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Sustained Plateau Activity Precedes and Can Generate Ictal-Like
Discharges in Low-Cl~ Medium in Slices from Rat Piriform Cortex
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Interictal and ictal discharges represent two different forms of
abnormal brain activity associated with epilepsy. Ictal dis-
charges closely parallel seizure activity, but depending on the
form of epilepsy, interictal discharges may or may not be cor-
related with the frequency, severity, and location of seizures.
Recent voltage-imaging studies in slices of piriform cortex
indicated that interictal-like discharges are generated in a two-
stage process. The first stage consists of a sustained, low-
amplitude depolarization (plateau activity) lasting the entire la-
tent period prior to discharge onset. Plateau activity takes place
at a site distinct from the site of discharge onset and serves to
sustain and amplify activity initiated by an electrical stimulus. In
the second stage a rapidly accelerating depolarization begins
at the onset site and then spreads over a wide region. Here, we
asked whether ictal-like discharges can be generated in a

similar two-stage process. As with interictal-like activity, the
first sign of an impending ictal-like discharge is a sustained
depolarization with a plateau-like time course. The rapidly ac-
celerating depolarization that signals the start of the actual
discharge develops later at a separate onset site. As found
previously with interictal-like discharges, local application of
kynurenic acid to the plateau site blocked ictal-like discharges
throughout the entire slice. However, in marked contrast to
interictal-like activity, blockade of synaptic transmission at the
onset site failed to block the ictal-like discharge. This indicates
that interictal- and ictal-like discharges share a common path-
way in the earliest stage of their generation and that their
mechanisms subsequently diverge.
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The question of how interictal and ictal activities are related is of
fundamental importance to our understanding of the genesis of
seizures (Prince and Connors, 1986; Dichter and Ayala, 1987;
Fisher, 1989). Interictal activity consists of isolated synchronous
electrical discharges, each lasting a few hundred milliseconds.
Ictal activity accompanies seizures and consists of prolonged
paroxysmal discharges with distinct temporal phases. In some
forms of simple focal epilepsy, interictal discharges help indicate
the site of seizure origin, and in these cases the onset of seizures
may actually be a transition from interictal to ictal activity (Prince
et al., 1983; Dichter and Ayala, 1987). However, in some animal
models (Sherwin, 1978; Engel and Ackermann, 1980; Gotman,
1984) and human epilepsies (Engel et al., 1981) ictal and interictal
discharges can arise from different locations, with little correla-
tion between interictal activity and the frequency and severity of
seizures (Dichter and Ayala, 1987; Fisher, 1989). In hippocampal
slices interictal-like discharges can be dissociated experimentally
from ictal-like discharges. These studies suggested that in contrast
to interictal-like activity, some forms of ictal-like activity can
occur in the absence of synaptic transmission (Konnerth et al.,
1986; Jensen and Yaari, 1988; Schweitzer et al., 1992). This raises
important questions about the extent to which parallel versus
divergent mechanisms underlie these two forms of paroxysmal
activity.
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Recent voltage-imaging studies in slices of piriform cortex (PC)
revealed that interictal-like discharges can be preceded by a
low-amplitude, sustained depolarization (plateau activity)
(Demir et al., 1999). Plateau activity was observed during the
latent period that precedes discharges evoked by near-threshold
electrical stimulation. It begins a few milliseconds after stimula-
tion and is confined to the boundary region between the endopiri-
form nucleus (En) and layer III of the overlying PC. This site is
distinct from the site of discharge onset, situated at a deeper
location within the En and layer VI of adjacent neocortex
[agranular insula (AI) in anterior slices and anterior perirhinal
cortex (PRh,) in posterior slices] (Demir et al., 1998). This work
suggested that in slices of PC the generation of interictal-like
discharges occurs in two stages, with plateau activity representing
the first stage and actual onset representing the second stage.

Ictal-like activity can also be elicited in slices of PC (Hoffman
and Haberly, 1989). The above questions about the relationship
between ictal and interictal activity prompted us to determine
whether ictal-like discharges develop in the same two-stage pro-
gression as interictal-like discharges. We found that ictal-like
discharges were preceded by plateau activity similar to that which
precedes the onset of interictal-like discharges. As with interictal-
like discharges, local application of kynurenic acid at the site of
plateau activity blocked ictal-like discharges. However, in
contrast to interictal-like discharges, ictal-like discharges could
not be blocked by inhibiting synapses at the site of onset. This
suggests that plateau activity is capable of serving as a precursor
to both of these types of epileptiform activity. However, by the
time of onset, ictal-like discharges diverge from interictal-like
discharges in being insensitive to focal blockade of synaptic
transmission.
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MATERIALS AND METHODS

Piriform cortex slices. Adult male Sprague Dawley rats weighing 175-240
gm were used to prepare PC slices. A vibratome was used to cut slices at
a thickness of 350 wm along a near-coronal plane perpendicular to the
brain surface (Hoffman and Haberly, 1991, 1993; Demir et al., 1998). The
physiological saline [artificial CSF (ACSF)] for slicing and recording
contained 124 mm NaCl, 5 mm KCl, 26 mm NaHCO3, 1.2 mm KH,PO,,
2.4 mMm CacCl,, 1.3 mM MgSO,, and 10 mm glucose bubbled with 95% O,
and 5% CO, (carbogen). Experiments with bath application of CoCl,
were performed with ACSF buffered by HEPES (10 mm) and lacking
phosphate, to avoid precipitation (see Fig. 7). Slices were defined as
anterior, intermediate, or posterior depending on the stereotaxic levels
stated previously (Demir et al., 1998).

Epileptiform activity. Ictal-like discharges were generated by perfusing
slices with a low-Cl1~ ACSF in which 93% of the Cl~ in the ACSF
described above was replaced by isethionate. Slices were incubated in
this low-C1~ ACSF at 34°C, starting 1.5-2 hr before recording and
continuing throughout an experiment. Although previous incubation of
slices in low-C1~ ACSF was not necessary to elicit ictal-like activity, the
appearance of ictal-like discharges took time, and it was advantageous to
begin experiments soon after staining because the voltage-sensitive dye
was gradually washed out during hours of perfusion with saline. The
low-C1 ™~ method of eliciting ictal-like activity is based on a positive shift
in the Nernst potential for CI1~ resulting in increased excitability. This
increase is thought to result primarily from the reversal of Cl -
dependent GABA, receptor-mediated inhibitory synaptic potentials.
However, additional effects of low C1 ™ may include a decrease in the free
cation concentration in the extracellular space (Chamberlin and Dingle-
dine, 1988), with excitatory effects resulting from partial removal of
charge screening. Furthermore, low CI~ is thought to have effects on
synaptic transmission (Traynelis and Dingledine, 1989), and the reversal
of voltage- and Ca*"-dependent C1~ conductances could also contribute
to the increase in excitability (Madison et al., 1986; Owen et al., 1986).

Interictal-like activity was generated using the induction and disinhi-
bition protocols described previously (Demir et al., 1998). Disinhibition
was achieved by simple addition of 5-10 um bicuculline during experi-
ments to block GABA, receptors. Induction used the same low-CI~
ACSF used during recordings of ictal-like activity as described above,
but with a major difference that slices were returned to control saline for
recordings. Thus, in this model, a period of spontaneous bursting activity
in low-Cl~ ACSF transformed, or induced, a persistent change in excit-
ability that was manifest after return to control ACSF (Hoffman and
Haberly, 1989; Stasheff et al., 1989).

Epileptiform discharges were evoked by electrical stimulation of slices
with a saline-filled glass pipette (20-50 wm tip diameter). Current pulses
200 msec in duration were delivered with a stimulus isolator. Ictal-like
discharges are generally defined as lasting >2 sec (Rasmussen et al.,
1996; Traub et al., 1996; Rutecki and Yang, 1998). However, we found
that the duration varied with stimulus current (see Fig. 2), and with
currents near the threshold for discharge generation, events were some-
times as short as 1 sec. Because these discharges were obtained under the
same conditions as those lasting much longer and showed clear qualita-
tive differences with interictal-like discharges, we treated them as
ictal-like.

The threshold stimulus for discharge generation was determined by
careful variation of stimulus intensity. For experiments in which drugs
were tested for their ability to block epileptiform discharges, stimulus
intensities ~10% above threshold were used to avoid subthreshold re-
sponses. During these experiments, the threshold intensity was regularly
determined because it showed a tendency to change over the course of a
long experiment (3—6 hr). After evoking an ictal-like discharge, at least
2 min was always allowed for recovery before attempting to evoke
another. This interval was necessary because there was a refractory
period for ictal-like discharges in PC slices reminiscent of the postictal
depression seen during seizures in animals (Ayala et al., 1970).

Voltage imaging. The voltage-sensitive fluorescent dye RH414 (Molec-
ular Probes, Eugene, OR) was used to image voltage. Slices were incu-
bated for 30—45 min in 200 um RH414 in ACSF bubbled with carbogen.
Fluorescence images were recorded with a 464-element, hexagonally
arranged, photodiode-fiber optic camera (Chien and Pine, 1991). The
tissue was illuminated in an upright epifluorescent microscope equipped
with a 100 W tungsten-halogen light source through a Zeiss Fluar 5X
objective (numerical aperture, 0.25). This objective produced images in
which the distance between neighboring photodetector fields was 144
um. The optical and electronic instrumentation follows that of Wu and
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Cohen (1993); a detailed description along with a schematic of the setup
can be found in a previous report from this laboratory (Demir et al.,
1998). The output of each photodetector was individually amplified to a
final level of 0.2 V/pA of photocurrent, digitized, and read into a Pentium
computer. Fluorescent signals were high-pass filtered with a 500 msec
time constant and low-pass filtered with a corner frequency of 500 Hz. A
CCD camera served to take transilluminated video images of slices,
which were read into the computer with a frame grabber (Data Trans-
lation, Marlboro, MA).

Data acquisition and analysis. Optical signals were acquired and ana-
lyzed with the computer program Neuroplex (RedShirt Imaging, Fair-
field, CT). Fluorescence traces were overlaid on video images with
programs written in IDL (Research Systems, Boulder, CO) (Jackson and
Scharfman, 1996; Demir et al., 1998). The contours for the site of
discharge onset were prepared from real-time-imaging data by determin-
ing the photodetector fields where the fluorescence change had risen to
within 50 or 70% of its maximum amplitude. This cutoff excludes regions
with plateau activity because with near-threshold stimulus currents,
plateau activity has an amplitude =<25% of the maximum amplitude of
interictal-like discharges (Demir et al., 1999), as well as ictal-like dis-
charges (present results). Before the preparation of contours, the fluo-
rescence intensity of each detector was normalized to the intensity range
seen by that detector. Another program written in IDL superimposed
the contours onto video images. Contours for plateau activity were
prepared manually by marking detectors in which a sustained depolar-
ization during the latent period could clearly be seen above the back-
ground noise (Demir et al., 1999).

Local drug application. Kynurenic acid (5 and 10 mm), bicuculline
methiodide (50 um), and CoCl, (10 mm) were dissolved in a 0.9% NaCl
solution and topically applied from a micropipette (tip diameter, 3-5 um)
inserted into a slice with a micromanipulator at selected sites. A Pico-
spritzer (General Valve, Fairfield, NJ) connected to the drug-application
micropipette provided pressure pulses (0.5 sec; 2025 psi) for ejection of
solution. The effectiveness of this approach in delivering a drug to
specific sites was discussed previously (Demir et al., 1999). Localization
was tested in every experiment by visualization of fluorescein (0.1
mg/ml) included in the drug solution. Because the optical filter set used
for RH414 excluded fluorescein fluorescence, this did not interfere with
optical recordings of voltage. As in previous studies from this laboratory
(Demir et al., 1999), before drug application epileptiform events were
evaluated two or three times for stability of discharge latency. Drug
application experiments at each site were repeated at least three times.

Histology. After optical recordings, slices were preserved by fixation in
4% paraformaldehyde, resectioned with a freezing microtome at 60 wm,
and counterstained with cresyl violet. Photographs of these Nissl-stained
sections helped to identify anatomical structures during analysis of
imaging data.

Drugs. Bicuculline methiodide was obtained from Sigma (St. Louis,
MO), and kynurenic acid was from Aldrich (Milwaukee, WI).

RESULTS

Ictal-like discharges
Either interictal- or ictal-like discharges were elicited using the
appropriate protocols described in Materials and Methods.
Interictal-like discharges in the induced (Fig. 14) and disinhib-
ited (Fig. 1B) models generally lasted 100-300 msec [see Demir
et al. (1998) for comparisons between these two models]. Ictal-
like discharges were elicited from slices pretreated and perfused
with low-C1~ ACSF (Fig. 1C-E). These electrical events were
similar in amplitude but considerably longer in duration than
were interictal-like discharges. Although the duration of ictal-like
discharges was variable (Fig. 1C-E), the initial phase generally
consisted of a sustained depolarization. This initial depolariza-
tion was sometimes followed by relatively brief voltage oscilla-
tions (Fig. 1C,E). Ictal-like discharges first appeared at discrete
and well defined sites of onset (discussed below) and then spread
throughout the entire slice.

An intriguing feature of evoked ictal-like discharges in PC
slices was that their duration increased as the stimulus current
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Figure 1. Optical recordings of interictal- and ictal-like discharges. 4, B,
Interictal-like discharge in an induced slice (4; previous bursting in
low-C1~ ACSF) and a disinhibited slice (B; with 10 um bicuculline). C-E,
Ictal-like discharges in anterior (C), intermediate (D), and posterior (E)
PC slices. All fluorescence (F) traces represent averages of six neighbor-
ing detectors. Note that the instrumentation uses a high-pass filter with a
500 msec time constant (see Materials and Methods), and this produces
some attenuation of the longer events of C-E. Stimulus was applied to
layer Ib of the PC in all traces; stimulus currents were 175 uA (A4), 65 pA
(B), 250 pA (C), 275 pA (D), and 60 uA (E).
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Figure 2. Fluorescence traces show responses from En in an intermediate
PCslice elicited by increasing stimulus currents (indicated above the traces
on the right) applied in layer Ib. The duration of ictal-like discharges
increased with increasing stimulus current. Traces represent averages of
six neighboring detectors.

was increased above threshold (Fig. 2). Discharges in response to
threshold stimuli were generally briefer (Fig. 3). Superimposed
sub- and suprathreshold responses in Figure 3 show that ictal-like
discharges have an all-or-none character and appear with sub-
stantial latency after a threshold stimulus. As with interictal-like
activity (Hoffman and Haberly, 1989, 1991; Demir et al., 1998),
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Figure 3. Plateau activity preceding ictal-like discharges. Sub- and su-
prathreshold responses are superimposed to illustrate the all-or-none
character of ictal-like discharges. The time scales are expanded relative to
those in Figures 1 and 2 to show the early events before discharge onset.
A, A trace from the site of onset shows onset activity (asterisk—curved
bracket), characterized by a ramp-like depolarization leading up to a
discharge. B, A trace from the site of plateau activity shows plateau
activity (asterisk—curved bracket), characterized by a low-amplitude, main-
tained depolarization. C, A trace from superficial layer III of the PC is
close enough to the site of stimulation to show a rapidly decaying local
response. D, E, Responses from deep (D) and superficial (E) layers of the
neighboring transitional neocortex between Al and PRh, show the ictal-
like discharge emerging suddenly from a flat baseline. The discharges in
B-E appear after a delay relative to the discharge in the site of onset (A4).
The vertical dashed line helps to view latency differences. These traces
were taken from sites labeled A-E in a subsequent figure (see Fig. 5B2).
Electrical stimulation (135 wA) was applied in layer Ib at the time
indicated by the arrow in A (see Fig. 5B2 for site). All traces represent
averages of four neighboring detectors.

increasing the stimulus current decreased the latency to ictal-like
discharge onset (data not shown). To address the question of how
the initiation of ictal-like discharges compares with the initiation
of interictal-like discharges, we used near-threshold or slightly
suprathreshold stimulus currents to produce latent periods of
sufficient duration to observe latent period activity. This enabled
us to focus on the events leading up to the onset of an ictal-like
discharge.
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Plateau activity precedes ictal-like discharges

Electrical activity during the latent period preceding interictal-
like discharges has been described previously for the two different
experimental models used in Figure 1, 4 and B (Demir et al.,
1999). In both the disinhibition model (bicuculline treatment) and
the induction model (previous spontaneous bursting in low-C1~
ACSF), a similar spatiotemporal pattern was seen during the
latent period between electrical stimulation and discharge onset.
Plateau activity, as mentioned in the introductory remarks, is
characterized by an approximately constant, low-amplitude de-
polarization, beginning a few milliseconds after stimulation and
continuing until discharge onset. Onset activity is a rapidly ac-
celerating depolarization that appears at the site of discharge
onset (Hoffman and Haberly, 1993), beginning ~20-50 msec
before onset and leading directly to the discharge (Demir et al.,
1999). These two forms of latent period activity appeared in
sequence at two distinct locations. Plateau activity was generally
located at the boundary of En and deep layer I1I of the PC. Onset
activity generally had a deeper location in En and adjoining layer
V1 of the neocortex. Plateau activity serves to sustain and amplify
electrical activity initiated by a stimulus. Onset activity is driven
by projections from the site of plateau activity, providing feed-
back to that site to contribute to the amplification process. Onset
activity builds up directly into the epileptiform discharge. Block-
ade of activity at either site, with either kynurenic acid or CoCl,,
blocks the generation of interictal discharges (Demir et al., 1999).

In the present study the electrical activity observed before the
onset of an ictal-like discharge was similar to that observed in the
two interictal models described above. A ramp-like depolariza-
tion resembling the onset activity of interictal-like discharges
appeared at the site of onset of ictal-like discharges (Fig. 34,
asterisk—curved bracket). A sustained depolarization resembling
the plateau activity of interictal-like discharges was seen at a site
different from the site of discharge onset (Fig. 3B, asterisk—curved
bracket). Thus, onset and plateau activities were each seen at
distinct locations that were very similar to the locations where
these forms of activity were seen in the interictal models (detailed
mapping of locations presented below).

No significant latent-period activity was seen outside of the
onset and plateau sites. A rapidly activating and decaying local
response could be seen near the stimulus electrode (positioned in
superficial layer III of the PC; Fig. 3C), and this was followed by
an ictal-like discharge that spread from the site of onset. At other
sites far from the site of stimulation, where no local response
could be detected, discharges arose abruptly from baseline with-
out any preceding activity (Fig. 3D,E). The onset of these events
thus resembled that of the rapid-onset interictal-like events de-
scribed by Hoffman and Haberly (1993). The amplitude of the
fluorescence change associated with ictal-like discharges was
smaller in amplitude and briefer in duration in superficial layers
(Fig. 3C,E) than in deep layers of the PC (Fig. 34,B) or in
neighboring AI or PRh, (Fig. 3D). Thus, the spatial patterns for
ictal- and interictal-like discharges were similar in showing a
decreasing amplitude toward the cortical surface (Demir et al.,
1998).

We showed previously that stimulus currents below the thresh-
old for interictal-like discharges evoked depolarizations at the
same site where plateau activity was observed. These subthresh-
old depolarizations were smaller in amplitude than plateau activ-
ity. After peaking, subthreshold responses always decayed
smoothly to baseline, and never showed a plateau-like time course
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Figure 4. Subthreshold responses at the site of plateau activity. A4,
Superimposed fluorescence traces are shown from the site of plateau
activity in response to increasing stimulus intensities. Responses were
evoked by stimulation in layer Ib with the indicated current. Traces
represent averages of seven neighboring detectors. Note that the sub-
threshold responses were not flat like plateau activity but decayed imme-
diately after peaking. Note further that the amplitude does not increase
linearly with increasing stimulus intensities. B, A stimulus-response plot
illustrates this nonlinearity more clearly. The peak response amplitudes
from A were plotted versus stimulus current. The nonlinearity is empha-
sized by a sigmoidal fit.

(Demir et al., 1999). Under ictal-like conditions, subthreshold
responses at the site of plateau activity showed a similar low-
amplitude, and a similar smooth decay to baseline (Figs. 3B, 4A4).
The fact that these subthreshold responses failed to show the
sustained time course of plateau activity indicates that, as was
found previously with interictal-like discharges, plateau activity
could not be dissociated from the ictal-like discharge.

Under the conditions used to generate ictal-like discharges, the
amplitudes of subthreshold responses at the site of plateau activ-
ity showed a strongly nonlinear, graded increase with stimulus
current (n = 5; Fig. 4). This trend could be seen in superimposed
traces from the site of plateau activity (Fig. 44), as well as in the
stimulus—response plot in Figure 4 B. This sigmoidal behavior was
not seen in control slices, in which stimulus-response plots were
linear. The stimulus-response behavior under conditions used to
generate interictal-like activity depended on the choice of model.
Plots were linear in the induction model (Demir et al., 1999) and
nonlinear in the disinhibited model (R. Demir et al., unpublished
observations).

Location of onset and plateau activity during

ictal-like discharges

Sites of latent-period activity were determined by making con-
tours using a 50-70% of maximum cutoff for the onset site and a
manual trace-by-trace examination for the plateau site (see Ma-
terials and Methods). In anterior slices, the site of onset of
ictal-like discharges was confined to the En and to layer VI of
adjacent Al (n = 4; Fig. 542 pink-shaded region). In contrast to
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Figure 5. Site of plateau activity associated with
ictal-like discharges. Nissl-stained photographs
(A1-C1) were taken from the same slices shown
in A2-C2. Sites of discharge onset ( pink shading)
and plateau activity (blue shading) are indicated
on video images from anterior (41, A2), inter-
mediate (B1, B2), and posterior (C1, C2) PC
slices. Stimulus sites are indicated by parallel
jagged lines in A2-C2. Stimulus currents were 100
RA (A1, A2), 135 pA (BI, B2), and 63 uA (C1,
C2). A1, Agranular insula; CI, claustrum; CPu,
caudate-putamen; ec, external capsule; En, en-
dopiriform nucleus; LOT, lateral olfactory tract;
PC, piriform cortex; PRh,, anterior perirhinal
cortex; RF, rhinal fissure. Open arrowheads mark
the PC/neocortex boundary.

interictal-like discharges in anterior slices (induced model), in
which the site of onset was confined to the dorsalmost part of En
and neighboring layer VI of AI (Demir et al., 1998), the site of
onset of ictal-like events occupied a larger portion of the En. The
site of plateau activity in anterior slices encompassed part of the
En and deep layer III of the PC (n = 4; Fig. 542, blue-shaded
region); a tiny portion of Al layers V and VI also consistently
showed plateau activity. This site was similar to the site of plateau
activity for interictal-like discharges in the induced model (Demir
et al.,, 2000). However, with ictal-like discharges there was a
smaller contribution from the deep layers of neighboring AI and
a larger contribution from deep layer III of the PC. Overall, the
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1 mm

region showing plateau activity was larger for ictal-like activity
than for interictal-like activity. Thus, for both onset activity and
plateau activity, larger regions were seen for ictal-like discharges
than for interictal-like discharges.

In posterior slices, the site of onset for ictal-like discharges was
confined to the En (n = 4; Fig. 5C2, pink-shaded region), and this
resembled the site of onset of interictal-like discharges in the
disinhibited model in posterior slices. In contrast, the site of onset
of interictal-like discharges in the induced model also included
layer VI of the neighboring PRh, (Demir et al., 1998). Under
ictal-like conditions, the site of plateau activity in posterior PC
slices consisted of parts of the En and deep layer III of the PC
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Table 1. Plateau and onset sites for ictal-like discharges

PC level Onset site

Plateau site

Anterior (n = 4)

Intermediate (n = 4) Dorsal portion of En

Posterior (n = 4) En only

En and small portion of layer VI of Al

En, small portions of layers V
and VI of adjoining AI, small
portions of layer III of PC

Adjoining parts of En and deep
layer III of PC

En and adjoining portion of deep
layer III of PC

The onset and plateau sites associated with ictal-like activity are summarized (see Fig. 5).

(n = 4; Fig. 5C1,C2, blue-shaded region), which was similar to the
site of plateau activity for interictal-like discharges in the disin-
hibited model (Demir et al., 2000). In the induced model the site
of plateau activity did not extend into deep layers of the neigh-
boring PRh,,.

In intermediate slices, the site of onset was in the dorsal edge
of the En, and the site of plateau activity was in the boundary
region between En and deep layer III of the PC (Fig. SB1,B2).
Adjoining neocortex was not involved in either form of latent-
period activity. Similar sites of onset and plateau activity were
observed for both models of interictal-like activity (Demir et al.,
1998, 1999). These sites are summarized for ictal-like discharges
in Table 1 for anterior, intermediate, and posterior slices of
the PC.

Blockade of plateau activity

Previous work established a requirement for excitatory synaptic
transmission at the sites of plateau and onset activity in the
genesis of interictal-like discharges (Demir et al., 1999). Because
we found the same forms of latent-period activity in the low-CI ™~
model, we investigated the role of synaptic transmission at these
sites in the generation of ictal-like discharges. Kynurenic acid (a
broad-spectrum excitatory amino acid receptor antagonist) was
applied locally to inhibit synaptic transmission in specific regions.
The method of local drug application used in this study was the
same as that used previously, in which localization of drug was
checked by observing fluorescein. Drug localization was further
verified by showing no effect on graded responses at short dis-
tances and no blockade of epileptiform activity when the drug
application pipette was moved 500 wm from a critical site (Demir
et al., 1999).

The sites of discharge onset and plateau activity were first
mapped by analysis of imaging data while the experiment was
ongoing. Kynurenic acid was then applied to the site of plateau
activity, and an electrical stimulus found previously to be suprath-
reshold for the generation of an ictal-like discharge was reapplied.
Blockade was seen in every experiment (n = 8; Fig. 641b), with the
ictal-like response recovering within a few minutes (Fig. 641c).

In contrast to the results seen for application at the plateau site,
application of kynurenic acid at the site of onset did not block
ictal-like discharges. The signals emanating from this site were
attenuated, but the latency-to-discharge onset was unaffected
(n = 6; Fig. 642b). Applying a higher concentration of kynurenic
acid (10 mm) to the onset site also failed to block ictal-like
discharges (n = 4). In four of the experiments in which kynurenic
acid was applied to the site of onset, the data were examined to
see whether the site of onset moved to a new location. In three of
these experiments the site of onset was essentially the same, and
in the fourth it moved slightly. Ictal-like discharges could still be

evoked when kynurenic acid was applied at other locations in En
outside the sites of onset and plateau activity (n = 6; data not
shown) and at other nearby sites in PRh, (n = 7; Fig. 6A43).

The site of plateau activity was the only location in PC slices
where the sensitivity of ictal-like discharges to local excitatory
amino acid receptor blockade could be demonstrated. Thus, pla-
teau activity appears to be necessary for both ictal- and interictal-
like discharges. In contrast, although activity at the onset site was
similar in appearance at the start of both ictal- and interictal-like
discharges, application of kynurenic acid to this site blocked only
interictal-like discharges (Demir et al., 1999).

In the low-C1~ ACSF used here to generate ictal-like dis-
charges, Cl “-mediated inhibitory synaptic potentials are reversed
and therefore have an excitatory instead of inhibitory effect on
postsynaptic cells. Thus, GABA receptor activation could con-
tribute to epileptiform activity under these conditions. To test this
hypothesis we attempted to block GABA, receptors with the
antagonist bicuculline using the same local application method
used to block glutamate receptors. Application of bicuculline to
the site of plateau activity (n = 4; Fig. 6B1), site of onset (n = 4;
Fig. 6 B2), elsewhere in the En (n = 4; Fig. 6 B3), and other nearby
sites in neighboring neocortex (n = 4; data not shown) failed to
block the ictal-like discharges. To test the possibility that either
excitatory amino acid receptors or depolarizing GABA, recep-
tors can initiate an ictal-like discharge, we applied 10 mm
kynurenic acid together with 50 um bicuculline in the same
pipette and again saw no blockade when these drugs were injected
at the site of onset (n = 2; data not shown).

To test the role of synaptic transmission more generally, we
used the Ca?" channel blocker CoCl,. Like kynurenic acid,
CoCl, blocked interictal-like discharges when applied to the site
of onset (Hoffman and Haberly, 1993, 1996; Demir et al., 1999).
We specifically tested the action of CoCl, on evoked responses at
the site of onset, to make sure that it was an effective reagent in
the blockade of synaptic transmission at that location. Bath ap-
plication of 2 mm CoCl, blocked synaptic potentials at the site of
onset, recorded either with fluorescence or with an extracellular
field electrode (Fig. 74). Ictal-like discharges could still be evoked
when 10 mm CoCl, together with 50 uM bicuculline was applied
at the site of onset (n = 3; Fig. 7B). In these experiments the same
blocker solution was tested at two to four locations within the
onset site, but the discharges were not blocked. These results
indicate that local blockade of chemical synapses at the site of
onset does not prevent the generation of ictal-like activity.

DISCUSSION

The experiments presented here showed that ictal-like discharges
in PC slices are preceded by plateau activity with a time course
and location similar to that of plateau activity preceding



10744 J. Neurosci., December 15, 1999, 19(24):10738-10746

A: KYNURENIC ACID B: BICUCULLINE METHIODIDE

1. site of plateau activity

b

/f

/]

2. site of onset (En)

o

1t
/i

3. site in deep PRh, 3. another site in En

o

/]

o

f

AF/F =0.002

200 msec

Figure 6. Blockade of ictal-like activity. A, Kynurenic acid (5 mm) was
locally applied at several sites to determine the role of excitatory synaptic
transmission in the generation of ictal-like discharges. Traces in A1 show
responses from the site of plateau activity in an intermediate PC slice
before (41a), immediately after (41b), and a few minutes after (AIc)
kynurenic acid application. The ictal-like discharge was blocked by
kynurenic acid application at this site (4/b) and recovered completely
after washout (47¢). When kynurenic acid was applied at the site of onset,
ictal-like activity (42a) was not blocked, although the response was
usually attenuated locally (42b) and recovered to full size after a few
minutes (42c). Application of kynurenic acid at a site in deep AI/PRh,
(43) did not block the ictal-like discharge. B, Bicuculline methiodide (50
uM) was applied to several sites to test whether reversed inhibitory
potentials play a role in the generation of ictal-like discharges. Local
application of bicuculline at the site of plateau activity (Bla,b), the site of
onset (B2a,b), and another site in En (B3a,b) did not block ictal-like
activity. Traces in A and B were taken from two different slices and show
responses from the sites of drug application (indicated above each set of
traces). Traces are averages of four neighboring detectors. Ictal-like dis-
charges were evoked by stimulation in layer Ib at 140 pA (41), 110 pA
(A2), 95 uA (A3), 67 uA (BI), 55 pA (B2), and 52.5 pA (B3).

interictal-like discharges (Demir et al., 1999). Plateau activity in
the ictal model showed an approximately constant amplitude
throughout the entire latent period, never occurred in isolation
from an ictal-like discharge, and was spatially restricted to similar
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Figure 7. Effects of CoCl, on synaptic transmission and ictal-like dis-
charges. A, Fluorescence (fop) and extracellular field potentials (bottom)
were recorded from En in a control slice. Responses evoked by 400 uA
applied in deep layer III of the PC were almost completely abolished by
bath application of 2 mm CoCl,. (KH,PO, was omitted from the ACSF
for both control and CoCl,). Each trace represents an average of signals
from six neighboring detectors averaged over 10 trials. B, Fluorescence
traces from the En show an ictal-like discharge evoked by a stimulus of 47
A applied in layer Ib. Traces show discharges before (fop) and immedi-
ately after (bottom) application of 10 mm CoCl, and 50 uM bicuculline to
the site of discharge onset.

locations in anterior, intermediate, and posterior slices. Further-
more, synaptic blockade at the site of plateau activity blocked
ictal-like discharges throughout the slice, as demonstrated previ-
ously in interictal models. Thus, plateau activity is required for
the generation of both interictal- and ictal-like discharges in PC
slices. Because ictal-like activity in this slice preparation resem-
bles electrical activity during seizures in the neocortex (Ayala et
al., 1970), the sustained, plateau-like depolarizations described
here may contribute to the onset of seizures. The requirement of
plateau activity for the genesis of both interictal- and ictal-like
events is important, because it implies that both types of epilep-
tiform activity share common mechanisms at an early stage of
their genesis. Because plateau activity may serve as a precursor
for ictal spikes, pharmacological interventions directed toward
curtailing plateau activity could be useful in controlling seizures.

The finding that ictal- and interictal-like activities have a com-
mon precursor, namely, plateau activity, provides an interesting
perspective on the relationship between interictal spikes and
seizures. The onset of seizures is often thought of as a transition
from interictal to ictal activity (Dichter and Ayala, 1987). One
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important issue in this regard is whether interictal spikes can
serve as direct progenitors of seizure activity (Prince et al., 1983).
However, the relationship between interictal and ictal activity
suggested by the present results is one of bifurcation rather than
transitional sequence. Factors in effect during plateau activity
may determine whether the ensuing discharge will be interictal or
ictal in character. By altering the ionic environment, the volume
of extracellular space, and the functional states of ion channels
and synapses, interictal spikes could modify conditions so that
subsequent plateau activity leads to ictal rather than interictal
discharges.

Locations of onset and plateau activity

The sites of onset and plateau activity were identified previously
in two interictal models, in slices from anterior, intermediate, and
posterior PC (Demir et al., 1998, 2000). Here we found that these
forms of activity occurred at similar sites in ictal-like discharges
(Fig. 5, Table 1), but with some subtle and interesting differences.
As with interictal-like activity, the onset site of ictal-like activity
included En, and the plateau site included adjoining parts of En
and deep layer III of the PC. However, in the induced model,
adjoining deep layers of neocortex contributed to both onset and
plateau activity, in both anterior and posterior PC slices. By
contrast, neocortex did not contribute to these early stages of
interictal discharges in the disinhibited model (Demir et al., 1998,
2000). Thus, ictal-like activity in anterior PC slices has a site
distribution resembling that of interictal-like activity in the in-
duced model, but in posterior PC slices, ictal-like activity has a
site distribution resembling that of interictal-like activity in the
disinhibited model. Interestingly, neither onset nor plateau activ-
ity was seen in neocortex in intermediate slices, for either ictal- or
interictal-like activity. We have suggested previously that the
differences between the onset sites in the induced and disinhib-
ited models may be caused by a nonuniform distribution of
GABA , receptors and/or synaptic circuitry along the rostrocau-
dal axis of the En and neighboring neocortex (Demir et al., 1998).
Similar regional differences may be relevant to variations in onset
and plateau sites associated with ictal-like behavior.

Threshold and subthreshold behavior

Epileptiform discharges are generally all-or-none, and that was
the case here for ictal-like discharges. However, subthreshold
responses at the site of plateau activity had a nonlinear depen-
dence on stimulus current (Fig. 4). Similar subthreshold nonlin-
earity was seen in the disinhibited interictal model (Demir et al.,
2000). but in control and induced slices, stimulus-response plots
were linear (Demir et al., 1999). This suggests the presence of
stronger amplification processes in the disinhibited interictal
model and the low-C1 ™~ ictal model. Di- and polysynaptic poten-
tials described by Tseng and Haberly (1989) could amplify re-
sponses and contribute to this nonlinear behavior.

We were surprised to see that the duration of an ictal-like
discharge increased with increasing stimulus current (Fig. 2).
This result stands in contrast with interictal-like discharges, which
have the same duration regardless of stimulus strength. Increasing
the stimulus current also shortens the latency to discharge onset,
and this may be relevant to the character of the ensuing discharge.
A prolonged latent period, which will be accompanied by pro-
longed plateau activity, could influence the state of a slice at the
time of onset. Modeling studies suggested that both dendritic
depolarizations and ectopic axonal spikes can contribute to ictal
discharge initiation (Traub et al., 1996). If the relative magnitudes
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of these two processes change with time, then the duration of the
subsequent discharge may depend on which of these two pro-
cesses predominates at the time of onset. Because of the complex
relationship between cellular mechanisms and network phenom-
enon, computer-modeling studies such as those conducted by
Traub and coworkers will probably be necessary to test these
hypotheses.

Synaptic blockade and discharge onset

Although the finding that plateau activity is a precursor for both
interictal- and ictal-like discharges implies common mechanisms
at the earliest stage of genesis, an important difference was seen
at the onset. Interictal-like discharges could be abolished by
synaptic blockade at the onset site (Demir et al., 1999), but
ictal-like discharges could not. Bicuculline methiodide also failed
to block ictal-like discharges when applied to the site of onset,
suggesting that inverted inhibitory synaptic potentials caused by
the reversal of the C1~ gradient do not provide the excitatory
drive for discharge initiation. Thus, it is unlikely that inverted
inhibitory synaptic potentials simply substitute for excitatory glu-
tamatergic synapses.

One possible explanation for the failure of local synaptic block-
ade at the onset site to suppress ictal-like discharges is the larger
size of the onset site relative to that of interictal-like discharges.
This may reflect the involvement of a network of neurons extend-
ing over a larger region. This suggests that if we were able to
perfuse the entire onset region with drug we might block ictal-like
discharges. However, the plateau site was also larger, and local
drug application there still blocked discharges. Onset activity was
observed in a smaller region than plateau activity for both
interictal-like (Demir et al., 1999) and ictal-like (Fig. 5) dis-
charges. Furthermore, kynurenic acid was used at twice the
concentration used in all other experiments (10 vs 5 mm), but
onset still occurred at essentially the same location.

Another possible explanation for why kynurenic acid, bicucul-
line, and mixtures of bicuculline with kynurenic acid or CoCl,
failed to block ictal-like discharges when applied to the site of
onset is that nonsynaptic mechanisms play a significant role in the
initiation process. Kynurenic acid slightly reduced the amplitude
of the fluorescence change at the site of onset (Fig. 6A42b),
suggesting that excitatory synapses contribute to the observed
depolarization, but this depolarization still developed into a
spreading epileptiform discharge. Nonsynaptic neuronal interac-
tions play roles in many brain functions, as well as pathological
conditions such as epilepsy (Jefferys, 1995). Computer simula-
tions in the hippocampus have suggested that nonsynaptic mech-
anisms can make significant contributions to ictal activity (Traub
et al., 1996). Hippocampal slices can generate synchronous neu-
ronal discharges when synaptic transmission is blocked (Taylor
and Dudek, 1982). Furthermore, ictal-like discharges can be gen-
erated without functional chemical synapses, but interictal-like
activity is eliminated under these conditions (Konnerth et al,,
1986; Jensen and Yaari, 1988; Schweitzer et al., 1992). This
implies that ictal- and interictal-like paroxysmal activities differ in
their dependence on synaptic transmission. The present results
are consistent with this general trend. The nonsynaptic mecha-
nisms proposed to play roles in epileptiform activity include
electrotonic coupling through gap junctions (Dudek et al., 1986),
field effects or ephaptic interactions (Traub et al., 1985; Dudek et
al., 1986), voltage-dependent C1~ conductances (Chamberlin and
Dingledine, 1988), and elevated [K "], (Yaari et al., 1986). Fur-
ther studies using local application methods in PC slices should
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help evaluate the roles of these diverse processes in the genera-
tion of seizure-like activity.

Regardless of the relative contributions of these mechanisms, it
is significant that ictal-like discharges diverge from interictal-like
discharges at the time of onset. Before onset, both types of
epileptiform activity depend on plateau activity, which in turn
depends on excitatory amino acid receptor-mediated synaptic
transmission. Ictal- and interictal-like activities thus start off on a
common pathway, apparently using similar mechanisms. The
juncture at which ictal-like activity becomes resistant to synaptic
blockade may represent an important point of divergence be-
tween ictal- and interictal-like discharges.
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