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Abstract

Application of 4-aminopyridine (4-AP, 100 1M) in a solution containing 0.6 mM Mg?* and 1.2
mM Ca?* to hippocampal-entorhinal-perirhinal slices of adult rat brain induced ictal-like
epileptiform activity in entorhinal and perirhinal cortices as revealed by electrophysiological field
potential recordings. The ictal-like activity persisted after washing out the 4-AP. This persistence
indicated that a change had occurred in the slice so that it was now “epileptic” in the absence of
the convulsant 4-AP. Induction of persistent ictal-like activity was dependent upon the
concentration of divalent cations during 4-AP exposure; that is, although 4-AP caused ictal-like
activity in approximately half the slices in solution containing 1.6 mM Mg2* and 2.0 mM Ca?*,
this ictal-like activity did not persist upon washout of the 4-AP. Expression of the persistent ictal-
like epileptiform activity required ionotropic glutamate-mediated synaptic transmission:
application of the AMPA/kainate receptor antagonist NBQX after 4-AP washout reduced
persistent ictal-like activity, and the combined application of NBQX and the NMDA receptor
antagonist D-AP5 completely blocked it. In order to investigate the mechanism of induction of
persistent ictal-like activity, several agents were applied before the introduction of 4-AP.
Application of D-APS5 did not block the onset of ictal-like activity upon introduction of 4-AP but
did prevent the persistence of the ictal-like activity upon washout of the 4-AP. In contrast,
induction of persistent ictal-like activity was not prevented by simultaneous application of the
group | metabotropic glutamate receptor (mGIuR) antagonists LY 367385 and MPEP or by
application of the protein synthesis inhibitor cycloheximide. In conclusion, we have characterized
a new in vitro model of epileptogenesis in which induction of ictal-like activity is dependent upon
NMDA receptor activation but not upon group | mGIuR activation or protein synthesis.
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Introduction

Epileptogenesis is the process by which an initially normal area of the brain changes so that
it becomes prone to having abnormal synchronous electrical activity that manifests as
seizures. Though epileptogenesis normally applies only to whole animals, the term in vitro
epileptogenesis can be applied to brain slice models in which a pharmacologic, ionic, or
stimulation-based manipulation converts the brain slice to a state in which spontaneous or
easily-evoked epileptiform activity persists after return to a normal environment (Clark and
Wilson, 1999). The rationale behind the development of in vitro epileptogenesis models is
that they offer an opportunity to uncover the mechanisms of epileptogenesis and to explore
possible ways to inhibit epileptogenesis in an easily accessible preparation. Having multiple
models is beneficial because there are many different types of epilepsy seen in patients, and
these different types are likely the result of different epileptogenic processes (Engel and
Schwartzkroin, 2006); using new models may allow us to uncover new and important
epileptogenic mechanisms (Stables et al., 2002).

Epileptiform activity recorded in animal models of temporal lobe epilepsy is generally
divided into ictal and interictal activity. In vivo, ictal activity is associated with behavioral
seizures; whereas interictal activity is abnormal activity that occurs in the brain during the
time the animal is not having a seizure. In vitro, an epileptiform event is typically classed as
“ictal-like” if it is deemed to be long enough to cause a seizure if the organism were intact,
and classed as “interictal-like” if it is deemed too short to have a behavioral correlate were
the organism intact.

Stasheff et al. (1989) were among the first to make the important distinction between
causing the onset of epileptiform activity that can be reversed upon removal of the causal
agent, and initiating epileptogenesis, which results in a long-lasting change so that the
epileptiform activity persists in the absence of the causal agent. While there are several in
vitro models of ictal-like epileptiform activity, there are few in vitro models of
epileptogenesis. Two well-studied brain slice models of epileptogenesis are the repeated
stimulation model and the group | metabotropic glutamate receptor (mGIuR)-dependent
model, both employing hippocampal slices. The repeated stimulation model (Stasheff et al.,
1989) involves using repeated electrical stimulation to induce spontaneous interictal and
easily-evoked ictal-like epileptiform events. The group | mGluR-dependent model involves
causing interictal-like events with the GABA 5 antagonist picrotoxin and then adding the
group | mGIuR agonist DHPG to convert the interictal-like activity to ictal-like activity. The
ictal-like activity persists following the washout of the DHPG (Merlin and Wong, 1997),
establishing the group I mGIuR model as a model of in vitro epileptogenesis.

These two models differ from each other in their requirements for induction of persistent
ictal-like activity, that is, in the receptors which must be activated during the induction
period in order to cause epileptiform activity that persists following washout of the
convulsant or cessation of the stimulation. In addition, within a model, the receptors
required for induction of persistent ictal-like activity differ from those required for
expression of ictal-like activity. In the repeated stimulation model, the induction of
persistent epileptiform activity depends upon the NMDA subtype of ionotropic glutamate
receptors; whereas the expression of persistent epileptiform activity is largely unaffected by
NMDA receptor antagonists (Stasheff et al., 1989). In contrast, in the group | mGIuR-
dependent model, induction can take place in the presence of complete block of ionotropic
glutamate receptors; whereas ionotropic glutamate-mediated synaptic transmission is
required for the expression of the ictal-like activity (Merlin, 1999).
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4-aminopyridine (4-AP) has been used to cause epileptiform activity in brain slices in
hippocampus (e.g., Rutecki et al., 1987), entorhinal and perirhinal cortices (e.g., de Guzman
et al., 2004) and neocortex (e.g., Aram et al., 1991). 4-AP typically causes interictal-like
activity in hippocampus (Perreault and Avoli, 1991; Rutecki et al., 1987), but it can cause
ictal-like activity in entorhinal cortex (Avoli et al., 1996) and perirhinal cortex (de Guzman
et al., 2004). 4-AP elicits epileptiform activity at 50-100 pM; the mechanism is presumably
its block of D-type (Storm, 1988), or Kv1.x (Coetzee et al., 1999), voltage-gated K*
currents, which leads to a broadening of the action potential in the axon terminal (Haas et
al., 1983; Storm, 1987), increased calcium entry (Jones and Heinemann, 1987; Qian and
Saggau, 1999), and a subsequent increase in transmitter release (Buckle and Haas, 1982).
The increase in [Ca2*] in the presynaptic terminal may in turn decrease 4-AP-insensitive K*
currents leading to further broadening of subsequent action potentials and additional
increase in transmitter release (Qian and Saggau, 1999b). Although biochemical changes
that occur during the application of 4-AP have been investigated (Merlo et al,. 2004; Sanna
et al., 2000), until now 4-AP has not been used as a model of in vitro epileptogenesis; that is,
it has not been used as a model in which epileptiform activity persists following washout of
the convulsant.

With the question of whether the induction of persistent ictal-like activity in brain slices
always falls into one of two categories: 1) NMDA receptor-dependent or 2) group |
metabotropic glutamate receptor-dependent, we decided to investigate ictal-like activity
caused by 4-AP. Using 4-AP/reduced divalent cation solution, which had been shown to
cause ictal-like activity in CAL hippocampus (Ziburkus et al., 2006), we recorded ictal-like
activity in entorhinal and perirhinal cortices, and we found that it persisted following
washout of the 4-AP. Here we introduce this 4-AP/reduced divalent cation model of in vitro
epileptogenesis, and we explore the mechanisms of expression and induction of this
persistent ictal-like activity.

Slice preparation

Solutions

Experiments were done in brain slices taken from adult (200-350 g) Sprague Dawley rats. In
accordance with a protocol approved by the SUNY Downstate Animal Care and Use
Committee, the animal was anesthetized with halothane, decapitated with a guillotine, and
the brain was removed and placed in ice-cold vibratome solution. After cooling for 1-2 min,
the brain was separated into right and left hemispheres. Then one hemisphere was placed
cortex-side-down. Following a scalpel blade cut just rostral to the hippocampus, the rostral
part of the brain was discarded. Then the brainstem was lifted off and discarded. Then a
transverse cut of hippocampus was made to select the temporal third of hippocampus with
attached entorhinal and perirhinal cortices. 350 um transverse slices containing
hippocampus, entorhinal cortex (EC) and perirhinal cortex (PRC) were cut on a Vibratome
3000. Slices were then stored in a holding chamber (Gibb and Edwards, 1987). The holding
chamber was immersed in a 31.5°C water bath for 1 hour. At one hour the holding chamber
was removed from the heated bath and thereafter was stored at room temperature.

The vibratome solution (Ziburkus et al., 2006) contained (in mM) 205 sucrose, 2.6 KClI,
1.23 NaH,POy4, 24 NaHCO3, 20 D-glucose, 2 MgCls, 0.1 CaCl,. The solution in the holding
chamber where the slices were stored after cutting (Salah and Perkins 2008) contained (in
mM) 125 NaCl, 25 NaHCOg3, 2.5 KClI, 1.6 MgCl,, 2.0 CaCly,, 11 D-glucose. The 1.6 mM
Mg?*/2.0 mM Ca2* extracellular recording solution contained (in mM) 130 NaCl, 24
NaHCOg, 2.5 NaH,PO,, 3.5 KCI, 1.6 MgSO4, 2.0 CaCl,, 10 D-glucose. The 0.6 mM Mg?*/
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1.2 mM Ca2* reduced divalent cation extracellular recording solution (Ziburkus et al.,
2006), our primary extracellular recording solution, contained (in mM) 130 NaCl, 24
NaHCOs3, 2.5 NaH,PQy, 3.5 KCI, 0.6 MgS0Qy, 1.2 CaCl,, 10 D-glucose.

The divalent cation concentrations of our 1.6 mM Mg2*/2.0 mM Ca?* extracellular
recording solution are typical for brain slice experiments (e.g., Miles and Wong, 1987; cf.
Stasheff et al., 1989 in which [Ca%*] was 1.3 mM and [Mg2*] was 0.9 mM), but are higher
than those found in actual rat CSF (Somjen, 2004; Davson et al., 1987). The Mg2*
concentration of the 0.6 mM Mg?*/1.2 mM Ca?* reduced divalent cation extracellular
recording solution, our primary recording solution, is reduced compared to actual rat
cerebrospinal fluid, which is 0.9 mM free and 1.3 mM total (Somjen, 2004), but not nearly
as reduced as that in the solution used for the “low magnesium” model of epileptiform
activity in brain slices, which is nominally zero (e.g., Dreir and Heinemann, 1991). The
calcium concentration ([Ca2*]) of our 0.6 mM Mg?2*/1.2 mM Ca2* reduced divalent cation
extracellular recording solution is lower than that historically found in brain slice
experiments (2.0 or 2.4 mM; Dingledine and Gjerstad, 1980; Schwartzkroin, 1975;
Yamamoto, 1972) but is similar to that of actual rat CSF, which is 1.0 mM free and 1.1 mM
total (Somjen, 2004).

Electrophysiology

Drugs

One slice was transferred from the holding chamber to the recording chamber (Fine Science
Tools) where it was maintained at an interface between continuously perfusing oxygenated
solution and humidified 95% O,/5% CO, gas at 35°-36°C. Extracellular field recordings
were performed with glass electrodes (0.2-2 M) filled with 150 mM NacCl. Voltage was
recorded in DC using a high-impedance amplifier (Warner 1E-210; Harvard Apparatus) at
50 times gain and further amplified at 20 times gain using a Warner LPF-100B (Harvard
Apparatus). Prior to digitization, voltage recording was filtered at 100 Hz using the low-pass
Bessel filter on the Warner LPF-100B. Data points were collected at 500 Hz using pClamp
software (Axon CNS, Molecular Devices). Recordings were made with one or two
electrodes. When there were two recording electrodes, electrodes were placed at the EC and
PRC or at one of those two locations along with the CA3 hippocampal area. In EC and PRC,
the electrode was placed in layer I1/111 or layer V. In CA3 hippocampus, the electrode was
placed in stratum lacunosum-moleculare (SLM) or at the border of SLM and stratum
radiatum.

The convulsant 4-AP was used at 100 pM. The ionotropic glutamate receptor antagonists
used were the AMPA/kainate receptor antagonist 2,3-dioxo6-nitro-1,2,3,4,-
tetrahydrobenzo[f] quinoxaline-7-sulfonamide disodium salt (NBQX, 10 pM) and the
NMDA receptor antagonist D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5, 50 uM).
The group | mGIuR antagonists used were (S)-(+)-a-amino-4-carboxy-2-
methylbenzeneacetic acid (LY 367385, 100 j1M; Salah and Perkins, 2008), which
preferentially blocks the mGlul receptor subtype, and 2-methyl-6-(phenylethynyl)pyridine
hydrochloride (MPEP, 10 uM; Salah and Perkins, 2008), which preferentially blocks the
mGIu5 receptor subtype. The general protein synthesis inhibitor cycloheximide (60 1M) was
used in some experiments. The glutamate antagonists were purchased from Tocris
(Ellisville, MO), and other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

In the experiments that involved drug pre-incubation, the drug was already present when the
slice was placed in the recording chamber. For subsequent drug applications or drug
washouts, drug application time or washout time was measured with time zero being when
the new solution was put in the bath solution reservoir.
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Data analysis

Epileptiform events in brain slices have typically been classified as ictal-like or interictal-
like based on event duration. When stated, minimal event duration for being considered
ictal-like has ranged from 1 — 4 s (e.g., D’Antuono et al., 2004, 4 s; de Guzman et al., 2004,
3's; Kohling et al., 2000, 2 s; Merlin and Wong, 1997, 1 s). We considered an epileptiform
event = 4 sec but < 5 min to be ictal-like. Many of the ictal-like events recorded in these
experiments, both during 4-AP exposure and after 4-AP washout, were composed of a tonic
phase followed by a clonic phase (Fig. 1A). Although 4 s is a somewhat arbitrary cut-off
point between interictal and ictal, we chose 4 s because a typical event in our experiments
needed to be approximately that long in order to show a clonic component (e.g., Fig. 1A).
An epileptiform event <4 s was considered to be an interictal-like event. When measuring
the duration of an ictal-like event, discharges were considered to be part of a single ictal-like
event as long as less than 2.5 s of baseline voltage separated the voltage deflections.

Some slices experienced a period of status epilepticus-like activity (Fig. 1Ba). This activity,
which we will refer to as SE-like activity or SE, typically began as an ictal-like event would
begin, with a tonic phase, and then moved into an extended clonic phase (Fig. 1Bb). When
measuring to determine if activity met the definition for SE-like, a stretch of activity was
considered to be a single stretch of SE-like activity if clonic-like voltage deflections
occurred continuously with no more than 2.5 s of baseline voltage separating the individual
clonic-like voltage deflections and continued long enough so that the entire event was at
least 5 min long.

Control 4-AP/reduced divalent cation recordings, in which no drugs other than 4-AP were
used, were interspersed with the experiments addressing induction and expression
mechanisms. Three 4-AP/reduced divalent cation control groups were used in data analysis.
Control group A slices were exposed to 0.6 mM Mg2*/1.2 mM Ca2* solution for 30-40 min
before introduction of 4-AP. Control group A was used for comparison in experiments in
which slices in the drug group were exposed to 0.6 mM Mg2*/1.2 mM Ca?* solution before
the introduction of 4-AP. Control group B slices were exposed to 0.6 mM Mg2*/1.2 mM
Ca?* solution and 4-AP simultaneously. Control group B was used for comparison in
experiments in which slices in the drug group were exposed to 0.6 mM Mg2*/1.2 mM Ca?*
solution and 4-AP simultaneously. Control group C is a subset of control group B and
includes only those slices from group B which did not experience periods of SE-like activity
in 4-AP or after 30 minutes of 4-AP washout. Control group C was used when degree of
ictal-like activity in 4-AP was tested as a predictor of ictal-like activity after 4-AP washout.

In order to measure time spent in ictal-like events, the duration of each ictal-like event was
measured, and the individual event durations were summed. Similarly, each period of SE-
like activity was measured. The percent time spent in SE + ictal-like events during 4-AP
exposure (“in 4-AP”) and the longest epileptiform event during 4-AP exposure were
measured for the time period beginning at 30 min of 4-AP exposure and continuing until
commencement of 4-AP washout. (Two control group B slices were excluded from the “in
4-AP” analysis but retained for the “after 4-AP washout” analysis because washout was
begun in those slices at 37 min of 4-AP exposure so that there was less than 10 min of data
to measure “in 4-AP”.) 4-AP was considered to be completely washed out at 30 minutes of
wash, based on data presented here (see Fig. 2 and the NMDA receptor antagonist effect on
induction data), and additionally on control experiments in which giant GABA-mediated
postsynaptic potentials (GPSPs), and the discharge deflections directly following each GPSP
(as recorded in Salah and Perkins 2008) are completely gone by 23 + 2 minutes of washing
out the 4-AP (n=3, Salah and Perkins, unpublished data). Percent time spent in SE + ictal-
like events after 4-AP washout was measured for the period encompassing 30-50 min of 4-
AP washout. Longest epileptiform event was measured beginning at 30 min of 4-AP
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washout. Dual recordings from EC and PRC in hippocampal-entorhinal-perirhinal slices
revealed that individual ictal-like events and periods of SE-like activity occurred
synchronously between the two areas both before and after washout of the 4-AP (n = 31);
therefore, measurements of percent time spent in SE + ictal-like events were made in only
one of the two regions in each slice even when there were recordings from both regions, and
EC and PRC data were pooled. Ictal-like events in the presence of ionotropic glutamate
antagonists were not always synchronous between EC and PRC and were measured
separately in those experiments.

Values are reported as mean + SD. n values in the text refer to the number of slices. The
Wilcoxon signed ranks test (Wilcoxon), which is the nonparametric equivalent of the paired
t-test, was used for statistics when each slice served as its own control. The Mann-Whitney
U-test, which is the nonparametric equivalent of the t-test, was used when one group of
slices was compared to another group of slices. P < 0.05 was considered significant.
SigmaPlot 9.01 (Systat Software, Inc., Point Richmond, CA) was used for graphs and
PASW Statistics 18 (SPSS, Inc.) was used for statistics. Portions of this study have appeared
in abstract form (Salah and Perkins, 2008b).

Application of 4-AP in 1.6 mM Mg2*/2.0 mM Ca2* solution caused ictal-like activity in some
slices, but it did not persist following 4-AP washout

Bathing the slices in the 1.6 mM Mg2*/2.0 mM Ca2* solution and 4-AP, field recordings in
EC showed ictal-like activity or mixed interictal and ictal-like activity in 10 of 22 slices. The
other slices showed only interictal-like activity. In 5 of the slices with ictal-like activity, the
4-AP was washed out following 38-50 min in 4-AP (Fig. 2A). In the last 10 min before 4-
AP washout, ictal-like events 33.6 + 18.4 s duration occurred at a rate of 0.64 * 0.45 events/
min (n = 5 slices; mean of means; Fig. 2Ba). None of the five slices showed SE-like activity.
After 4-AP washout, none of the 5 slices showed persistent ictal-like activity (Fig. 2C), but
instead showed infrequent interictal-like events (237 £ 52 ms duration, 0.81 + 0.88 events
per min; n = 5; Fig. 2Bb). Time between beginning of washout and the end of the last ictal-
like event ranged from 4 to 12 min, with a mean of 7 + 4 min (n = 5). In three of the slices 4-
AP was re-applied after 32—40 min of washout, and ictal-like activity reappeared in all three
slices.

Application of 4-AP in a solution containing 0.6 mM Mg2*/1.2 mM Ca?* induced ictal-like
epileptiform activity in entorhinal/perirhinal cortex which persisted after washing out the 4-

AP

The first group of reduced divalent cation/4-AP hippocampal-entorhinal-perirhinal slices
(n=18, referred to as control group A) was first exposed to 0.6 mM Mg?*/1.2 mM Ca?*
solution alone for 30-40 min before 4-AP was added. 14 of 18 slices had no ictal-like
epileptiform activity in EC/PRC in the 0.6 mM Mg2*/1.2 mM Ca2* solution without 4-AP
(Fig. 3A, left); no slices had SE-like activity. Percent time spent in ictal-like events in the
last 10 minutes before addition of 4-AP was 0.5 £ 1.5 % (n=18). (An additional 4 slices
were recorded from in 0.6 mM Mg2*/1.2 mM Ca2* solution for 40-60 min, never adding 4-
AP. One of those slices experienced some ictal-like activity.)

Application of 4-AP (100 pM) caused the onset of (n =12) or increase in (h = 4) ictal-like
epileptiform activity or mixed interictal and ictal-like epileptiform activity (Fig. 3A, middle)
or the onset of SE-like activity (n = 2) in EC/PRC. In total, 8 slices showed SE-like activity
at some point during the 4-AP application. After a period of 30 to 60 min in 4-AP, the 4-AP
was washed out. Ictal-like activity (Fig. 3A, right), mixed interictal and ictal-like activity,
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and/or SE-like activity persisted in all slices following complete 4-AP washout. Percent time
spent in SE + ictal-like events after 4-AP washout was 43.7 £ 31.8 % (n=18). There was no
correlation between duration of 4-AP exposure and percent time spent in SE + ictal-like
events after 4-AP washout (r? = 0.0001, n = 18). Simultaneous recordings from CA3
hippocampus (n=5) revealed persistent interictal-like activity after 4-AP washout, but no
ictal-like activity either before or after 4-AP washout.

The second group of reduced divalent cation/4-AP hippocampal-entorhinal-perirhinal slices
(n = 32, referred to as control group B) was introduced to 0.6 mM Mg?*/1.2 mM Ca2*
solution and 4-AP simultaneously. The slices were exposed to 4-AP for 37-86 min. 4-AP
was then washed out. Ictal-like activity, mixed interictal and ictal-like activity, and/or SE-
like activity persisted in 31 of 32 slices after complete 4-AP washout and throughout the
remainder of the recording (Fig. 3B). One of the slices showed only interictal-like activity.
A scatter plot reveals that duration of the longest epileptiform event was very similar in 4-
AP compared to after 4-AP washout (Fig. 3C). In addition, percent time spent in SE + ictal-
like events was not significantly different in 4-AP vs. after 4-AP washout (Fig. 3D).

Among control group A and B slices, 7 slices were recorded from for at least 80 minutes
following commencement of 4-AP washout. Comparing the period between 30 and 40 min
of 4-AP washout to the period between 70 and 80 minutes of 4-AP washout, there was no
difference in percent time spent in ictal-like events (P = 0.398, Wilcoxon).

Divalent cation concentration during 4-AP exposure determined persistence of ictal-like
activity following 4-AP washout

Contrast the lack of persistent ictal-like activity in EC after 4-AP washout when the 4-AP
was applied in 1.6 mM Mg2*/2.0 mM Ca?* solution (Fig. 2A) to the persistence of ictal
activity when the 4-AP was applied in 0.6 mM MgZ*/1.2 mM Ca2* solution (Fig. 3B). In
order to ask the question of whether the degree of ictal-like activity in the presence of 4-AP
could account for the difference in persistence between the two groups, we compared the
five 1.6 mM Mg2*/2.0 mM Ca2* solution slices which had ictal-like activity in 4-AP to
control group C (0.6 mM Mg2*/1.2 mM Ca?* solution, see methods) slices (n=18). The
same sets of slices were compared in 4-AP and then following 4-AP washout. There was no
significant difference between the percent time spent in ictal-like events in 4-AP in the
control group C slices vs. the 1.6 mM Mg2*/2.0 mM Ca?* solution slices (P = 0.655);
however the 1.6 mM Mg2*/2.0 mM Ca?* slices showed zero ictal-like activity after 4-AP
washout whereas the control group C slices spent 24.7 + 13.8 % of the time in ictal-like
events after 4-AP washout (P = 0.001).

Increasing divalent cation concentration after 4-AP washout

In 8 of the control group B slices the divalent cation concentrations were raised to 1.6 mM
Mg?2* and 2.0 mM Ca?* at 10-50 min after the complete washout of 4-AP (Fig. 4A). The
increased divalent cation concentration was considered to have been fully reached at 30 min
after the solution change. Ictal-like activity persisted after this point in 5 of 8 slices. The
other three slices showed persistent interictal-like events. The mean percent time spent in SE
+ ictal-like events fell significantly upon raising the divalent cation concentration (Fig. 4B),
but the longest epileptiform event was not significantly different before and after the
increase in divalent cation concentration (Fig. 4C). The latest ictal-like event that was
recorded occurred at 80 min after commencing the change to 1.6 mM Mg?* and 2.0 mM
Ca?* solution, which was 2.2 hours after complete 4-AP washout (i.e., 2.7 hours after
commencing the washout of 4-AP).
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Expression of persistent ictal-like epileptiform activity after 4-AP washout was dependent
upon ionotropic glutamatergic synaptic transmission

We next investigated the role of ionotropic glutamatergic synaptic transmission in the
expression of persistent ictal-like activity in entorhinal/perirhinal cortex after 4-AP washout.
First we investigated the role of NMDA-mediated synaptic transmission. Following 37-47
min in 4-AP and 0.6 mM Mg?*/1.2 mM Ca?* solution, 4-AP was washed out for 40-60 min.
Ictal-like activity persisted as described above. D-AP5 was then added (n = 7), causing a
reduction in time spent in SE + ictal-like events (Fig. 5A,C). D-AP5 was considered to have
reached maximally effective concentration by 20 min. Ictal-like events were recorded
beyond this point in all slices (Fig. 5E). Even though there was a significant reduction in
time spent in SE + ictal-like events with the addition of D-AP5, ictal-like epileptiform
activity was still robust in the presence of D-AP5 (Fig. 5A, C). Subsequent application of
NBQX to the solution already containing D-AP5 blocked all remaining epileptiform activity
in 16 min or less (n = 7; Fig. 5A, E; recording maintained for 30-50 min after addition of
NBQX).

Next we investigated the role of AMPA/kainate-mediated synaptic transmission in the
expression of persistent ictal-like activity. Following 36-49 min in 4-AP, the 4-AP was
washed out for 40-60 min (n = 10). Ictal-like activity persisted, as described above, in 9 of
10 slices. One of the 10 slices was excluded from the rest of the experiment because only
interictal activity occurred after complete 4-AP washout. Then NBQX was added, causing a
reduction in epileptiform activity (Fig. 5B, D). NBQX was considered to have reached
maximally effective concentration by 20 min. At least one ictal-like event was recorded
beyond this point in 5 of 9 slices in EC and 6 of 9 slices in PRC (Fig. 5E). The other slices
showed no epileptiform activity (n = 2) or 1.5 - <4 s long interictal-like events (n=2 EC, n
=1 PRC). Subsequent application of the NMDA receptor antagonist D-AP5 to the solution
already containing NBQX blocked all remaining epileptiform activity in 15 min or less (n =
7 of 7; recording maintained for 30-45 min after addition of D-AP5).

Comparing the slices exposed to NBQX first (n = 9) to those exposed to D-APS5 first (n = 7),
the % time spent in ictal-like events in NBQX-only was significantly less than the % time
spent in ictal-like events in D-AP5-only (Fig. 5F), and the longest epileptiform event in
NBQX-only (4.8 + 3.9 sin EC and 8.4 + 8.8 s in PRC) was significantly shorter than the
longest event in D-AP5-only (20.4 £ 10.3sin EC, P =0.003, and 24.6 + 16.1 s in PRC, P =
0.013).

Induction of persistent ictal-like epileptiform activity was dependent upon NMDA receptor

activation

Having established that ionotropic glutamate receptor-mediated synaptic activity was
necessary for the expression of persistent ictal-like activity after 4-AP washout, we next
tested whether NMDA receptor activation during 4-AP exposure would be necessary for the
induction of persistent ictal-like activity (Fig. 6). First, the slice was pre-incubated with the
NMDA receptor antagonist D-AP5 in 1.6 mM Mg?*/2.0 mM Ca?* extracellular solution for
40 min. Then 4-AP was applied in 0.6 mM Mg?2*/1.2 mM Ca2* extracellular solution in the
continued presence of D-APS5 for 60 min, which caused a mixture of interictal- and ictal-like
activity in EC and ictal-like activity in PRC (n = 4). 4-AP was then washed out for 40 min in
the continued presence of D-AP5. In all 4 slices all ictal-like activity stopped by 20 min of
4-AP washout (Fig. 6A, B,C), leaving only infrequent, interictal-like events (<1 s duration),
indicating that D-AP5 blocked the induction of persistent ictal-like epileptiform activity.

In order to address whether a reduction in ictal-like activity during 4-AP exposure in the D-
AP5 slices might account for lack of persistence following 4-AP washout, we compared the
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D-APS5 slices to control group C slices (Fig. 6D, E). There was no significant difference
between the percent time spent in ictal-like events in 4-AP in the control slices vs. the D-
AP5 ( Fig. 6D) slices in PRC; however the D-APS5 slices spent a significantly smaller
percent time in ictal-like events in 4-AP in EC (Fig. 6D).

Induction of persistent ictal-like epileptiform activity was not dependent upon group |
metabotropic glutamate receptor activation

Next we tested whether metabotropic glutamate receptor activation was necessary for the
induction of persistent ictal-like epileptiform events in entorhinal cortex in the 4-AP/reduced
divalent cation model. Slices were pre-incubated with the group I mGIuR antagonists LY
367385 and MPEP for 30 min in 1.6 mM Mg2*/2.0 mM Ca?* solution (Fig. 7). Then we
applied 4-AP in 0.6 mM Mg2*/1.2 mM Ca?* solution for 30-40 min. Ictal-like epileptiform
activity was recorded in EC in all slices (PRC recordings not done), and it persisted after
complete 4-AP washout in all slices (n = 4; Fig. 7A,B). The longest epileptiform event
recorded after 4-AP washout was 137.4 £ 24.5 s (n = 4, Fig. 7C). Percent time spent in SE +
ictal-like events after 4-AP washout did not differ between the control and LY/MPEP slices
(Fig 7D). An additional 4 slices were tested using a similar protocol that varied only in that
the initial LY/MPEP exposure occurred in the presence of 0.6 mM Mg?*/1.2 mM Ca2*
solution. As in the other protocol, there was no significant effect of LY/MPEP on induction
of persistent ictal-like activity (P = 0.147, % time spent in SE + ictal-like events after 4-AP
washout compared to control). Combining the two groups of LY/MPEP slices and
comparing them to the combined controls, P = 0.901.

The protein synthesis inhibitor cycloheximide did not block induction of persistent ictal-
like epileptiform activity

To further study the mechanism of induction of ictal-like activity in entorhinal/perirhinal
cortex, we pre-incubated the slices with the general protein synthesis inhibitor
cycloheximide (60 1M) for 30 min in 0.6 mM Mg2*/1.2 mM Ca?* solution. Then we applied
4-AP for 50-60 min in the continued presence of cycloheximide, obtaining ictal-like
epileptiform activity or mixed ictal and interictal-like epileptiform activity (Fig. 8A). Two of
the slices experienced a period of SE-like activity. The 4-AP was then washed out.
Recording was continued for 24 min or longer beyond complete 4-AP washout in the
continued presence of cycloheximide. 6 of 6 slices (n = 4 rats) showed persistent ictal-like or
mixed ictal- and interictal-like activity for the entire recording in both EC and PRC (Fig. 8).
The longest epileptiform event after 4-AP washout was 111 + 117 s (n = 6, Fig. 8B). Time
spent in SE + ictal-like events after 4-AP washout did not differ between the control and
cycloheximide slices (Fig. 8C).

DISCUSSION

In this paper we have shown that application of 4-AP in a solution containing 0.6 mM Mg?2*/
1.2 mM Ca?* induced ictal-like epileptiform activity in EC and PRC which persisted after
washing out the 4-AP. This persistence of ictal-like activity indicated that a change had
occurred in the slice so that it was now “epileptic” despite the removal of the convulsant.
This 4-AP/reduced divalent cation model is thus a new model of in vitro epileptogenesis.
We have shown that induction of persistent ictal-like activity in this model was 1) dependent
upon the 0.6 mM Mg?*/1.2 mM Ca?* extracellular solution, 2) dependent upon NMDA
receptor activation, 3) not dependent upon group | mGIuR activation, and 4) not dependent
upon protein synthesis.
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NMDA receptor involvement in ictal-like activity

Our experiments showed only a modest effect of NMDA receptor antagonist on the
expression of ictal-like activity in the presence of 4-AP and on the expression of already-
induced persistent epileptiform activity, and yet a complete block of the induction process.
Our experiments showing only moderate effects of blocking NMDA receptors upon
expression of ictal-like activity may be somewhat surprising given that brain slice
experiments of Avoli and colleagues have shown that ictal-like activity in EC (Avoli et al.,
1996) and PRC (de Guzman et al., 2004) in the presence of 4-AP and 2.0 mM Mg2*/2.0 mM
Ca?* is completely blocked by addition of NMDA antagonist. However, our results may be
less surprising in light of recent experiments in whole isolated guinea pig brain which have
shown that ictal activity in hippocampus/EC caused by arterial perfusion of 4-AP is not
reduced by NMDA antagonists (Carriero et al., 2010). Our findings that NMDA receptor
antagonist blocks induction of persistent ictal-like activity but has only a modest inhibitory
effect on the expression of ictal-like activity is reminiscent of the results obtained in the
repeated stimulation and status epilepticus models of epileptogenesis (see below).

Comparison to other models of epileptogenesis

Given our results, it remains a valid hypothesis that induction of persistent ictal-like
epileptiform activity in brain slices is always dependent upon either NMDA receptor
activation or group | mGIuR receptor activation, but not both. Whereas work by several
groups has indicated an important role for group | mGIuR activation in the expression and/or
induction of ictal-like activity in vitro (Arvanov et al., 1995; Martin et al., 2001; Merlin et
al., 1997) and in vivo (Chapman et al., 1999, 2000; Smolders et al., 2004; Yan et al., 2005);
in contrast, we showed here that in the 4-AP/reduced divalent cation model in EC and PRC,
group I mGIuR antagonists neither suppressed expression of ictal-like epileptiform activity
nor blocked the induction of persistent ictal-like activity. Our data demonstrated that the 4-
AP/reduced divalent cation model of epileptogenesis is clearly distinct from the group |
mGIuR in vitro model of epileptogenesis. In contrast to our model, the group | mGIuR
model requires group | mGIuR activation for its induction (Merlin and Wong, 1997), can be
induced in the presence of NMDA and AMPA/kainate receptor antagonists (Merlin, 1999),
and is protein synthesis dependent (Chuang et al., 2005; Merlin et al., 1998).

On the other hand, our 4-AP/reduced divalent cation model of epileptogenesis shares
features with NMDA-receptor-dependent epileptogenesis models. The repeated stimulation
model of epileptogenesis in CA3 in hippocampal slices, in particular, shares features with
our model: its induction is NMDA receptor-dependent (Stasheff et al., 1989), its expression
is not NMDA receptor-dependent as long as AMPA/kainate-mediated transmission is intact
(Stasheff et al., 1989), and its induction is not blocked by protein synthesis inhibitor (Jones
etal., 1992).

Our model also shares its dependence on NMDA receptor activation for induction with the
kindling and status epilepticus models of in vivo epileptogenesis in rats. In the kindling
model, brief electrical stimulation repeated over days gradually lowers the threshold for
triggering a seizure and leads eventually to spontaneous seizures. Administration of NMDA
antagonists just before each electrical stimulation suppresses this epileptogenesis (e.g.,
Sutula et al., 1996). In the status epilepticus models, pilocarpine or kainic acid is used to
induce status epilepticus which is followed some time later by the onset of spontaneous
seizures. If NMDA receptor antagonist is administered prior to the pilocarpine or kainic acid
injection, status epilepticus is not prevented, but the subsequent development of spontaneous
ictal activity and concurrent behavioral seizures is suppressed (Rice and DelLorenzo, 1998;
Stafstrom et al., 1993).
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Ictal-like activity in 4-AP is not sufficient for induction of persistent ictal-like activity

Our 1.6 mM Mg?2*/2.0 mM Ca2* experiments allowed us to address whether ictal-like
activity in 4-AP is sufficient for the induction of persistent ictal-like activity after 4-AP
washout. We found that ictal-like activity occurred in the presence of 4-AP in approximately
half of the 1.6 mM Mg2*/2.0 mM Ca?* slices (the ictal group). When comparing the ictal
group of 1.6 mM Mg2*/2.0 mM Ca?* slices to the 0.6 mM Mg2*/1.2 mM CaZ* control
slices, there was no significant difference in percent time spent in ictal-like activity in the
presence of 4-AP. Despite no difference in percent time spent in ictal-like events in the
presence of 4-AP as compared to control, the ictal group of 1.6 mM Mg?*/2.0 mM Ca2*
slices showed no persistent ictal-like activity upon washout of 4-AP. This lack of persistence
following 4-AP washout indicates that something other than, or something in addition to, the
ictal-like activity itself is required for achieving persistence.

Mechanism of induction of persistent ictal-like activity in 4-AP/reduced divalent cation

model

The dependence of epileptogenesis in our experiments upon 0.6 mM Mg2*/1.2 mM Ca?*
solution and NMDA receptor activation suggests that a key step in induction of persistent
ictal-like activity is the opening of NMDA receptor channels. In this scenario, reduced
[Mg2*] and the depolarization caused by enhanced AMPA/kainate receptor activation in 4-
aminopyridine would promote removal of the Mg2* block of the NMDA receptor channel
(Nowak et al., 1984). In addition, the general reduction in extracellular divalent cation
concentration may increase cellular excitability by shifting the activation curve for voltage-
gated Na* channels (Hille, 2001.) Increased opening of NMDA receptor channels can lead
to CaZ* influx through the channels and to a large number of potential downstream effects.
Because the induction of persistent ictal-like activity in the 4-AP/reduced divalent cation
model was not protein synthesis-dependent, at least in its initial stages, the hypothesized
mechanism of induction should not require a newly made protein. That leaves us to
hypothesize post-translational modification of a protein and/or translocation of a protein that
has already been made.

One of the outcomes of NMDA receptor activation and a rise in intracellular [Ca%*] can be a
dephosphorylation-dependent suppression of GABAergic inhibition (Chen et al., 1990; Chen
and Wong, 1995, Stelzer and Shi, 1994). Suppressed GABAergic inhibition generally
promotes epileptiform activity (e.g., Miles and Wong, 1987; Stelzer et al., 1987; however,
c.f. Kantrowitz et al., 2005 and Lopantsev and Avoli, 1998). Another possible downstream
effect following NMDA receptor activation and Ca?* entry would be the postsynaptic
trafficking of NMDA and AMPA receptors to the synapses involved in producing the ictal-
like events; an increased number of glutamate receptors at the synapse would create larger
depolarizing responses to released transmitter. There is evidence that trafficking of AMPA
and/or NMDA receptors to the activated synapse may account for the protein-synthesis-
independent early phase of NMDA receptor-dependent long-term potentiation in the
hippocampus and dentate gyrus (Grosshans et al., 2002; Shi et al., 1999; Williams et al.,
2007). A third downstream effect of NMDA receptor activation and a rise in intracellular
calcium can be the sustained opening of pannexin hemichannels (Locovei et al., 2006;
Thompson et al., 2008) or post-exposure-current-(lpe) channels (Chen et al. 1997, 1998; I
shares many features with current through pannexin hemichannels, suggesting that I,e
channels are pannexin hemichannels). This step would not require protein synthesis because
closed hemichannels are constitutively present in the cell membrane (Zoidl et al., 2007).
Current through open pannexin hemichannels may provide a sustained depolarization that
itself may augment epileptiform activity (Thompson et al., 2008) or, alternatively, the large
Ca?* influx through the Ipe channels may promote cell death (Chen et al., 1997) which
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would change the neural network and possibly promote epileptiform activity (Kobayashi et
al., 2003; Du et al., 1993; Du et al., 1995).

In conclusion, we have characterized a new in vitro model of epileptogenesis which is
clearly distinct from the group | mGluR-dependent model, but which shares features with
the repeated stimulation model. In this 4-AP/reduced divalent cation model, induction is
dependent upon NMDA receptor activation but not upon group | mGIuR activation or
protein synthesis.
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Fig. 1. Ictal-like and/or status epilepticus-like events could berecorded in entorhinal and
perirhinal cortices after application of 4-aminopyridine

Slices bathed in 0.6 mM Mg2*/1.2 mM Ca2* solution. A: Ictal-like event illustrating tonic
and clonic components. Field electrode in entorhinal cortex layer 11/111. B: SE-like event in a
different slice. Full event lasted over 29 min. Field electrode in perirhinal cortex layer 11/111.
a: Trace filtered after digitization using a 0.05 Hz high-pass RC filter. b: Same SE-like event
on an expanded time scale. Trace in b not filtered after digitization.
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Fig. 2. Application of 4-AP in a solution containing 1.6 mM Mg?* and 2.0 mM Ca?* induced
ictal-like epileptiform activity in entorhinal cortex which did not persist after washing out the 4-
AP

4-AP (100 M) caused ictal-like activity in the entorhinal cortex in 1.6 mM Mg2*/2.0 mM
Ca?* solution in 10 of 22 slices; however, the ictal-like activity did not persist upon washout
of the 4-AP (n =5 of 5). A: In this slice the ictal-like activity was replaced with interictal-
like activity at approximately 12 min of 4-AP washout. Trace filtered after digitization using
a 0.5 Hz high-pass RC filter. B: Expanded traces from early (a) and late (b) in the washout
showing an ictal-like event from point a in A and interictal-like events from point b in A.
Traces in B were not filtered after digitization. C: Summary of 5 slices which had ictal-like
activity in 4-AP, comparing percent time spent in ictal-like activity before and after 4-AP
washout (Wilcoxon).
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Fig. 3. Application of 4-AP in a solution containing 0.6 mM Mg2*/1.2 mM Ca2" induced ictal-
like epileptiform activity in entorhinal/perirhinal cortex which persisted after washing out the 4-
AP

A: Bathing slice in 0.6 mM Mg2*/1.2 mM Ca2* solution did not cause epileptiform activity
in this slice (left). Addition of 4-AP (100 pM) caused ictal-like epileptiform activity
(middle). Ictal-like epileptiform activity persisted upon washout of 4-AP (right, same trace
as Fig. 1A). Right trace taken 42 min after initiation of 4-AP washout. All traces in A
recorded from same slice. Field electrode in A in entorhinal cortex layer 1I/111. B: A different
slice showing persistence of ictal-like activity over 57 min of 4-AP washout. Field electrode
in B in perirhinal cortex layer I1/111. C: Scatter plot of control group B slices showing length
of longest epileptiform event in each slice in 4-AP and after 4-AP washout. N=30 in 4-AP
and n=32 after 4-AP washout. The two triangles denote the two slices in which the longest
event after 4-AP washout was measured but the longest event in 4-AP was not measured due
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to a 4-AP exposure < 40 min. D: Bar graph of control group B slices comparing % time
spent in SE + ictal-like events before and after 4-AP (Wilcoxon, n= 30).
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Fig. 4. Raising divalent cation concentration to 1.6 mM MgZ+/2.O mM Ca2* after complete 4-AP
washout reduced but usually did not block ictal-like activity

A: Recording from entorhinal cortex in 0.6 mM Mg%*/1.2 mM Ca2* solution in 4-AP (top),
after 4-AP washout for 32 min (middle) and after 31 min in 1.6 mM Mg2*/2.0 mM Ca?*
solution (bottom). B: % time spent in SE + ictal-like events after 4-AP washout fell upon
raising the divalent cation concentration (n = 8, measured for the 10 min period immediately
prior to initiation of the solution change and for the 10 min period between 30 and 40 min
following initiation of the solution change). Triangles represent the slice in A. C: Longest
epileptiform event in 4-AP washout in each slice before and after raising the divalent cation
concentration. Three of eight slices had no ictal-length events after raising divalent cation
concentration. The unpaired point represents the slice that had only SE-like activity before
the divalent cation concentration was raised. Excluding unpaired point, P = 0.237,n =7
(Wilcoxon).
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Fig. 5. Expression of persistent ictal-like activity after 4-AP washout was dependent upon
ionotropic glutamater gic synaptic transmission

A: Persistent, ictal-like epileptiform activity after 4-AP washout (top, full ictal-like event
lasted 185 s) was reduced but still present after application of the NMDA receptor
antagonist D-AP5 (middle), but all epileptiform activity was blocked after subsequent
application of the AMPA/kainate antagonist NBQX (bottom). Data in A recorded in
perirhinal cortex (PRC) in the same slice at 56 min of 4-AP washout (top), at 58 min of D-
AP5 exposure (middle), and at 17 min of NBQX exposure (bottom). B: Persistent, ictal-like
epileptiform activity after 4-AP washout (top, full ictal-like event lasted 168 s) was reduced
but still present after application of the AMPA/kainate antagonist NBQX (bottom) in this
slice. Data in B recorded in PRC in the same slice at 58 min of 4-AP washout (top) and at 37
min of NBQX exposure (bottom). C: Percent time spent in SE + ictal-like events in
entorhinal cortex (EC) in each slice fell with addition of D-AP5 (n=6; measured for the last
10 min of 4-AP wash before the D-AP5 application and for the 10 minutes between 20 and
30 minutes of D-AP5 application). D: Percent time spent in SE + ictal-like events in EC in
each slice fell with addition of NBQX (n=9; measured for the last 10 min of 4-AP wash
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before the NBQX application and for the 10 minutes between 20 and 30 minutes of NBQX
application). E: Bar graph illustrating % of slices still showing ictal-like activity after D-
AP5, after NBQX, and after both D-AP5 and NBQX in EC and PRC. F: Bar graph
illustrating % time spent in ictal-like events after D-AP5, after NBQX, and after both D-AP5
and NBQX. (There was no SE-like activity.) Percent time spent in ictal-like events was
significantly lower in the presence of only NBQX than in the presence of only D-AP5.
Protocol was 4-AP, then 4-AP washout, then application of ionotropic glutamate antagonist,
then sometimes application of second ionotropic glutamate antagonist. Slice bathed in 0.6
mM Mg2*/1.2 mM Ca2* solution throughout protocol.
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Fig. 6. NM DA receptor antagonist did not block the onset of ictal-like activity but did block the
induction of persistent ictal-like activity

A: Summary graph showing % time spent in ictal-like events in each successive condition in
each slice in EC. (There was no SE-like activity.) Protocol of experiment shown at top. Each
slice represented by a different symbol. Pre-incubation with the NMDA receptor antagonist
D-AP5 in 1.6 mM Mg2*/2.0 mM Ca2* solution (), did not prevent the onset of ictal-like
activity in 4-AP/0.6 mM Mg2*/1.2 mM Ca2* solution (b), but did prevent persistence after
4-AP washout (c). B: Traces from EC in same slice (represented by square in A) in each
condition. Lower case letters match letters on x-axis in A. Middle trace (b) was recorded in
the presence of D-AP5 at 58 min of 4-AP application. C: Ictal-like epileptiform activity
stopped within 20 min of 4-AP washout in continued presence of D-AP5 (recording
continued for an additional 11 min. not shown). Simultaneous recording from EC and PRC
from same slice as B. Traces filtered after digitization using a 0.3 Hz high-pass RC filter. D:
Bar graph comparing D-AP5 slices to control group C slices showing a smaller percent time
spent in ictal-like events during 4-AP exposure for D-APS5 slices in EC but no significant
difference between D-AP5 slices and control slices in PRC (n=18 control, n= 4 D-AP5; NS
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= not significant compared to either of the other two bars). E: Bar graph comparing control

group C slices to D-APS5 slices showing persistent ictal-like activity after 4-AP washout in
control slices but none in D-APS5 slices, either in EC or PRC (n=18 control, n= 4 D-AP5).
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Fig. 7. Group | metabotropic glutamate receptor antagonists did not prevent the induction of
persistent ictal-like epileptiform activity

A: Summary graph showing percent time spent in ictal-like events in each successive
condition in each slice in EC. Protocol of experiment shown at top. Each slice represented
by a different symbol. Pre-incubation with the group | mGIuR antagonists LY 367385 (LY)
and MPEP in 1.6 mM Mg2*/2.0 mM Ca2* solution for 40 min (a), did not prevent the onset
of ictal-like epileptiform activity upon application of 4-AP in 0.6 mM Mg2*/1.2 mM Ca?*
solution (b), and the ictal-like epileptiform activity persisted after washing out 4-AP (c). B:
Traces from EC in same slice (represented by circle in A) in each condition. Lower case
letters match letters on x-axis in A. Top trace (a) recorded in 1.6 mM Mg2*/2.0 mM Ca%*
solution in the presence of LY/MPEP. Middle trace (b) recorded at 36 min of 4-AP
application in the presence of LY/MPEP. Bottom trace (c) recorded at 53 min of 4-AP
washout in the continued presence of LY/MPEP. C: Scatter plot comparing control group B
slices and LY/MPEP slices showing length of longest epileptiform event in each slice after
4-AP washout. D: Bar graph shows no difference between control group B and LY/MPEP
slices in percent time spent in SE + ictal-like events after 4-AP washout (n = 32 control and
n=4LY/MPEP).
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Fig. 8. The protein synthesisinhibitor cycloheximide did not prevent the induction of persistent
ictal-like epileptiform activity

A: Pre-incubation of slices in cycloheximide for 30 min in 0.6 mM MgZ*/1.2 mM Ca2*
solution before introduction of 4-AP did not prevent the onset of ictal-like activity in 4-AP
(top) and did not prevent the persistence of ictal-like epileptiform activity upon washout of
4-AP (bottom). Top trace recorded in EC at 34 min of 4-AP exposure. Bottom trace
recorded in EC in same slice at 48 min of 4-AP washout. B: Scatter plot comparing control
group A slices and cycloheximide slices showing length of longest epileptiform event in
each slice after 4-AP washout. C: Bar graph shows no difference between control group A
slices and cycloheximide slices in percent time spent in SE + ictal-like events after 4-AP
washout (n = 18 control and n = 6 cycloheximide). All slices bathed in 0.6 mM Mg2*/1.2
mM Ca2* solution throughout time in recording chamber.
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