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Neurobiology of Disease

The Cause of the Imbalance in the Neuronal Network
Leading to Seizure Activity Can Be Predicted by the
Electrographic Pattern of the Seizure Onset

Anatol Bragin,' Avetis Azizyan,' Joyel Almajano,' and Jerome Engel Jr!-23
Departments of 'Neurology and 2Neurobiology, and *The Brain Research Institute, David Geffen School of Medicine at the University of California, Los
Angeles, Los Angeles, California 90095

This study investigates the temporal dynamics of ictal electrical activity induced by injection of the GABA , receptor antagonist bicucul-
line, and the glutamate agonist kainic acid, into the CA3 area of hippocampus. Experiments were conducted in freely moving adult Wistar
rats implanted with microelectrodes in multiple brain areas. Wide-band electrical activity (0.1-3000 Hz) was recorded, and the latency of
seizure onset as well as the pattern of electrical activity were investigated for each drug. The latencies between injection and the occur-
rence of first epileptiform events were 3.93 = 2.76 (£STD) min for bicuculline and 6.37 £ 7.66 min for kainic acid, suggesting the
existence of powerful seizure-suppressive mechanisms in the brain. Bicuculline evoked high-amplitude rhythmic epileptiform events at
the site of injection which resembled interictal EEG spikes and rapidly propagated to adjacent and remote brain areas. Kainic acid evoked
a completely different pattern with a gradual increase in the amplitude of 30 -80 Hz activity. Whereas there was strong temporal
correlation between EEG events at the site of bicuculline injection and discharges in distant areas, much less correlation was seen with
kainic acid injection. Both patterns were followed by generalized ictal EEG discharges and behavioral seizures. Our results illustrate that
the same area of the brain can trigger seizures with different electrographic patterns. The knowledge of the network mechanisms
underlying these two distinct electrographic patterns might be helpful in designing differential strategies for preventing seizure

occurrence.

Introduction

We and others have described two predominant depth-recorded
electrographic ictal EEG onsets in patients with mesial temporal
lobe epilepsy (Spencer et al., 1992; Velasco et al., 2000; Bragin et
al., 2005). The most common is a buildup of rhythmic hypersyn-
chronous discharges, which often begins focally and appears to be
most characteristic of hippocampal sclerosis. The other consists
of a buildup of low-voltage fast activity, which often begins re-
gionally and could implicate involvement of extrahippocampal
structures in seizure generation. Because the low-voltage fast ictal
onset resembles the electrographic pattern of seizures initiated by
focal cortical penicillin (Matsumoto and Marsan, 1964a,b), we
have suggested that the underlying neuronal mechanism involves
disinhibition, whereas the other pattern should require enhanced
inhibition, in addition to enhanced excitation, to produce hyper-
synchrony (Engel, 1989). Our studies with a chronic rat model of
mesial temporal lobe epilepsy, which develops months after sta-
tus epilepticus induced by intrahippocampal kainic acid injec-
tion, however, have identified seizures characterized by both ictal
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onset patterns, and both appear to originate in the sclerotic hip-
pocampus (Bragin et al., 1999). The experiments reported here
were designed to determine whether the two ictal onset EEG
patterns can be reproduced acutely by different epileptogenic
agents and whether both can be induced in the hippocampus.
Furthermore, if both treatments result in two different ictal onset
patterns originating in the same hippocampal structure, this
would further support the view that the ictal mechanisms are not
dependent on different neuronal substrates.

Materials and Methods

The University of California, Los Angeles Institutional Animal Care and
Use Committee approved all procedures described in this study.
Microelectrode implantation. Adult Wistar rats (250-300 g, n = 15)
were anesthetized with isoflurane and fixed into a stereotaxic frame. A
guide cannula was implanted into the stratum oriens of the CA3 region of
the right posterior hippocampus [coordinates according to Paxinos and
Watson (1997): anterior—posterior (AP), —5.0; medial-lateral (ML), 5.0;
dorsal-ventral (DV), 5.3]. A tungsten wire was glued to the guide cannula
with the tip 0.5 mm longer than the tip of the guide cannula and used as
a recording microelectrode from the site of drug injection. Fixed-
recording microelectrodes consisting of (50 wm diameter) tungsten wire
were implanted into (1) dentate gyrus (DG) adjacent to the point of
injection (AP, —5.6; ML, 3.5; DV, 5.0), (2) remote DG of the anterior
hippocampal complex (AP, —3.5; ML, 2.0; DV, 4.5), (3) ipsilateral ento-
rhinal cortex (EC) (AP, —8.0; ML, 5.0; DV, 7.0), (4) piriform cortex (Pir)
(AP, 1.0; ML, 4.5; DV, 7.5) and (5) symmetrical contralateral sites. The
schematic representation of the location of the injection area and the
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RPir is not in the plane of the schematic.

recording microelectrodes is shown in the Figure 1. In three rats, multiple
recording site recording probes with 100 wm space between recording
sites were implanted in the CA1 (Bragin et al., 2000). Experiments were
performed under freely moving conditions.

Baseline data acquisition. All recordings were done while in the
freely moving conditions. Beginning 1 week after surgery, wide-band
recordings of electrical activity were performed for 8—10 h every day.
Five 4-channel MOSFET input operational amplifiers mounted in the
cable connector served to reduce cable movement artifacts. Physio-
logical data were recorded wide band 0.1 Hz to 3.0 kHz and sampled
at 10 kHz per channel (16 channels) with 12-bit precision on a Pen-
tium PC using Run Technologies DataPac software or RC-Electronics
software with parallel video monitoring of behavioral status.

Injection protocol. After 3 d of baseline recordings, either bicuculline or
kainic acid was injected into posterior CA3 with a 10 ul Hamilton syringe
that extended to a needle that fit into the injection cannula, which was 0.5
mm longer than the implanted guide cannula. Bicuculline at a concen-
tration of 100 um was injected in a volume of 2 ul at a flow rate of 0.1
wl/10 s. Bicuculline injection was always performed first because bicu-
culline, at the given concentration, did not have long-term effects, and
electrical activity returned to baseline within 4-6 h. Kainic acid at a
concentration of 9.3 mm in a volume of 0.2 ul and a flow rate of 0.1 wl/10
s was injected 24 h later under similar conditions after preliminary 1 h
recording of the baseline activity. After injection of each drug, electrical
activity was recorded for 2 h. After bicuculline injection, no other phar-
macological treatment was performed, but after kainic acid injection,
diazepam, 5 mg/kg, was given to decrease severity of the status.

Definitions and data analysis. The electrographic patterns after a
convulsant injection were divided into two phases: an electrographic
phase, which indicated a seizure onset, when persistent abnormalities
of electrical activity occurred without visible changes in behavior, and
a clinical phase, which was characterized by the occurrence of the

A schematic representation of the location of the area of drug injection in right posterior CA3 and the recording sites
in the adjacent and remote areas of the brain. LaDG and RaDG, Left and right anterior dentate gyrus; LEC, left entorhinal cortex.
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behavioral components of the seizure, such as
staring, oral facial twitching, wet-dog shakes,
clonic forepaw movement, rearing, and loss
of balance (stages 1-5 of Racine’s classifica-
tion) (Racine, 1972). The occurrence of be-
havioral seizures was detected on-line by vi-
sual observation and placing a mark on the
record and verified off-line by reviewing
video tapes.

Analysis of electrophysiological data was per-
formed off-line on a Pentium computer, using
~ DataPac software. Initially, data were reviewed

dorsal
A anterior

o by three coauthors independently and consen-

sus was reached about the patterns during the
transition period and the time of the EEG ab-
normality. To avoid contamination of the pat-
tern of seizure onset by previous epileptiform
activity, only the first seizure that occurred after
the convulsant injection was analyzed.

Changes in power of beta, gamma, theta, and
alpha activity during the transition period were
displayed with Mathlab (Mathworks) time-
dependent power spectral analysis. The result-
ing display used a relative heat map to show
variations in power density. Dark blue indi-
cated low spectral density, whereas the “hotter”
colors ranging from light green, to yellow, to
dark red indicated high spectral density. The
original EEG was filtered from 20 to 80 Hz for
the beta and gamma activity, and 0.1-12 Hz for
the delta and theta activity. Patterns of beta and
gamma activity were then compared with the
activity of theta and alpha oscillations. High-
pass 600 Hz filtered data were considered to be
multiunit activity if spikes with amplitudes
twice as high as the microelectrode noise existed
in the record.

For perievent time histogram analysis, the
maximum amplitude of field potentials was detected by the DataPac
software (RUN Technologies) and used as a zero point. Multiunit activity
was detected by setting a threshold at 2 SD from the middle of the record.

Current-source density analysis. The details of this analysis were de-
scribed in earlier publications (Bragin et al., 1995, 1997; Ylinen et al.,
1995). Field patterns (EEG spikes, slow waves, fast oscillatory waves)
were first averaged using the identified positive or negative peaks of the
filtered events. Smoothing of the averaged potential profiles was accom-
plished by convoluting the potential as a function of depth with a three-
point rolling average of the voltage in the depth. The second spatial
derivative was calculated from a polynomial interpolated through the
smoothed data points. Although some resistivity differences are present
in the different hippocampal layers, in practice, these are not large
enough to significantly modify the calculated distribution of current
generators. Therefore, isotropy of the extracellular space is assumed in
the current-source density (CSD) analysis. The results are, therefore,
presented as the unscaled second derivative of potential as a function of
depth and will be referred to as CSD. The spatial filtering procedure
disproportionally attenuated fast events, such as population spikes, but
the CSD profiles in this study are not intended to faithfully represent
these events. The exact anatomical layers corresponding to the vertical
scale of the CSD maps were reconstructed with the aid of the histologi-
cally identified recording tracks and evoked potentials. Current sinks and
sources associated with the activation of the perforant path provided
precise landmarks for the identification of the recording sites. In addi-
tion, unitary activity in the CA1 pyramidal layer provided further help for
the depth calibration of the electrodes.

Histological procedures. At the end of the electrophysiological experi-
ments, rats were deeply anesthetized and perfused with 2.5% paraformal-
dehyde. Brains were removed and placed in 2.5% paraformaldehyde for
at least 48 h before histological sectioning and Nissl staining to verify

ventral
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Patterns of seizure onsets in the dentate gyrus induced by bicuculline injection into ipsilateral CA3 area of hippocampus. Numbers on the left indicate rat identification. Bracket above

Figure 2.
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each record outlines the electrographic phase followed by the clinical phase of the seizure with the behavioral component.

electrode placements. On the horizontal histological sections, the elec-
trode track was traced downward until it disappeared from the section,
and the last section in which each electrode’s track was visible was con-
sidered the site of recording.

Results

In total, 13 kainic acid seizures and 12 bicuculline seizures were
analyzed from 15 rats. Although it is known that the action of
bicuculline lasts several hours, to confirm that the pattern of
seizures evoked by kainic acid was not changed by previous bicu-
culline injection, kainic acid was applied without previous bicu-
culline injection in three rats.

Bicuculline injection
The mean latent period for the first EEG signs of epileptiform
activity in the dentate gyrus, located 2 mm away from the point of

injection in the CA3 area of hippocampus, was 3.9 = 2.7 min (=
here and everywhere is SD) after bicuculline injection.

Electrographic patterns

The first EEG abnormality after bicuculline injection was the
occurrence of high-amplitude epileptiform EEG spikes (Fig. 2)
followed by a rhythmic 5-20 Hz pattern of ictal discharge, which
coincided with the appearance of the behavioral seizure. The fre-
quency of EEG spikes before the occurrence of the clinical phase
varied from 0.2 to 3 per second, and the duration of the electro-
graphic phase varied in different rats from 12 to 110 s.

The electrographic phase of seizures was characterized by a
consistent increase in amplitude of epileptiform EEG spikes at the
site of injection and other recorded areas of the brain. After oc-
currence of epileptiform events in the area of injection, brain
areas with direct connections with this area became involved in
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Figure 3.  Involvement of brain areas in the epileptiform discharge evoked by injection of
bicuculline into CA3. A, A sequential occurrence of epileptiform events at the point of injection
(CA3) and in the adjacent dentate gyrus (as shown in Fig. 1). Numbers on the left indicate
sequential number of the epileptiform event from the moment of occurrence. B, A graph of
amplitude of epileptiform events during the transition period in the area of bicuculline injection
(RCA3), in areas receiving monosynaptic or bisynaptic projections from CA3, LpDG, RpDG, and
REC, and areas remote from the point of bicuculline injection [left entorhinal cortex (LEC), LaDG,
right anterior dentate gyrus (RaDG), and RPir].

the epileptiform activity, followed by areas with indirect connec-
tions. The progressive involvement of the dentate gyrus adjacent
to the site of injection is shown in Figure 3A. When the first
epileptiform spike occurred at the site of injection, there was no
significant change in activity of the adjacent dentate gyrus. After
3-5 spikes, the spikes also occurred in the dentate gyrus, and their
amplitude progressively increased toward to clinical seizure. Ip-
silateral entorhinal cortex and contralateral posterior dentate gy-
rus, which also have direct connections with the injected CA3,
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showed similar “speed” of involvement in the epileptiform activ-
ity. Areas with no direct connections to injected CA3 became
involved in the epileptiform discharges later than areas having
direct connections. This is illustrated in Figure 3B, where the gray
area outlined by the diamonds indicates the amplitude of the
spikes in the injected CA3. Discharges reached maximum ampli-
tude after 12—14 spikes and then slowly decreased toward the
onset of the clinical seizure. The slope of the increase in ampli-
tude of epileptiform spikes in areas that receive direct projections
[right entorhinal cortex (REC), left posterior dentate gyrus
(LpDG), and right posterior dentate gyrus (RpDG)] is less steep
(Fig. 3B, graphs within the yellow area). The recruitment of more
remote brain areas occurred later and reached a maximum at the
time of the onset of the clinical phase (Fig. 3B, graphs within the
blue area). At the time of clinical seizure onset, the amplitude of
spikes at the site of injection was surprisingly smaller than earlier
during the transition period.

Distant spikes occurred within a time window of 30—-50 ms
after spike generation at the site of injection. This is illustrated in
Figure 4 A, where the last 10 epileptiform events before the clin-
ical phase are superimposed and averaged. The dashed lines out-
line a 50 ms window, and the left one is placed at the beginning of
the epileptiform event in the seizure onset area.

Voltage-depth profiles

We performed recordings of seizures evoked by bicuculline injection
with 16-channel silicon probes along the CA1-DG axis adjacent to
the seizure onset area. After histological verification of the location of
the silicon probes, the pattern of sinks and sources of evoked poten-
tials to perforant path stimulation (Fig. 5A, B) was used as a template
forlocalization of sinks and sources of spontaneous events occurring
during the transition period and at the behavioral seizure onset.
Figure 5B shows that during perforant path stimulation, the re-
sponse recorded with the 16-channel probe consisted of a popula-
tion spike in the dentate gyrus with phase reversal at recording site
#13 (diamond) and delayed responses in the stratum radiatum of
CALl. Current-source density analysis revealed that after an initial
population EPSP and population spike in the dentate gyrus, three
late sinks appeared in the stratum pyramidal of CAl (Fig. 5B1,
dashed box), granular layer (Fig. 5B2, dashed box), and in the hilus
(Fig. 5B3, dashed box).

Voltage-depth profiles and maps of sinks and sources of epi-
leptiform events occurring during the transition period are
shown on Figure 5, C and D. The spatial pattern and power of the
sinks and sources changed when approaching the clinical seizure
onset. At 12 s before the clinical seizure onset (Fig. 5C), there were
sinks in the stratum oriens, radiatum, and hilus (Fig. 5C1,C2,C5,
dashed boxes), reflecting synaptic inputs from CA3 via Schaffer
collaterals, and weaker sources in the stratum lacunosum-
moleculare which receives input from entorhinal cortex (Fig.
5C3,C4,boxes). At 2 sbefore the clinical seizure onset (Fig. 5D), most
prominent sinks appeared in the stratum moleculare of CAl and
dentate gyrus (Fig. 5D2,D3, boxes) indicating a powerful signal com-
ing from the entorhinal cortex. At the level of the CA1 pyramidal
layer, the sink appeared when there was no field electrical activity
(Fig. 5D1, box). Its power significantly increased at the onset of the
clinical seizure, whereas the power of the sinks in the stratum radia-
tum and stratum lacunose-moleculare decreased (Fig. 5E). The sink
at the level of the pyramidal layer of CA1 further increased immedi-
ately before the clinical seizure onset (Fig. 5E1, box), whereas sinks in
the dendritic layer and in the dentate gyrus became weaker (Fig.
5E2,E3, boxes).

This pattern of sinks and sources was observed in two of three
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Figure4. A, Examplesof epileptiform eventsrecordedin different brain areas during the electrographic phase of a seizure evoked by bicuculline injection. Events were collected and superimposed
within a period of 20 s before the clinical phase of the seizure using the peak of the event generated in the right dentate gyrus as a zero point. Red lines represent average of these potentials. Dashed
lines outline a 40 ms window when all events reach the maximum of amplitude. B, Examples of 14 epileptiform events from the same recording sites within a period of 20 s before the clinical phase
of a seizure evoked by kainic acid injection. See schematic of electrode montage in Figure 1. The calibration bar on the right of each line is 1.0 mV.

rats. In the third rat, more obvious changes were visible in the den-
tate gyrus rather than in CA1, although the pattern and shape oflocal
field potentials was similar to the examples presented in previous
figures.

Neuronal discharges during the transition to electrographic and
clinical seizure
In these experiments, we focused only on the measurement of

synchrony of neuronal discharges in multiunit recordings during
the transition period and at the seizure onset, not on the dis-
charges of individual neurons. The synchrony of discharges of

spatially separated neurons increased during EEG spikes. Neu-
rons in the seizure onset zone and in adjacent areas increased
their synchrony during the initial descending part of the epilep-
tiform event (Fig. 6 A, B) and discharged rhythmically during the
ascending part. Discharges of neurons in remote areas were syn-
chronized later, mostly during the ascending part of events.

Kainic acid injection
The mean latent period between the time of kainic acid injection
and the time at which the first epileptiform events occurred was
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Development of a seizure within the CA1- dentate gyrus axis after bicuculline injection into ipsilateral CA3. The location of the silicon probe isillustrated on the left side of the figure (A).

The characters “p” and “g” indicate pyramidal and granular layers. The numbers indicate the recording sites from the top to the bottom. The schematic on the leftindicates the location of the synaptic
inputs to CA1and DG at the area of the penetration of the silicon probe. com, Commissural; b, basket cells; sch, Shaffer collaterals; pp, perforant path. B, Voltage-depth profiles of evoked potentials
(EP) to the perforant path stimulation (arrow). The color illustrates the current-source density map, where the “hot” color indicates source and the “cold” indicates sink. C, D, Voltage-depth profiles
and current-source density map of epileptiform events correspondingly 12 and 2 s before the seizure. E, Seizure onset. For details, see Results.

6.3 £ 7.6 (=STD) min, which was significantly longer than for
bicuculline injection (p < 0.05).

Electrographic patterns

The pattern of electrical activity during the transition period was
different from the pattern that we observed after the bicuculline
injection. In 10 of 13 seizures, a gradual increase in the amplitude
of the EEG signal was observed while approaching the clinical
seizure onset. In one of the remaining three rats, an initial sup-
pression of electrical activity was observed before development of
epileptiform discharges, and in two rats, fast irregular spiking
preceded the clinical seizure onset.

A typical pattern of seizure development after kainic acid in-
jection into the CA3 area of hippocampus is shown in Figure 7A.
The effect of kainic acid began with barely noticeable changes in
the amplitude of the EEG signal at the site of injection (red line)
and much more prominent increases in amplitude of the EEG in
the right anterior and posterior dentate gyri as well as in the right
entorhinal cortex. This pattern was similar in 10 rats when kainic
acid was injected 24 h after bicuculline and in three rats when
kainic acid was injected alone. The increase in amplitude of the
electrical activity after kainic acid injection occurred because of
an increase in the power of beta and gamma activity (Fig. 8A), as
well as the occurrence and gradual increase in amplitude of mul-
tiunit discharges, which could be detected in high-pass 600 Hz
recordings (Fig. 8 B, the second from the top and the bottom

lines). The power of EEG activity in the frequency band between
0.1 and 10 Hz decreased and disappeared during the transition
period, then reappeared during the clinical seizure onset (Fig.
8A). Bicuculline injected previously in the same area of the same
rat (Fig. 7B) evoked a completely different pattern during the
transition period, consisting of high-amplitude EEG spikes as
described in the preceding section.

Event averaging showed correlative activity of other brain ar-
eas with the epileptiform activity recorded at the site of bicucul-
line injection (Fig. 4A) but did not reveal the same degree of
correlative activity between different areas after kainic acid injec-
tion. The event-triggered averages revealed correlative activity
among two to three brain areas but never among all brain areas,
as was the case for bicuculline. Figure 4B illustrates event-
triggered averages from the ipsilateral posterior dentate gyrus
(RpDG) during the last 20 s before the clinical seizure. Only the
ipsilateral piriform cortex [right Pir (RPir)] showed correlative
activity with epileptiform events generated in the ipsilateral den-
tate gyrus. Similar data were obtained when other brain areas
were used as the event triggering point.

Voltage-depth profiles

In all experiments (n = 3) with multiple recording site probes
implanted into the CA1-DG area, epileptiform events after kainic
acid injection began first in the DG (Fig. 9) and later in CAl.
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Correspondingly, all significant sinks and
sources where located within these areas
(data not shown).

Neuronal discharges

The rate of multiunit discharges increased
during the electrographic phase before
clinical seizures. However, in contrast to
the transition period evoked by bicucul-
line, this increase did not show a promi-
nent rhythmic pattern, nor were units syn-
chronized at frequencies 15-40 Hz. As the
time of clinical seizure onset neared, mul-
tiunit discharges became more frequent
and coalesced into population spikes (Fig.

Bragin et al. @ Evoked Seizure Patterns

A
]
]
I
-; 1.0 mV
BoBA i 0.1 mV
" ﬁ-.m-mm{ Mﬁ l""‘*“""‘"l\’"?‘ mﬂwm#« "‘*‘““"1“""*"%{6"*‘“**{ O [F RN
i
il
i
%5&*?%9&“ b‘ﬁh‘r«mw%l 111 b #%1&*1»——» o —»ﬂ## -—i”—w m)#kw*w—« T,
REC

ORI »W«l}#ﬁta %ﬂwﬂwk;ﬁmw lw—u,}l-uu—«-d}‘w wﬁ'{.wwuw‘ww ——

|
8B, bottom line). Event-triggered histo- LpDG 1
grams show that multiunit discharges W‘WHJ!" "»H«MHW«M«M»MM
predominantly occurred at the positive LE
phase of local gamma activity (Fig. R DG L Pt “ tofon—f b -
10 B1,B2,C1,C2). a !
WMM?MWNWWMW
Discussion a

The experiments presented in this study
illustrate that the same area of the brain

can trigger different electrographic ictal B 1
1

onset patterns depending on specific dis-
ruptions to the existing balance between
excitatory and inhibitory components of
the neuronal network. These data are im-
portant because they show that the distur-
bance that determines the epileptiform
electrographic pattern is functional, not
structural.

Both bicuculline and kainic acid are
widely used as convulsants to mimic sei-
zure activity in in vitro and in vivo experi-
ments. These compounds bind to com-
pletely different types of receptors in the
brain. The action of bicuculline is primar-
ily on the ionotropic GABA, receptors,
which are ligand-gated ion channels. It

LpDG

WWWMMWM%

only blocks the early component of IPSPs

(Edwards et al., 1990; De Koninck and RaDG

Mody, 1994). The late component of IPSP
is bicuculline resistant and determined by

LEC

the activity of GABAj receptors via a
calcium-dependent potassium current

LaDG
(Newberry and Nicoll, 1984). Kainic acid ! I
is a specific agonist for non-NMDA recep-
tors which mimics the effect of glutamate.
In addition to its excitation, a major effect
of kainic acid is a depression of inhibitory
synaptic potentials. Kainic acid reduces
both fast GABA-mediated IPSPs and slow,
non-GABA-mediated (GABAy) late hy-
perpolarizing potentials. IPSP depression
correlates closely with the onset of burst
potential firing in response to synaptic
stimulation (Scharfman, 1994a). According to Fisher and Alger
(1984), epileptiform activity in hippocampus evoked by kainic acid
is caused, in part, by presynaptic depolarization blockage of IPSP
pathways.

Interictal epileptiform patterns induced by other GABA, an-

Figure 6.
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Field potentials and unit discharges during the transition period after bicuculline injection. 4, Field potential (top)
recorded from CA3 and multiunit activity recorded in different areas of the brain (for details, see schematic in Fig. 1). Blue lines
mark areas of the brain where neuronal discharges show strong correlation with the onset of epileptiform events. B, Perievent
time histograms of multiunit discharges in relation to epileptiform field potentials. The peak of the field potential is taken as the
zero point. Only units located in CA3, ipsilateral posterior dentate gyrus, and entorhinal cortex show responses during onset of the
epileptiform event. Other brain areas became involved in the epileptiform event later. Arrow indicates the peak of the initial wave
of the epileptiform event that was used as a triggering point for construction of perievent histograms.

tagonists such as penicillin have been studied in vivo and in vitro
(Dichter and Spencer, 1969a; Traub and Wong, 1981; Schneider-
man et al., 1990). At the cellular level, these interictal events con-
sist of an initial depolarization shift with superimposed action
potentials (Dichter and Spencer, 1969b; Schwartzkroin and
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Figure7. A, B, Development of seizures after injection into CA3 of kainic acid (A) and bicuculline (B). To adjust similar time for

REC
behavioral seizure occurrence, a 30 s break was used in the tracings with kainic acid injection. In the case of kainic acid injection,
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Prince, 1977; Dingledine and Gjerstad, 1980; Swann et al., 1986;
Scharfman, 1994b; de Curtis and Avanzini, 2001). At the network
level, epileptiform EEG spikes evoked by bicuculline are similar
in recordings from different brain areas. They consist of initial
population EPSPs with superimposed bursts of population spikes
followed by powerful hyperpolarization. This pattern becomes
transformed into a regular sinusoidal 5-20 Hz rhythm, before the
occurrence of the clinical seizure. This transformation occurs
because of a gradual decrease of the afterhyperpolarization and

thalamus.
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appearance of afterdepolarization because
of accumulation of extracellular potas-
sium (Matsumoto and Marsan, 1964a,b).

In in vitro slice preparations during the
first few minutes of perfusion with bicu-
culline, IPSPs transiently and paradoxi-
cally increase in amplitude and as IPSPs
increase, the reversal potential and latency
to onset remain the same (Scharfman,
1994a). The pattern of epileptiform
events which was observed in our exper-
iments in freely moving rats was similar
to that observed earlier in in vitro condi-
tions in hippocampus (Scharfman,
1994a) and piriform cortex (De Curtis et
al., 1994; Forti et al., 1997).

The weakening of early GABA, inhibi-
tion “unleashes” excitation via local exci-
tatory collaterals and generation of hyper-
synchronous neuronal discharges (Miles
et al., 1984). The burst events in CA3 after
blockage of GABA , receptors occur because
of an increase in firing of pyramidal cells via
local excitatory connections (Traub and
Miles, 1991; de la Prida et al., 2006).

These hypersynchronous bursts of ac-
tion potentials rapidly spread from the
area of generation to remote areas of the
brain, leading to the occurrence of a clini-
cal seizure. A remarkable feature of epilep-
tiform events that occur as a result of
blockade of GABA, receptors (in our case
by bicuculline) is that they quickly spread
from the area of generation to other adja-
cent and remote brain areas. This suggests
that the synchrony of neuronal discharges
during the initial phase of bicuculline in-
duced epileptiform events is so high that
existing feedforward inhibition (Buzséki,
1984; Trevelyan et al., 2006, 2007), which
controls the level of synchrony of the in-
coming signal, is not strong enough to pre-
vent their propagation from the area of in-
jection to other brain areas. A similar
situation is frequently observed during
strong electrical stimulation, when an ini-
tial burst of action potentials spreads from
the area of stimulation through many
brain areas causing reverberation of elec-
trical activity.

Remaining GABAj inhibition is not
fast enough to interrupt the initial syn-
chronization of electrical activity triggered
by local excitatory connections, but it is

crucial for termination of neuronal firing within the epileptiform
burst (dela Pridaetal.,2006). GABA inhibition then serves as an
additional synchronizing mechanism. Its later inhibition pro-
motes rebound excitation resulting in hypersynchronous dis-
charges which progressively increase in amplitude after each
event. A similar mechanism was proposed by McCormick and
Contreras (2001) for generation of epileptiform events in the

In contrast to bicuculline, kainic acid effects both principal
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Figure 8.

Development of a seizure after kainic acid injection. 4, Color-coded power spectral maps calculated with a Fast Fourier Transform using a sliding window of 10 s with 15 overlap. The

changeinthe coloris coded in SDs with the scale on theright side of the plot. The hot color indicates anincrease in the power of specific frequency bands. B, Increase in amplitude during the transition
period on the records of raw data (0.1 Hz—3 kHz) and multiunit activity (hp 400 Hz). Below, Extended fragments of records from different times during the transition period.

cells and interneuronal networks. In low doses (10 ~® M), it evokes
a small depolarization of the pyramidal cells with an increase in
the frequency of discharges, and at concentrations of 10 ~> M, it
causes depolarization block (Robinson and Deadwyler, 1981). At
the same time, kainic acid triggers an increase in the frequency of
interneuron discharges and, as a result, increases both the fre-
quency and amplitude of IPSCs on interneurons and decreases
the threshold for antidromic action potentials (Semyanov and
Kullmann, 2001).

In most previous publications, the epileptiform activity
evoked by kainic acid was analyzed under steady conditions after
the transition period was over. Inhibition remains strong during

the steady epileptiform events evoked by kainic acid application.
Population activity in the frequency range 30—40 Hz, which was
observed during seizures evoked by kainic acid, consisted of epi-
leptic population spikes where pyramidal cells fired exclusively
during rebound from rhythmic GABA,-mediated inhibitory
postsynaptic events (Khazipov and Holmes, 2003), which was
confirmed in our experiments where discharges of units were
phase locked with local gamma activity (Fig. 10).

In our experiments, we focused on the network patterns
which occurred preceding the clinical seizure. Basically, we mim-
icked a situation, for example, when the level of glutamate in the
extracellular space increases at the site of spontaneous seizure
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Transition to seizure after intra-CA3 kainic acid injection recorded by silicon probe implanted in CA1- dentate gyrus. Eight recording sites were selected for demonstration. Epileptiform

activity first appeared in the dentate gyrus and much later in CA1. The histological section with the track of the silicon probe (white arrows) is shown on the left. or., Oriens; pyr, pyramidale; rad,

radiatum; lac-mol, lacunose-moleculare; fis, fissure; gr, granular; hil, hilus.

generation, because of impairment of glia buffering functions or
other mechanisms.

The overall electrographic pattern of the transition period be-
fore the clinical seizure was recorded in our experiments was
similar to what was described by Medvedev et al. (2000) after
systemic kainic acid injection and by Akaike et al. (2001) after
intrahippocampal kainic acid injection. A simultaneous effect on
the excitatory and inhibitory networks leads to an increase in the
power of beta—gamma frequencies of field activity representing
firing of population spikes at these frequencies (Fig. 8) during the
transition period.

The process of propagation of epileptiform activity after
kainic acid injection could be a function of the initial increase in
the volume of tissue involving in spike discharges, at the area of
injection, as a result of increased discharges of principal cells and
interneurons, which evoke a similar process in target areas. This
process increases gradually and breaks down into generalized
activity, which triggers the occurrence of the behavioral abnor-
malities causing the clinical seizure.

The latency of occurrence of epileptiform EEG events is longer
after kainic acid injection than after bicuculline, which corre-
spond to earlier data on differences in the latency of seizure oc-
currence after systemic and intraventricular injection of these
compounds (Ben-Ari et al., 1981; Gruenthal et al., 1986). The
longer latent period after kainic acid injection may indicate that
feedforward inhibition is more effective in prevention of the
spread of pathological activity from one area to another, than in
case of the sharp epileptiform events which occur with bicucul-
line injection. This suggests ways in which disturbances in the
excitatory—inhibitory balance can be more or less modulated by
intrinsic seizure suppressing mechanisms. However, additional
studies are required to better understand the means by which the

brain prevents the spread of epileptiform activity from one area
to another.

Relevance of observed patterns of seizure activity to

clinical practice

This manuscript is one of many studies on seizures induction
by pharmacological manipulation with the long-term goal of
application of results to clinical practice. At present, it is pre-
mature to assume that the clinical reality is so simple as to be
completely explained by the results from the experiments de-
scribed in this study. However, if systematic studies that in-
clude analysis of electrographic seizure onset patterns evoked
by different receptor agonists and antagonists acting on li-
gands of different ion channels are carefully classified, such
data might produce a basis for clinical trials to determine if
electrographic seizure onset patterns in human could be a
principal factor for prescribing specific antiepileptic drugs
(AEDs). Given that different types of epileptic seizures have
different electrographic onset patterns, differential AED re-
sponses related to these patterns could inform specific
selection of appropriate AED treatment.

To date, except for the classical generalized 3 per second spike
and wave, electrographic seizure onset patterns are not consid-
ered useful for prescribing AEDs, because these patterns are be-
lieved to contain little information about the mechanisms trig-
gering the seizure activity. It is reasonable to assume, however,
that different electrographic patterns reflect different triggering
mechanisms. Elucidation of the glia—neuronal mechanisms re-
sponsible for the generation of unique seizure onset patterns
could lead to more precise therapy targeting specific functional
components of the epileptogenic network.
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Correlation of multiunit discharges with local field potentials within dentate gyrus during the transition period to seizure evoked by kainic acid injection into ipsilateral CA3. A,

Six-minute-long record of the transition period and seizure. B, Thirty-second-long record at the beginning of the transition period. B1, Spike-triggered average of 151 field potentials. B2,
Autocorrellogram of multiunit discharges. €, A field potential record during the last 30 s of the transition period before the seizure onset. €1, Spike-triggered average of 163 field potentials. €2,

Autocorrellogram of multiunit discharges.
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