





like events were recorded in the CA3 region in 4-AP. 1 slice showed both interictal-like
and ictal-like activity in the CA3 region. After the wash-out of the 4-AP, interictal-like
events (but no ictal activity) persisted in the CA3 region (n= 11 of 11 slices; Fig 2-3,

right).

Maintenance of persistent ictal-like epileptiform activity was dependent upon ionotropic

glutamatergic synaptic transmission

We next investigated the role of ionotropic glutamatergic synaptic transmission in the
maintenance of the ictal-like activity in the entorhinal cortex region of hippocampal-
entorhinal-perirhinal slices after 4-AP washout. Persistent ictal-like activity was
recorded after 4-AP wash-out, and then the AMPA/kainate antagonist NBQX was
applied. The ictal-like events persisted in NBQX in 7 of 8 slices. The ictal-like events
were blocked by subsequent addition of the NMDA antagonist D-AP5 to the solution
already containing NBQX.

In the same way, application of D-AP5 did not block persistent ictal-like activity
in 8 of 8 slices. The ictal-like events were blocked by the subsequent addition of NBQX
to the solution already containing D-AP5 (Fig 2-4B). These experiments indicate that
once persistent ictal-like activity is induced, either the NMDA-mediated or the
AMPA/kainate-mediated component of ionotropic glutamate-mediated synaptic

transmission is required for the maintenance of persistent ictal-like activity, but that it is
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not necessary to have both ionotropic glutamate components operational to maintain the

persistent ictal-like activity.

Presence of hippocampus was not required for induction of persistent ictal-like activity in

entorhinal cortex

We next began to investigate what conditions were necessary for the induction of
persistent ictal-like activity in entorhinal/perirhinal cortices. First we asked the question
whether the presence of hippocampus was required. In entorhinal-perirhinal slices in
which the hippocampus was not present, field recordings were performed at layer 11/111 of
the entorhinal cortex (n=6). In 5 out of 6 slices we obtained ictal-like epileptiform events
(Fig. 2-5A). In 4 of these slices we washed out the 4-AP. After the 4-AP wash-out, the
ictal-like epileptiform events persisted in all 4 slices (Fig. 2-5B). The longest ictal event
after 30 minutes or more of wash was measured in each of the 4 slices and ranged from

1.2 min to 5.9 min with a mean of 4.0 £ 2.6 min.

Decreased divalent cation concentrations were necessary in order to induce persistent

ictal-like activity in hippocampal-entorhinal cortex slices.

Under normal concentrations of Mg?* and Ca** (1.6 mM and 2 mM, respectively) field

recordings in entorhinal cortex showed ictal-like activity in 4-AP in 10 of 22 slices. In5
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Fig. 2-4. Maintenance of persistent epileptiform activity was dependent upon
ionotropic glutamatergic synaptic transmission

A: Persistent, ictal-like epileptiform activity was still present in entorhinal cortex after
application of the AMPA/kainate antagonist NBQX (middle), but all epileptiform activity
was blocked after subsequent application of the NMDA antagonist D-APS5 (right).

B: Persistent, ictal-like epileptiform activity was still present in entorhinal cortex after
application of D-AP5 (middle), but it was blocked after subsequent application of NBQX

(right)

A
4-AP

W ATy
)

4-AP wash 1 min

Fig. 2-5. Presence of hippocampus was not required for induction of persistent
ictal-like activity in entorhinal cortex. A: A slice in which hippocampus was cut off
shows ictal-like activity in entorhinal cortex in 4-AP. B: A long ictal-like event recorded
at 50 min of washing out 4-AP
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of those 10 slices, we then washed out the 4-AP (Fig. 2-6A). Before 4-AP washout, ictal
events 40 * 14 s duration occurred rhythmically with an interval of 2.5 + 1.2 min (n=5).
After 4-AP washout, none of the 5 slices showed persistent ictal-like activity (Fig. 2-6A),
but instead showed interictal-like events (237 £ 52 ms duration, n=5; Fig. 2-6Bb). 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).

Induction of persistent ictal-like epileptiform activity was not dependent upon

metabotropic glutamatergic transmission

To study the mechanism of induction of persistent ictal-like epileptiform events in the
entorhinal/perirhinal cortex area of hippocampal-entorhinal-perirhinal slices we used
several drugs. In one set of slices, we pre-incubated the slice with the group | mGIuR
antagonists LY 367385 and MPEP for 30 min in reduced divalent cation bath solution.
Then we applied 4-AP for 30 min. Ictal-like epileptiform activity was recorded in
entorhinal cortex in all slices, and it persisted after at least 30 minutes of 4-AP wash-out
(n=4 of 5). In order to insure that the reduced divalent cation solution itself had not
caused some change in the slice before the antagonists could take effect, we re-did the
experiments pre-incubating the slice with the group I mGIuR antagonists LY 367385 and
MPEP for 30 min in normal divalent cation bath solution (Fig. 2-7). Then we applied 4-
AP in reduced divalent cation bath solution for 30 min. Ictal-like epileptiform activity

was recorded in entorhinal cortex in all slices, and it persisted after at least 30 minutes of
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Fig. 2-6. Ictal-like activity did not persist following 4-AP wash-out in a solution
containing normal Mg2™" (1.6mM) and Ca2* 2mM).
A: 4-AP caused ictal-like activity in the entorhinal cortex area of this hippocampal-
entorhinal slice in normal divalent cation solution, but the ictal-like activity did not
persist upon washout of the 4-AP. The ictal-like activity was replaced with interictal-like
activity at approximately 12 minutes of wash. This trace was filtered after digitization
using a 0.5 Hz high-pass RC filter using pClamp 9 software. The filtering was used to
correct for gradual DC shifts in the baseline potential. The filtering caused the addition of
upward-going component to the events. The actual look of individual events is shown in
B, where the data was not filtered following digitization. B: Expanded traces from early

(a) and late (b) in the wash showing an ictal-like event from point a in 4 and interictal-
like events from point b in 4.

1.6 Mg2t/2 Ca2+

0.6 Mg2t/1.2 Ca2t

LY/MPEP
+ 4-AP 4-AP wash
\/Wmmwwmrjs_"
0.5mV

Fig. 2-7 Metabotropic glutamate antagonists did not prevent induction of
persistent ictal-like epileptiform activity.

Pre-incubation with the group I mGIluR antagonists LY 367385 and MPEP did not
prevent the onset of ictal-like epileptiform activity upon application of 4-AP in reduced
divalent cation solution (middle), and the ictal-like epileptiform activity persisted after
washing out 4-AP (right)
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4-AP wash-out in all slices (n=4), indicating that group | metabotropic glutamate receptor

activation is not required for the induction of persistent ictal-like epileptiform activity.

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

and AMPA/kainate components of ionotropic glutamatergic transmission

Next we tested whether activation of ionotropic glutamate receptors is necessary for the
induction of persistent ictal-like activity. In the first set of ionotropic glutamate
antagonist experiments, the AMPA/kainate receptor antagonist NBQX and the NMDA
receptor antagonist D-AP5 were co-applied for 30 min prior to application of the 4-AP in
normal divalent cation solution. The addition of 4-AP in reduced divalent cation solution
did not cause epileptiform activity, and there was no epileptiform activity upon washout

of the 4-AP or upon subsequent washout of the glutamate receptor antagonists (n=4).

Next we tested the ionotropic glutamate antagonists separately. In one set of
experiments we tested the AMPA/kainate receptor antagonist NBQX (Fig. 2-8A). First,
we pre-incubated the slice with NBQX in normal divalent cation bath solution for 30
min. Then we applied 4-AP in reduced divalent cation bath solution in the continued
presence of NBQX for 30 min, which caused a mixture of interictal and ictal-like activity
in entorhinal cortex (EC). Perirhinal cortex (PC) showed ictal-like activity (n=4). No
synchronous activity persisted upon washout of the 4-AP (n=4). The ictal-like events
recorded in PC stopped after 15.0 = 8.8 minutes of washing out the 4-AP. The key step

for testing persistence was the subsequent washout of NBQX; no synchronous activity
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Fig. 2-8. Ionotropic glutamate antagonists prevented induction of persistent ictal-
like epileptiform activity.

A: Pre-incubation with the AMPA/kainate ionotropic glutamate receptor antagonist
NBQX did not prevent the onset of ictal-like activity with the application of 4-AP in
reduced divalent cation solution in perirhinal cortex, but did prevent the induction of
persistent epileptiform activity. Re-application of 4-AP (right-most panel) caused ictal-
like epileptiform activity, demonstrating that the slice was still capable of generating
epileptiform activity.

B: Pre-incubation with the NMDA ionotropic glutamate receptor antagonist D-AP5 did
not prevent the onset of ictal-like activity with the application of 4-AP in reduced
divalent cation solution in perirhinal cortex, but did prevent the induction of persistent
epileptiform activity. No epileptiform activity was recorded following 4-AP washout and
D-APS wash-out. Re-application of 4-AP (right-most panel) caused ictal-like
epileptiform activity, demonstrating that the slice was still capable of generating it.
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appeared in EC or PC after 30 minutes of NBQX washout (n=4), indicating that NBQX
blocks the induction of persistent epileptiform activity. Re-application of 4-AP after
NBQX washout caused mixed interictal- and ictal-like epileptiform activity in 2 of the 4
slices and interictal activity in 2 of the 4 slices in EC and ictal-like (n=2), mixed (n=1) or
interictal-like (n=1) activity in PC, demonstrating that the slice was still capable of

generating epileptiform activity.

In another set of experiments we tested the NMDA receptor antagonist D-AP5
(Fig. 2-8B). First, we pre-incubated the slice with D-AP5 in normal divalent cation bath
solution for 30 min. Then we applied 4-AP in reduced divalent cation bath solution in
the continued presence of D-AP5 for 30 min, which caused a mixture of interictal- and
ictal-like activity in EC (n=4) and ictal-like activity in PC (n=4). After washout of 4-AP
for 30 min in the continued presence of D-APS5, the slice exhibited interictal activity in
EC (n=4) and only occasional very short and small synchronous events in PC (n=4). The
ictal-like events recorded in PC stopped after 12.2 £ 5.8 min of washing out the 4-AP.
The key step for testing persistence was the subsequent washout of D-AP5: no ictal
activity but only interictal activity appeared in EC (n=4), and no synchronous activity at
all appeared in PC after 30 minutes of D-AP5 washout (n=4), indicating that D-AP5
blocks the induction of persistent epileptiform activity. Re-application of 4-AP after D-
AP5 washout caused ictal-like epileptiform activity in both EC (n= 4 of 4) and PC (n=3
of 3), demonstrating that the slice was still capable of generating epileptiform activity.

Together, these experiments demonstrated that induction of persistent ictal-like
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epileptiform activity is dependent upon both the NMDA and AMPA/kainate components

of ionotropic glutamatergic transmission.

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 epileptiform events in
hippocampal-entorhinal-perirhinal slices, we pre-incubated the slice with the general
protein synthesis inhibitor cycloheximide (60 uM) for 30 minutes. Then we applied 4-AP
in the continued presence of cycloheximide, obtaining ictal-like epileptiform events.
After 30-40 min of the wash-out of the 4-AP, in the continued presence of
cycloheximide, persistent ictal-like epileptiform activity was seen in 7 out of 7 slices

(Fig. 2-9).

Cycloheximide

+4-AP 4-AP wash

T T e T

20s

2mV

Fig. 2-9. The protein synthesis inhibitor cycloheximide did not prevent the
induction of persistent ictal-like epileptiform activity in entorhinal cortex.

Pre-exposure of slice to cycloheximide for 30 min did not prevent the onset of ictal-like
activity in 4-AP (middle panel) and did not prevent the persistence of ictal-like
epileptiform activity upon wash-out of 4-AP (right-most panel).
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DISCUSSION

In this paper we showed that application of 4-AP in a solution containing reduced
divalent cation concentrations induced epileptiform activity in entorhinal and perirhinal
cortices which persisted after washing out the 4-AP, showing in this way a new model of
in vitro epileptogenesis. This is an exciting finding because it indicates that a change has

occurred in the slice so that it is now “epileptic” despite the removal of the convulsant.

Successful wash-out of 4-AP

The persistence of the ictal-like activity was not due to an inability to wash out the 4-AP.
Our data indicate that the 4-AP was successfully washed out in these slices. Our first
indication is from the recordings in normal divalent cation solution in which the ictal-like
events stopped at a mean of 7 minutes of washing out the 4-AP. Our second indication
is that the ictal-like events recorded in PC following pre-incubation with NBQX stopped
after a mean of 15 minutes of washing out the 4-AP, and the ictal-like events recorded in
PC after pre-incubation in D-AP5 stopped after a mean of 12 minutes of washing out the
4-AP. In contrast, the ictal-like events recorded in reduced divalent cation solution and

4-AP repeatedly persisted after more than 50 minutes of washing out the 4-AP.

Hippocampus versus entorhinal/perirhinal cortices

In our experiments, we induced ictal-like activity in EC and PC but usually only
interictal-like activity in hippocampus. In addition, we were able to record persistent
ictal-like activity in EC in slices in which the hippocampus and dentate gyrus had been

removed prior to the experiment. Although a lot of work on temporal lobe seizures has
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focused on the hippocampus and amygdala, some recent data suggests that the EC may
often be the initiating site of ictal-like epileptiform events. In a study of 11 human
patients with temporal lobe epilepsy, the seizures of several of the patients began in EC
and propagated to the hippocampus, rather than the other way around (Bartolomei et al.,
2005). In rat slices containing EC and hippocampus, ictal-like epileptiform activity
recorded in 4-AP originated in EC and from there propagated to the hippocampus.
Perirhinal cortex may also be involved in seizure initiation. In slices of EC and PC in 4-
AP, ictal-like epileptiform activity sometimes originated in PC and sometimes in EC and
then propagated to the other structure (de Guzman et al. 2004).

It has been suggested that interictal activity in hippocampus actually functions to
suppress ictal activity initiated in EC or PC (e.g., Bragdon et al. 1992; Avoli, 2001). For
example, Bragdon et al. (zero magnesium model, 1992) and Barborsie and Avoli (4-AP
model, 1997) have shown in hippocampal-entorhinal slices that interictal events
generated in CA3 hippocampus can prevent the occurrence of ictal-like events in
entorhinal cortex and that mimicking interictal bursts with stimuli can suppress ictal-like

bursting.

Comparison to other in vitro models of epileptogenesis

This 4-AP/reduced divalent cations model of epileptogenesis is clearly distinct from the
group [ metabotropic glutamate model. In contrast to our model, the group I
metabotropic glutamate model requires group I mGluR activation for its induction
(Merlin and Wong 1997), can be induced in the presence of NMDA and AMPA /kainite

antagonists (Merlin 1999) and is protein synthesis dependent (Merlin et al. 1998). On the
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other hand, our model seems to share features with repeated stimulation models of
epileptogenesis: its induction is NMDA-dependent (Stasheff et al. 1989), its maintenance
is not NMDA-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).

Mechanism of induction of persistent ictal-like activity

We have shown that induction of persistent ictal-like activity in entorhinal/perirhinal
cortex in this model 1) is dependent upon reduced divalent cation solution, 2) is not
dependent upon group I mGluR activation, 3) is dependent upon NMDA activation, 4) is
dependent upon AMPA/kainate receptor activation, and 5) is not dependent upon protein
synthesis. Because it is 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 the insertion into the membrane of a protein that has already
been made or perhaps the opening of a closed membrane channel. This change in
functional protein may be caused by a post-translation modification of a protein that has
already been made, for example, phosphorylation or dephosphorylation of the protein.
The dependence upon reduced divalent cation solution suggests several possibilities
which need not be mutually exclusive: 1) the reduced extracellular Mg is necessary to
remove the Mg2+ block of the NMDA receptor (Nowak et al. 1984); 2) the reduced
extracellular Ca>" is necessary because reduced extracellular Ca®" increases the opening

of gap junctions 3) the reduced extracellular Ca®* is necessary because reduced
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extracellular Ca*" concentration increases the opening of pannexin hemichannels (even
with only a modest reduction to 1.4 mM; Thimm et al. 2005); or 4) a general reduction in
divalent cation concentration is necessary in order to lower the voltage threshold for the
generation of voltage-gated sodium and calcium action potentials (Hille 2001).

4-AP application is associated with the phosphorylation of the MAP kinase ERK (Merlo
et al. 2004) and the phosphorylation of the tyrosine kinase Src (Sanna et al. 2000), which
converts these kinases to the active form. These kinases may be responsible for
phosphorylating any number of proteins that could affect the generation of epileptiform
activity. Inhibition of either of these kinases can suppress epileptiform activity in the
continued presence of 4-AP. As the 4-AP was not washed out to test for epileptogenesis,
it is unknown whether activation of these kinases is important in epileptogenesis (Merlo
et al. 2004; Sanna et al. 2000).

Increased opening of NMDA receptor channels can lead to Ca®" influx through the
channels and a large number of potential downstream effects. Pannexin hemichannel
opening, which can be triggered by NMDA receptor activation (Chen et al. 1997;
Thompson et al. 2008) and by reduced extracellular Ca** concentration (Thimm et al.
2005), may provide a sustained depolarization that itself may augment epileptiform
activity (Thompson et al. 2008) or may have downstream effects due to the Ca*" influx

through the hemichannels (Chen et al. 1997).

In conclusion, we have characterized an in vitro model of epileptogenesis that is

clearly distinct from the group I metabotropic glutamate-dependent model, and that is
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dependent upon both NMDA and AMPA /kainate receptor activation but not protein

synthesis for its induction.
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GENERAL DISCUSSION and SIGNIFICANCE

By having two parts in this thesis, I have been able to study the epileptiform phenomenon
in two different but important ways. The first part deals with interictal-like events and the
second part with ictal-like activity and epileptogenesis. My thesis provides two things in
particular: 1) a test of whether a necessary role for group I metabotropic glutamate
receptor activation in the induction and/or maintenance of epileptiform activity is a
unifying feature of the epilepsies and 2) characterization of a new in vitro model of
epileptogenesis, which has the promise of providing an in vitro system in which to
discover the mechanisms of epileptogenesis and on which to test procedures or drugs that
might block epileptogenesis. In these ways I think that my contribution to the epilepsy
field is important and it is going to help in the developing of new drugs and the better

understanding of this disease.

I. Group I metabotropic glutamate activation is not necessary for the emergence or

expression of interictal-like activity or for the induction or maintenance of persistent

ictal-like activity in the models we tested

When I began this thesis work, I was asking the question of whether activation of
group [ metabotropic glutamate receptors was necessary for the generation of
epileptiform activity. There were already reports indicating the importance of group I
metabotropic glutamate receptors in the generation of epileptiform activity in some
models (Lee el at, 2002; Wong et al, 2005; Merlin, 1999; 2002), and I hypothesized that a

requirement for their activation might be something that all epilepsy models had in
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common. The first half of my thesis looked at a relatively new model of in vitro
epileptiform activity, that of 4-AP plus GABAg antagonist CGP 55845 (Kantrowitz et al,
2005). The individual epileptiform events were generally in the 500ms- 1.5 s range in
duration, and therefore would be considered by most to be interictal-like events. These
epileptiform events in this model are triggered by the GABA4 receptor-mediated
depolarizing GABA component of the GPSP (Kantrowitz et al, 2005), which makes it
different from many other in vitro models of interictal-like activity, many of which
involve block of GABA4 receptors. No group had assessed the role of group I mGIuR in
this 4-AP/CGP 55845 model. I showed that while group I metabotropic glutamate
receptors are activated in that model, blocking them does not block ongoing activity and
does not prevent the emergence of activity when pre-applied before the 4-AP/CGP55845.
Given that result and the fact that most of the reports of the importance of group I
metabotropic activation in epileptiform activity involved ictal-like activity (Merlin,
1999), I next hypothesized that group I mGluR activation was not necessary for the
generation of interictal activity but was necessary for the generation of ictal-like activity.
In order to test that hypothesis, I needed an in vitro model of ictal-like activity that was
not triggered by exogenous metabotropic glutamate agonist. First, I tested the Ziburkus
model of reduced divalent cation solution and 4-AP in hippocampus (Ziburkus, 2006).
Unlike Ziburkus, I did not see ictal-like events in hippocampus. Next I tested Avoli’s
model (de Guzman et al 2004) of entorhinal-hippocampal slices in 4-AP, except using
guinea pigs. I did not get ictal-like events in entorhinal cortex, either with or without the
cut between hippocampus and entorhinal cortex. I next tried the model with rats, which

is the species that Avoli used, and got only interictal events. Then I tried a new in vitro
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model which no one has reported before as far as [ am aware: I tried the Ziburkus
reduced divalent cation solution with 4-AP in rats in hippocampal-entorhinal slices, and I
reliably recorded ictal-like events in entorhinal cortex. This is the model I chose to
pursue.

One of my first questions in assessing the model was whether the ictal-like events
would persist following the washout of the 4-AP. To our excitement they did, and we
thus had a new model of in vitro epileptogenesis. The second half of my thesis was spent
characterizing the new model and studying the mechanism of induction of persistent
ictal-like activity. As part of this work, I assessed whether activation of group I
metabotropic glutamate receptors was necessary for the induction and maintenance of
ictal-like epileptiform activity. Pre-incubation with the group I metabotropic glutamate
receptor antagonists LY 367385 and MPEP did not have any perceptible effect on the
emergence of ictal-like activity upon addition of 4-AP and reduced divalent cation
solution. This ictal-like activity persisted following washout of 4-AP. These findings
indicated that group I metabotropic glutamate receptor activation is not required for in
vitro epileptogenesis and is not required for the maintenance of ictal-like activity.

To summarize, 1) In guinea pigs in the 4-AP/CGP 55845 model, enough
glutamate was released to activate group I mGluRs and affect GPSP rate via mGlu5
receptors; however, this group I mGIuR activation was not required for the generation of
the epileptiform activity; and 2) group I metabotropic glutamate receptor antagonists had
no discernable effect on epileptogenesis or on the expression of ictal-like events in

reduced divalent cation solution/4-AP.
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What may account for the reason that group I metabotropic receptor activation
was not required in these two in vitro models of epileptiform activity? First of all, it is not
because these antagonists are for some reason inactive in our hands. We showed that
MPEP increased GPSP rate and indeed, as shown in Fig. 5 of the Part | RESULTS, group
I mGluR antagonists blocked the emergence of longer epileptiform events and decreased
the overall amount of synchronous activity in the GABA antagonist/4-AP model. We
hypothesize that it may be the case that only epileptiform activity that was initially
caused via overactivity in a specific set of pathways will be shown to be sensitive to
group I mGluR antagonists. It has been hypothesized that in the model of persistent
epileptiform activity induced by DHPG (Merlin and Wong, 1997), group I mGluR
activation may provide the depolarization underlying an individual epileptiform event
through activation of Ingryv) (Wong et al. 2004). In the 4-AP/CGP 55845 model,
mGluR activation is not required to provide an underlying depolarization to the
individual epileptiform event because that depolarization is provided by the GABA-
mediated depolarization (Kantrowitz et al, 2005; Salah and Perkins 2008). In our model
of ictal-like activity, we do not know what provides the sustained depolarization
underlying an individual ictal-like event (see more below), but we know it is not group I

mGluR-mediated since group I mGluR antagonists have no effect on the ictal-like events.

II. Interictal versus Ictal-like activity
We can divide epileptiform events seen in the EEG or with field electrodes into two
different kinds: interictal events and ictal events. Interictal means “between ictal”; these

are the abnormal electrical events that occur in the brain between seizures that do not
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themselves cause a seizure. The ictal events last longer, from seconds to minutes; in vivo
these ictal events are associated with behavioral seizures.

The generation of interictal activity has been studied by many groups, most often
using convulsants that are GABA antagonists like bicuculline, picrotoxin (Dingledine et
al. 1986; Miles and Wong 1987), and penicillin (Traub and Wong 1982). These studies
concluded that the imbalance between excitation mediated by ionotropic glutamate
receptors (iGluR) and inhibition mediated by GABA receptors in the CA3 network is
responsible for interictal-like epileptiform activity.

Much less is known about the generation of ictal events. This is in large part due
to the fact that there are few models of ictal-like activity in brain slices. Because it is
ictal events that cause seizures, it is important to study models in which we can obtain
ictal-like discharges. Our model will provide the opportunity to further investigate the
synaptic and voltage-gated currents underlying ictal-like events and the opportunity to
test anticonvulsants against ictal-like events in an in vitro model, which will be quicker
throughput than in vivo models.

There are (at least) two ways to think about interictal-like epileptiform events.
One is to think of them as a short version of an ictal event. In other words, the interictal
event is an epileptiform event that is bad for the patient and its mechanism of generation
is likely to share features with that of ictal events and figuring out how to block it would
be beneficial to the patient. Thus there are papers discussing the conversion of interictal
events into ictal events (Merlin, 1999, 2002). A second way is to see the interictal event
as something different from the ictal event; that is, as something that is actually beneficial

to the patient in that it helps to prevent ictal events. For example, Bragdon et al. (zero
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magnesium model, 1992) and Barborsie and Avoli (4-AP model, 1997) have shown in
hippocampal-entorhinal slices that interictal events generated in CA3 hippocampus can
prevent the occurrence of ictal-like events in entorhinal cortex and that mimicking
interictal bursts with stimuli can suppress ictal-like bursting.

Our data suggest that the induction of persistent ictal-like events and the induction
of persistent interictal-like events have two different mechanisms: induction of persistent
ictal-like activity did not occur in normal divalent cation solution in 4-AP; yet induction
of persistent interictal-like activity did occur. In this case the two types of events were
clearly separate; the durations did not fall on a continuous line with an arbitrary cutoff
defining interictal vs. ictal: the ictal events were all over 5 seconds long whereas the
interictal events which persisted after washout of the 4-AP in normal divalent cation

solution were 200-300 ms long.

III. Epileptogenesis
Epileptogenesis is the transformation of an area of the brain to a long-lasting state in
which seizures occur spontaneously or are easily triggered. In the second part of the
thesis we showed that application of 4-AP (100 uM) in a solution containing reduced
divalent cation concentrations (0.6mM Mg' " and 1.2 mM Ca"") to hippocampal-
entorhinal-perirhinal slices of adult rat brain induced epileptiform activity which
persisted after washing out the 4-AP, showing in this way a new model of in vitro
epileptogenesis.

Our model is clearly different from the group I metabotropic model because ours

occurs in group I mGluR antagonists, does not exhibit “silent induction” (Merlin 1999)
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and is not protein synthesis dependent (Merlin et al. 1998). On the other hand, our model
seems to share features with the Stasheff et al model because its induction is NMDA-

dependent and yet its maintenance is not NMDA-dependent (Stasheff et al 1999).

IV. Future Directions

We would like to pursue the mechanism of epileptogenesis in our new model. While we
have shown that induction is 1) is not dependent on the presence of hippocampus 2) is
dependent upon reduced divalent cation solution 2) is not dependent on group I mGluR
activation, 3)is dependent upon NMDA activation, 4) is dependent upon AMPA/kainate
receptor activation, and 5) is not protein synthesis dependent, we do not have a clear
picture of the mechanism. Because it is not protein synthesis-dependent, at least in its
initial stages, we need a mechanism that does not require a newly made protein. That
leaves us with insertion of a protein that has already been made, or modification of a
protein that has already been made by phosphorylation or dephosphorylation or another
post-translational modification. Because the epileptogenesis is dependent upon both
NMDA and AMPA /kainate receptor activation, it could be a process dependent upon
calcium entry. The dependence upon reduced divalent cation solution suggests several
possibilities 1) we need reduced extracellular Mg”" to remove the Mg®" block of the
NMDA receptor; 2) we need the reduced extracellular Ca®" because reduced extracellular
Ca®" increases the opening of gap junctions (Connors et al 2004) 3) we need the reduced
extracellular Ca*" because reduced extracellular Ca®* concentration increases the
opening of pannexin hemichannels (even with only a modest reduction to 1.4 mM;

Thimm et al. 2005); or 4) we need a general reduction in divalent cation concentration in

72



order to lower the threshold for the generation of voltage-gated sodium and calcium
spikes (Hille 2001). Pannexin hemichannel opening, which can be triggered by NMDA
receptor activation (Chen et al. 1997; Thompson et al. 2008), may provide a sustained
depolarization that itself may augment epileptiform activity (Thompson et al. 2008) or
may have downstream effects due to the Ca®" influx through the hemichannels (Chen et
al. 1997). A recent paper in Science shows that opening of pannexin-1 hemichannels
augments interictal-like bursting in hippocampus (Thompson et al. 2008). Block of
pannexin hemichannels did not prevent the onset of interictal bursting in zero magnesium
solution (Thompson et al. 2008), but since our data indicate that induction of interictal
and ictal-like activity has a different mechanism (see discussion above), this failure to
block induction of interictal activity does not mean that a pannexin hemichannel blocker
would necessarily fail to block the induction of ictal-like activity in our model. Pannexin
hemichannels are able to open and close while remaining inserted in the membrane (Liu
et al. 2006); it would be particularly interesting if their opening provided the underlying
depolarization for a single ictal-like event, with their closing causing the end of the single

event.
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Compound

4 aminopyridine
(4-AP)

CGP 55845
LY367385

MPEP

MTEP

Gabazine
(SR 95531)

D-APS

NBQX

Cycloheximide

DHPG

TABLE #1. Concentration of drugs used

Action

Non-selective K+ channel blocker
Potent, selective GABAg receptor
antagonist
mGlula receptor antagonist

Non-competitive mGIu5R antagonist

Potent, selective mGIu5R antagonist

GABA-A receptor antagonist

NMDA antagonist

AMPA/kainate antagonist

Selective inhibitor of protein synthesis

Selective group | mGIuR antagonist

[]used

50uM (1,2)-100uM (3,4)

1-2 uM (6)
100 uM (8,9)

10 uM (8,9)

500 nM

6 uM (18)

50 uM (18)

10 uM (20)

60 UM (22,23,24)

50 uM (9)

81

IC50

6 NM (7)
8.8 uM (10)

36 nM (12)

5nM
(15,16,17)

Other effects

Increases stimulation-induced
release of acetylcholine (5)

Negligible action on group Il and Il receptors (10,11)

IC50: 18uM for NMDA activity (13)
Some antagonist activity at NMDA receptors (14)

IC50: >300uM for NMDA activity (13)

Inhibits the capasain-induced release
of Substance P from spinal cord (19)

Neuroprotectant (21)

Induces apoptosis in transformed and normal cell lines
(25)
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