampus the CA3 region has been
referred to as the pacemaker region due to its unique ability to generate synchronized
bursts following the application of various convulsive agents or procedures. Although
CA3 pyramidal neurones have intrinsic mechanisms that can generate endogenous
bursts (Hablitz & Johnston, 1981), the pacemaker properties of this region are likely
to be due to the presence of recurrent excitatory collateral connections between
pyramidal neurones (MacVicar & Dudek, 1980; Miles & Wong, 1986).
Kainic acid (KA), a rigid analogue of glutamic acid (Olney, Rhee & Ho, 1974), has
been extensively used to study the mechanisms of epileptogenesis. Parenteral or
intracerebral administration of KA into animals produces a seizure and a brain
damage syndrome in which the hippocampus, and in particular the CA3 subfield,
plays a central role (Ben-Ari, 1986). In keeping with this, the CA3 region is
particularly rich in high-affinity specific KA receptors in both human (Represa,
Tremblay, Schoevart & Ben-Ari, 1986) and rat brains (Berger & Ben-Ari, 1983;
Unnerstall & Wamsley, 1983). In slice preparations, KA (Robinson & Deadwyler,
1981; Westbrook & Lothman, 1983), like other convulsive agents (Wong & Traub,
1983; Johnston & Brown, 1984; Rutecki, Lebeda & Johnston, 1985; Bingmann &
Speckmann, 1986; Walther, Lambert, Jones, Heinemann & Hamon, 1986; Neuman,
Cherubini & Ben-Ari, 1987; Cherubini, Neuman, Rovira & Ben-Ari, 1988), readily
generates spontaneous bursts in the CA3 region, probably because of an increase in
excitatory and a decrease in inhibitory processes. Thus in the CA3 region KA has
been shown to produce multiple effects on pyramidal cells including: (i) a
depolarization (Robinson & Deadwyler, 1981; Collingridge, Kehl, Loo & McLennan,
1983; Cherubini, Rovira, Gho & Ben-Ari, 1986); (ii) a reduction of GABAA- (Fisher
& Alger, 1984) and GABAB- (Ben-Ari, Gho & Rovira, 1988) mediated inhibitions;
(iii) a reduction of various inhibitory conductances including IQ (Halliwell & Adams,
1982), which is responsible for the anomalous rectification, and the slow calciumdependent potassium current Ic (Brown & Griffith, 1983), which is responsible for the
after-hyperpolarization following a train of spikes (Gho, King, Ben-Ari & Cherubini,
1986).
In this paper, using intracellular and extracellular recording techniques, we
describe in detail the action of KA on CA3 with particular reference to the longlasting changes in synaptic responses which occur following a brief application of the
drug. Since long-term alterations in synaptic responses in the hippocampus are well
documented, notably after a train of high-frequency electrical stimulation (Bliss &
L0mo, 1973; Bliss & Gardner-Medwin 1973; Schwartzkroin & Wester, 1975), we have
examined the possibility that brief epileptiform activity may lead to similar longlasting modifications. A preliminary communication of this report has been presented
(Ben-Ari, Cherubini & Gho, 1987).
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METHODS

Male Wistar rats (I120-200 g, 30-40 days old) were anaesthetized with ether and killed by a heavy
blow to the chest or cervical dislocation. One hippocampus was quickly removed and transverse
slices of 500 ,um nominal thickness were cut using a Mcllwain tissue chopper. Slices were incubated
at room temperature in artificial cerebrospinal fluid (ACSF) for at least 60 min; when required, one
slice was transferred to a recording chamber (Williams. Henderson & North, 1984). A completely
submerged slice was laid on a nylon mesh and was superfused (3 ml/min, dead space 3 ml) with
ACSF at 34+1 °C. ACSF had the following composition (in mM): NaCl, 126; KCl, 3-5; NaH2PO4,
1 2; MgCl2, 1-3; CaCl2, 2; glucose, 10; NaHCO3, 25; pH 7 3, when equilibrated with 95% O25% CO2. High-divalent-cation ACSF was made by increasing the concentrations of Mg2+ and
Ca2+ to 6 and 4 mm respectively. High-potassium ACSF was made by increasing the K+
concentration to 7 m M.
Pyramidal cells in the CA3b (Lorente de N6, 1934) region were impaled with microelectrodes
filled with either 4 M-potassium acetate, 2 M-potassium methylsulphate or 2 M-CS2SO4 which had a
final resistance of 50-120 MQ before use. A conventional bridge circuit allowed injection of current
through the recording electrode and measurement of the potential difference between the electrode
tip and a Ag/AgCl pellet bath electrode. Membrane potentials were estimated from the potential
observed upon withdrawal of the electrode from the cell. Field potentials were recorded with glass
microelectrodes filled with 2 M-NaCI with a resistance of 1-5 MQ and usually positioned about
200(,um from the intracellular recording microelectrode. Electrical stimulation (10-50 /ts duration
and 10-50 V intensity) was performed with bipolar, electrolytically etched tungsten electrodes
placed in the granular layer or in the hilar zone. Signals were displayed on a digital oscilloscope and
recorded on a computer-driven pen recorder.
D)rugs and other solutions were bath applied via a three-way tap system. Drugs used were kainic
acid (KA. 200 nm, Sigma), tetrodotoxin (TTX, 1 /tM, Sigma) and D(-)-2-amino-5-phosphonovaleric
acid (D-APV, 30 /tM, (ambridge Research Biochemicals).
RESULTS

This report is based on intracellular recordings from 101 neurones in the CA3b
region of rat hippocampal slices. Intracellular records were considered acceptable if
a stable resting membrane potential greater than -60 mV was maintained for at
least 20 min. The neurones had a resting membrane potential of 67+7 mV
(mean+ S.D.). In twenty-six neurones we have measured the input resistance and
membrane time constant and found values comparable to earlier studies (56 + 8 MQ
and 25+6 ms respectively; e.g. Brown, Fricke & Perkel, 1981; Johnston, 1981).
Kainic acid induces synchronized bursts
Electrical stimulation of the granular layer of the fascia dentata or the mossy fibre
zone evoked in control conditions a negative field potential in the stratum lucidum
of the CA3 region. With intracellular recordings, the synaptic response consisted of
an EPSP-IPSP sequence (Fig. IA). After 2-3 min bath application of KA (200250 nM) synchronized bursts at a frequency of about 0 5 Hz were conspicuous in
eighty-five out of ninety-five slices (including field potential data, Fig. 1 B). With
extracellular recordings in the pyramidal layer, the discharges consisted of a burst of
population spikes riding on a positive potential wave. With intracellular recordings,
it consisted of a brief high-frequency burst of action potentials (five to ten in
number), arising from a large depolarizing shift (Matsumoto & Ajmone-Marsan,
1964), which was followed by a large hyperpolarization or post-activation
hyperpolarization (Fig. 1 B). The depolarizing shift was 10-25 mV in amplitude and
40-100 ms in duration; the amplitude of the post-activation hyperpolarization was
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15-25 mV and its duration 1-1.5 s. KA also produced a reduction (about 15 %) of the
input membrane resistance associated with a small initial depolarization (2-6 mV,
n = 45). Similar depolarizations induced by current injection through the recording
electrode did not produce synchronized bursts, ruling out the possibility that these
are causally related to the depolarization. Furthermore, the threshold of burst
generation was frequently more negative than the resting membrane potential (see
Fig. 1). After returning to control medium, the spontaneous bursts lasted for about
10-15 min (Fig. 1). In contrast, electrical stimulation of the fascia dentata or the
mossy fibre zone now evoked an EPSP followed by a burst of action potentials (Fig.
1C). A similar evoked burst could be elicited for up to 4 h after return to control
medium (longest duration of stable intracellular recordings performed).
Nature of spontaneous and evoked bursts
Using the criteria proposed by Johnston & Brown (1984), a series of experiments
were performed in order to determine whether the bursts are generated by a
mechanism intrinsic to a single neurone (endogenous pacemaker) or by a network of
neurones (circuit generation).
To determine the degree of dependence of the occurrence of the bursts on the
membrane potential of the cell recorded, the frequency of the intracellular
spontaneous bursts was monitored at various membrane potentials (between -100
and -50 mV). A change in the membrane potential did not modify the burst
frequency (n = 5, not shown). A similar experimental paradigm was performed on
the evoked burst comparing the probability of eliciting a burst at different
membrane potentials. Again, the probability of evoking a burst was not related to
the membrane potential of the cell recorded (n = 5, not shown).
The relationship between the membrane potential of the cell recorded and the
amplitude of the depolarizing shift underlying the bursts was studied using Cs'-filled
microelectrodes. This procedure enables a wider range of membrane potentials to be
tested, possibly by a blockade of potassium channels (Brown & Johnston, 1983). The
amplitude of the spontaneous and evoked depolarizing shift was a linear function of
the membrane potential (Fig. 2). The mean reversal potential of the spontaneous
burst was 1 + 2 mV (n = 6) and that of the evoked burst 0+ 2 mV (n = 6).
Other observations also suggest that the bursts were generated by a polysynaptic
network. First, extracellular and intracellular recordings showed both spontaneous
and evoked bursts always to be synchronized (see Fig. 1). Second, both spontaneous
and evoked bursts were blocked by agents such as Co2+ (3 mM) which blocks synaptic
transmission or TTX (1 sM) which blocks action potential propagation (n = 5, not
shown). Third, spontaneous and evoked bursts were reversibly blocked by highdivalent-cation ACSF, a procedure which is known to preferentially block
polysynaptic transmission (Berry & Pentreath, 1976; Miles & Wong, 1986). As shown
in Fig. 3, spontaneous bursts were first induced by bath application of KA in control
ACSF; a brief (3 min) application of KA in a high-divalent-cation ACSF blocked the
bursts (Fig. 3A) which reappeared a few minutes after return to KA in control ACSF.
Thirty minutes later (Fig. 3 B) the evoked bursts elicited by stimulation of the mossy
fibres were reversibly blocked by superfusion with high-divalent-cation ACSF,
leaving only the monosynaptic mossy fibre EPSP.
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records obtained with Cs2SO4-containing electrodes of spontaneous and mossy-fibreevoked bursts from the same neurone at the membrane potentials indicated (mV). In B
the amplitudes of the depolarizing shifts are plotted against the membrane potential. The
amplitude of the depolarizing shift was measured at a fixed latency indicated by the
arrows. The reversal potential of the spontaneous and evoked bursts was about 0 mV.
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Fig. 3. High-divalent-cation ACSF (6 mM-Mg2" and 4 mM-Ca2") blocks both spontaneous
and evoked bursts. A, a brief application of high-divalent-cation ACSF reversibly blocked
the spontaneous bursts induced by KA. The asterisk shows where the manual restoration
of the resting potential failed to prevent the suppression of the bursts. B shows, in the
same neurone, that more than 1 h after KA wash-out stimulation of the mossy fibres
evoked bursts which were also reversibly blocked by high-divalent-cation ACSF. In highdivalent-cation ACSF stimulation only evoked a mossy fibre EPSP.
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The following additional features of the bursts following the transient application
of KA also suggest that they were generated by a polysynaptic circuitry. Thus, the
latency of the bursts was variable in contrast with the fixed latency of the mossy fibre
monosynaptic EPSP (Fig. 4A). Furthermore, the evoked bursts had an all-or-none
threshold which was not modified by a large sustained depolarization of the neurone
(Fig. 4B).
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Fig. 4. Variable onset latency and all-or-none characteristic of the evoked bursts. A,
bursts evoked by stimulation of the mossy fibres 40 min after KA application (for 3 min).
Note the variable latency of burst onset. The mossy fibre EPSP is conspicuous in the third
trace. The histograms on the right show the range of latencies of the mossy fibre EPSP
and subsequent bursts observed in eleven trials. Latency was measured as the time
interval between the stimulus artifact and the peak of the EPSP or the first action
potential of the. burst. B, the evoked burst had an all-or-none threshold which was
independent of the membrane potential. Note that at the resting membrane potential
(-71 mV) a burst was elicited in both the extracellular (upper) and intracellular (lower;
Cs'-containing microelectrode) records with a stimulation intensity of 10 V or more (but
not 9 V). When the cell was depolarized to -43 mV by current injection the threshold was
unchanged. The right-hand panel illustrates, using a faster time base and two
superimposed traces, how an increase in the intensity of stimulation from 9 to 10 V
evoked a full burst in an all-or-none manner.

Topographical features of the burst generator
To determine the site(s) of generation of the bursts along the CA3 dendrites, a
laminar profile analysis was performed with extracellular field recording. In ten
experiments, an extracellular electrode was moved along the apical and basal
dendrite of pyramidal neurones and the field potentials recorded. As shown in Fig.
5, spontaneous and evoked bursts (Fig. 5A and B respectively) had similar laminar
profiles. By plotting the peak amplitude of both field potentials against the distance
from the pyramidal layer, both profiles were shown to reverse approximately 100 jtm
above the pyramidal layer, between the stratum radiatum and the mossy fibre
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Fig. 5. Laminar profile analysis of extracellular field potentials for the spontaneous bursts
(during the KA application, first column) and mossy fibre-evoked bursts (1 h after washout of the drug, second column). In A and B the traces show the field potentials recorded
from the dendritic regions of the CA3 pyramidal neurones (see diagram on the right). An
extracellular electrode was placed in the pyramidal layer and another microelectrode was
moved at approximately 50,um steps along the apical and basal dendrites; the burst
recorded from the former electrode served as a control for burst amplitude and to trigger
the digital oscilloscope, thus synchronizing the events observed with the displaced
electrode. In C, the peak amplitude of each of the bursts was plotted against the distance
from the pyramidal layer. To measure the amplitude of the bursts, the signal was filtered
(100 Hz, low pass) in order to eliminate the fast population spikes. Note that the maximal
negative field potential for spontaneous and evoked bursts was recorded in the stratum
radiatum and the reversal occurred at the boundary between stratum radiatum (SR) and
stratum lucidum (SL). The drawing of the cell has the same scale as the ordinate in C.
Additional abbreviations: SP, stratum pyramida; SO, stratum oriens.
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KA application. The diagram indicates the location of the stimulating and recording
electrodes. Note that similar bursts were evoked by all three stimuli. B shows how pairs
of subthreshold stimuli applied to commissural and mossy fibre pathways summed to
evoke a burst (Ba). Bb and Bc show how pairs of subthreshold stimuli of the mossy fibre
(Bb) or commissural pathway (Bc) failed to evoke a burst. The insets show the same
responses at a faster sweep speed. The interpulse delay was 1 ms.

terminal region. Also, the positive and negative maximal values of the spontaneous
and evoked bursts occurred at identical points (Fig. 5C).
Heterosynaptic convergence of various afferents on the network generating the
bursts was also conspicuous. Thus, as shown in Fig. 6, electrical stimulation of the
granular layer (Fig. 6A a), the vicinity of the hippocampal fissure (Fig. 6A b) or the
fimbria (Fig. 6A c) to stimulate the mossy fibres, the perforant pathways and the
commissural pathways respectively, elicited typical evoked bursts in the same slice
after KA. Furthermore, there was spatial summation between the stimuli, such that
a pair of subthreshold stimuli applied at an interval of 1 ms to the mossy fibres and
the commissural pathway evoked a burst (Fig. 6Ba). In contrast, a pair of similar
subthreshold stimuli, applied at an interval of 1 ms to the mossy fibres (Fig. 6Bb) or
the commissural pathways (Fig. 6Bc), failed to evoke a burst.
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Fig. 7. Long-lasting changes in the evoked response are not due to a sustained change in
the intrinsic properties of CA3 pyramidal neurones. The same cell as in Fig. 1. A and B,
the membrane time constant and the voltage-current relationship before (EO ) and 30 min
after (*) KA application. C, superimposed traces of the response evoked by an
intracellular depolarizing current injection (15 ms, 700 pA) before and after KA
application show the after-hyperpolarization following the pulse, the threshold of spike
generation and the spike accomodation (inset) not to be modified by KA.

TABLE 1. Effects of kainic acid on intrinsic properties of CA3 neurones
Input
Membrane
Membrane
AHP
resistance
time constant
potential
(MQ)
(mV)
(mV)
(ms)
11+3
Control
56+9
25+4
66+5
11+2
After KA
24+4
55+5
65+5
98+5
98+2
93+5
96+5
Percentage of
control values
n
7
26
26
83
The parameters were measured before and 30 min after KA application, in neurones in which
spontaneous bursts were induced by the drug. The after-hyperpolarization (AHP) was elicited by
a depolarizing current pulse that evoked three spikes.
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Mechanisms of the long-lasting synaptic modification observed after kainic acid
Several experiments were performed to examine the mechanisms of the longlasting induction of evoked bursts by KA.
We first examined whether the procedure produced a long-lasting change in the
intrinsic properties of CA3 neurones by measuring the following parameters in
control conditions and 30 min after application of KA (for 3 min): (i) the membrane
potential (n = 83); (ii) the input resistance estimated from the voltage deflection
caused by hyperpolarizing constant-current steps, 200 ms in duration and 300 pA in
amplitude (n = 26); (iii) the membrane time constant measured from the off-on
phase of the voltage deflection after careful bridge balancing and assuming the
response could be fitted by a single-exponential decay (n = 26; Johnston, 1981); and
(iv) the after-hyperpolarization which followed a discharge of spikes produced by an
intracellular injection of depolarizing current (n = 9). As shown in Fig. 7 and Table
1 there were no significant changes in these parameters. Therefore, although KA
produced significant modifications in these parameters during and shortly after drug
application (i.e. Robinson & Deadwyler, 1981; Westbrook & Lothman, 1983;
Cherubini et al. 1986), the long-lasting effects are not explicable by a sustained
change in these intrinsic properties.
Two sets of experiments were done to test the possibility that the long-lasting
effects are due to a failure or a reduction in inhibition. We first used a procedure
applied by Alger (1984). In control conditions (Fig. 8) mossy fibre stimulation evoked
an EPSP followed by a fast and a slow IPSP, presumably mediated by GABAA and
GABAB receptors respectively (Alger & Nicoll, 1982; Newberry & Nicoll, 1985;
Hablitz & Thalmann, 1987). Forty-five minutes after brief KA application, a similar
stimulation now evoked a burst (clearly recorded at the extracellular level) followed
by a post-activation hyperpolarization which prevented the possibility of measuring
the IPSP. However, a hyperpolarizing current step (1-5 nA, 100 ms), applied 50 ms
before the electrical stimulation of the mossy fibres, blocked most of the voltagedependent hyperpolarization components enabling the measurement of the slow
IPSP evoked by the stimulation. As shown in Fig. 8 the slow IPSP was similar in
control and 45 min after wash-out of KA. Identical observations were obtained in six
other cells.
In the second set of experiments, we used high-divalent-cation ACSF to block the
bursts elicited after KA application. As shown in Fig. 9, the fast and slow IPSPs were
first measured in a high-divalent-cation ACSF. Then, while perfusing with control
ACSF, KA was applied for 3 min inducing typical spontaneous bursts; 1 h later,
while recording from the same neurone, the slice was again superfused with highdivalent-cation ACSF which blocked the evoked burst enabling the measurement of
both fast and slow IPSPs. As shown in Fig. 9, the fast and slow IPSPs were similar
in control and after KA. Similar observations were performed in two other
neurones.
The long-lasting effects of KA are also not due to either a slow removal or a longlasting action of the drug since its effects on membrane properties and GABAmediated inhibitions disappear shortly after the return to control solution (Figs 7, 8
and 9). This is confirmed by the experiment described in Fig. 10. In medium
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Fig. 8. The long-lasting change in synaptic response is not due to a reduction in slow
GABAergic inhibition. A and B, extracellular (upper trace) and intracellular (lower trace)
recordings show mossy fibre stimulation to evoke a fast and a slow hyperpolarization in
control conditions (A) and a burst 45 min after KA application (conspicuous in the
extracellular record, B). To measure the slow GABAergic inhibition and to differentiate
it from the voltage-dependent hyperpolarization which follows the burst, a hyperpolarizing current pulse (1-5 nA, 90 ms) was applied before the stimulation, preventing
the occurrence of the voltage-dependent hyperpolarization. The remaining hyperpolarization, presumably a slow IPSP, was not different from that seen in control
conditions. C, plot of the slow inhibition elicited by the stimulation in control conditions
(LI) and 45 min after KA application (U).
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containing high-divalent-cation ACSF, a brief application of KA depolarized the
neurone and reduced its input resistance but did not produce spontaneous bursts.
After the return to control media, stimulation of the mossy fibres failed to evoke a
burst (Fig. IOA b). However, a second application of KA, in control ACSF, elicited
spontaneous bursts and the usual long-lasting effects (Fig. lOBa and Bb). Similar
observations were made in two other neurones. These observations also suggest that
spontaneous events are of importance in sustaining the hyperactivity.
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Fig. 9. The long-lasting change in synaptic response is not due to a reduction in fast and
slow GABAergic inhibitions. Upper and lower records from the same cell. First (upper
trace), high-divalent-cation ACSF was applied and the fast and the slow GABAergic
inhibitions evoked by mossy fibre stimulation measured. After return to normal ACSF,
KA was applied inducing the typical spontaneous synchronized bursts and (1 h later)
stimulation-evoked bursts. When the slice was again superfused with high-divalentcation ACSF the burst was blocked enabling the fast and slow inhibitions elicited by
mossy fibre stimulation to be measured. Clearly, there was no change in both types of
GABAergic inhibitions before and after KA.

Long-lasting effects induced by high-potassium ACSF
To evaluate whether the long-lasting effects are exclusively induced by KA, we
have used high-K+ ACSF, another epileptogenic procedure known to induce
spontaneous synchronized discharges in CA3 (Rutecki, Lebeda & Johnston, 1985;
Korn, Giacchino, Chamberlin & Dingledine, 1987).
Elevating the K+ concentration in ACSF (from 3-5 to 7 mm, 15 min) produced
spontaneous bursts at a frequency of about 03 Hz which rapidly disappeared after
return to control medium (about 5 min). Moreover, like KA, high-K+ ACSF induced
long-lasting changes in the synaptic response since stimulation of mossy fibres,
commissural pathways or perforant pathways evoked bursts for several hours after
return to control medium (n = 18, see Fig. 1 B).
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The spontaneous and evoked bursts induced by high-K+ ACSF had similar
characteristics to those induced by KA. Thus (i) the occurrence of the bursts was
independent of the membrane potential (n = 3), (ii) the amplitude of the
depolarization underlying the burst was a linear function of the membrane potential
(n = 2), (iii) the bursts were blocked by high-divalent-cation solution (n = 6) and the
bursts had a similar laminar profile as KA-induced bursts (n = 5). These observations
suggest that the bursts induced by K+ or KA are generated by the same polysynaptic
circuitry.
Control

A a

KA

(200 nM, 3 min)

Wash
(45 min)

b
Wash

Mg2+: Ca2+,
6: 4 mm

11

-60

mV

A
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j10mV

b

40 ms

5s
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B a

Control

Mg2+: Ca2+'

13:2mM

-60 mV

A

Fig. 10. Relationship between spontaneous and evoked bursts. Intracellular recordings
from the same cell in A and B. In high-divalent-cation ACSF, a brief application of KA
(A) depolarized the neurone and reduced its input resistance but did not produce
spontaneous bursts. After KA was removed, mossy fibre stimulation in control ACSF
failed to evoke a burst (A b). Thirty minutes later (B), a second application of KA in
control ACSF induced spontaneous and evoked bursts which persisted for over 1 h (Bb;
45 min after wash of KA).

Long-lasting effect of kainic acid or high K+ involves NMDA receptors
The involvement of N-methyl-D-aspartate (NMDA) receptors, a subclass of
glutamate receptors (Watkins & Evans, 1981), in neural plasticity, notably in the
hippocampus, is well documented (see Collingridge, 1987). We have used D(-)-2amino-5-phosphonovaleric acid (D-APV), a specific NMDA antagonist, to test the
hypothesis that the ability of KA or high K+ to evoke a burst involves NMDA
receptors. As shown in Fig. I1 A, superfusion with high-K+ ACSF in the presence of
D-APV (30 ,UM) produced spontaneous synchronized bursts which rapidly disappeared 1-2 min after the D-APV-containing ACSF was restored. Stimulation of the
mossy fibres 20 min later evoked a slightly augmented EPSP but no burst. Thus in
four experiments, D-APV blocked the long-lasting effect without preventing the
spontaneous synchronized bursts. Furthermore, 15 min after washing with normal
ACSF (i.e. D-APV free) and while recording from the same neurone, a second
application of high-K+ ACSF induced typical spontaneous bursts. Stimulation of the
mossy fibres 30 min later now evoked a typical burst confirming that high-K+ ACSF
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Fig. 11. High-K+ ACSF induced long-lasting synaptic changes which involve NMDA
receptors. A and B, records from the same cell. A, superfused with D-APV- (30,M)
containing ACSF; stimulation of the mossy fibres is first shown to evoke a typical EPSP
(left). The addition of high-K+ ACSF (7 mV) for 15 min (in the presence of D-APV) then
induced spontaneous bursts which disappeared a few minutes after return to the control
D-APV-containing ACSF solution. However, 20 min later in a control ACSF solution (i.e.
without D-APV) stimulation of the mossy fibres evoked an EPSP but not a burst. B,
when, 15 min after return to control medium (without D-APV), the K+ concentration was
again increased (to 7 mm, for 15 min), spontaneous bursts were induced. Thirty minutes
later mossy fibre stimulation also evoked typical bursts indicating that in the same
neurone high-K+ ACSF had the ability to induce a long-lasting change in the evoked
response. Note that the spontaneous burst was shorter in duration in the presence of DAPV.

has the ability to induce long-lasting change in the same neurone. Similar
observations were made with KA (n = 6). It perhaps should be stressed that once the
long-lasting changes had been elicited by KA, D-APV (30 gM) failed to block the
evoked burst (n = 6, not shown) confirming previous studies using various
epileptogenic procedures which indicate that CA3 bursts once induced are not
blocked by high concentration of NMDA antagonists (Anderson, Swartzwelder &
Wilson, 1987; Cherubini et at. 1988). These observations therefore support the idea
that NMDA receptors are involved in the initiation of the long-lasting changes but
not in their maintenance.
DISCUSSION

The principal conclusion of the present work is that in addition to the spontaneous
recurrent bursts which are present during and shortly after KA or high-K+
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application, there is a long-lasting modification of synaptic activity in CA3,
characterized by the ability of electrical stimulation to evoke bursts several hours
after returning to normal solution.

Principal features and mechanisms of bursts generation in CA3
Spontaneous (and evoked) bursts are not endogenous (pacemaker) events but are
generated by a polysynaptic network. They fulfil all the criteria for network-driven
events suggested by Johnston & Brown (1984), including the lack of correlation
between their frequency (or probability) of occurrence and the membrane potential,
the linear relationship between the amplitude of the depolarizing shift and the
membrane potential (Fig. 2) and their susceptibility to procedures which block
synaptic transmission (Fig. 3). The network-driven bursts induced by KA are
therefore reminiscent of those induced in CA3 by a variety of other convulsive agents
including pentylenetetrazol (Bingmann & Speckmann, 1986), (+)-tubocurarine
(Johnston & Brown, 1984), the mast cell-degranulating peptide (Cherubini et al.
1988), penicillin, bicuculline and picrotoxin (Wong & Traub, 1983), reduced Mg2+
concentration (Walther et al. 1986; Neuman et al. 1987), application of NMDA
(Walther et al. 1986; Neuman et al. 1987) or elevated K+ concentration (Rutecki et
al. 1985; Korn et al. 1987, and the present study).
The network in which the bursts are generated is clearly intrinsic to a relatively
small population of CA3 neurones. This is in keeping with the heterosynaptic
convergence on the circuit (Fig. 6) and with the observation that KA, like picrotoxin
(Wong & Traub, 1983), evokes spontaneous bursts in small islands of CA3 neurones
separated by knife cuts (Y. Ben-Ari, unpublished observations). The laminar profile
analysis, like a number of previous studies using penicillin (Swann, Brady, Friedman
& Smith, 1986), mast cell-degranulating peptide (Cherubini et al. 1988), NMDA or
Mg2+-free solutions (R. Neuman, E. Cherubini & Y. Ben-ari, personal communication), indicates that the negative deflections, which presumably correspond to the
location of current sinks (Mitzdorf, 1985), occur in the stratum radiatum (Fig. 5). In
this region the recurrent collaterals between pyramidal neurones (Ramon y Cajal,
1911) are known to synapse with the apical dendrites of neighbouring pyramidal cells
(Miles & Wong, 1986). The present observations are therefore in keeping with earlier
studies which suggest that the pacemaker properties of CA3 neurones are largely due
to the presence of recurrent excitatory collaterals between adjacent neurones (Traub
& Wong, 1982).
Intracellular stimulation of a single CA3 neurone can evoke a network burst in
slices in which excitability has been enhanced either by blockade of GABAAmediated inhibition (Miles & Wong, 1983) or by activation of the NMDA receptor
(Neuman et al. 1987). Furthermore, using intracellular recordings from pairs of CA3
neurones, Miles & Wong (1987) have shown that blockade of GABAA-mediated
inhibition or tetanic stimulation of the mossy fibres can reveal polysynaptic
excitatory pathways between two previously non-interacting cells. This type of
plasticity leads to the emergence of synchronous discharges in groups of CA3
neurones by means of the recurrent excitatory collaterals. Since KA strongly reduces
GABAA- and GABAB-mediated inhibitions (Fisher & Alger, 1984; Ben-Ari et al.
1988) it is likely that KA generated the bursts by a similar mechanism.

SUSTAINED EFFECTS OF KAINIC ACID IN CA3

381

Mechanisms of long-lasting modification in synaptic responses
The persistent ability to evoke a burst after a brief epileptic episode reflects a
change in the integrative properties of the circuitry which has, as it were, lost its
capacity to modulate the response to stimulation of a number of inputs. We consider
this an important point which deserves further investigation as it is this long-lasting
hyperreactivity which may be responsible for epileptogenic activity.
Our observations provide direct evidence that this long-lasting change is neither
due to a long-lasting change in intrinsic membrane properties of CA3 pyramidal cells
(Fig. 7) nor to a persistent reduction in GABAergic inhibitions (Figs 8 and 9). It is
also unlikely to be due to a slow removal of the toxin causing a persistent
hyperexcitable state nor to be specific to KA since other treatments including
elevated K+ (present study), (+ )-tubocurarine (Johnston & Brown, 1984; M. Gho &
Y. Ben-Ari, unpublished observations), mast cell-degranulating peptide (Cherubini
et al. 1988) or trains of electrical stimulations in the stratum radiatum (Stasheff,
Bragdon & Wilson, 1985) also induce a similar long-lasting effect. Several
observations suggest that the long-lasting effects of KA or high K+ are related to the
presence of spontaneous bursts (e.g. Fig. 10). However, in a parallel study (Y. BenAri, E. Cherubini & R. Neuman, personal communication) have shown exposure to
Mg2+-free ACSF or NMDA to trigger spontaneous bursts similar to those generated
by KA or high K+, but not the long-lasting hyperactivity after return to control
medium. Therefore the spontaneous bursts are necessary but probably not sufficient
to initiate the long-lasting change, i.e. other mechanisms are involved in the initiation
process, perhaps a -block of repolarizing K+ conductances or GABA-mediated
inhibitions.
Whatever the exact mechanism of the long-lasting effect, this is clearly reminiscent
of the long-term potentiation produced in CAI or fascia dentata by trains of highfrequency electrical stimuli (Bliss & Gardner-Medwin, 1973; Bliss & L0mo, 1973).
Thus, in both processes there is no persistent change in intrinsic cell properties or in
GABAergic inhibition (Griffith, Brown & Johnston, 1986; Abraham, Gustafsson &
Wingstrom, 1987). Also, as in long-term potentiation, the long-lasting change
induced by KA involves NMDA receptors. Thus D-APV blocks long-term
potentiation without reducing the control EPSP (Collingridge, Kehl & McLennan,
1983; Harris, Ganong, & Cotman, 1984) and in the present experiments prevents the
long-lasting effects of KA without blocking the spontaneous bursts or the mossy fibre
EPSP.
We are indebted to Dr E. Cherubini for his participation in some experiments and his suggestions
and criticism. We also thank Drs R. Neuman and K. Krnjevic for critical comments on the
manuscript and S. Guidasci for photographic assistance. M. Gho was a fellow of Fondation Fyssen.
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