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Defining “epileptogenesis” and identifying “antiepileptogenic
targets” in animal models of acquired temporal lobe epilepsy is
not as simple as it might seem
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Abstract

The “latent period” between brain injury and clinical epilepsy is widely regarded to be a seizure-
free, pre-epileptic state during which a time-consuming cascade of molecular events and structural
changes gradually mediates the process of “epileptogenesis.” The concept of the “latent period” as
the duration of “epileptogenesis” implies that epilepsy is not an immediate result of brain injury,
and that anti-epileptogenic strategies need to target delayed secondary mechanisms that develop
sometime after an initial injury. However, depth recordings made directly from the dentate granule
cell layers in awake rats after convulsive status epilepticus-induced injury have now shown that
whenever perforant pathway stimulation-induced status epilepticus produces extensive hilar
neuron loss and entorhinal cortical injury, hyperexcitable granule cells immediately generate
spontaneous epileptiform discharges and focal or generalized behavioral seizures. This indicates
that hippocampal injury caused by convulsive status epilepticus is immediately epileptogenic and
that hippocampal epileptogenesis requires no delayed secondary mechanism. When latent periods
do exist after injury, we hypothesize that less extensive cell loss causes an extended period during
which initially subclinical focal seizures gradually increase in duration to produce the first clinical
seizure. Thus, the “latent period” is suggested to be a state of “epileptic maturation,” rather than a
prolonged period of “epileptogenesis,” and therefore the antiepileptogenic therapeutic window
may only remain open during the first week after injury, when some delayed cell death may still
be preventable. Following the perhaps unavoidable development of the first focal seizures
(“epileptogenesis™), the most fruitful therapeutic strategy may be to interrupt the process of
“epileptic maturation,” thereby keeping focal seizures focal.
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What is “epileptogenesis” exactly, and how can it be prevented?

Experimental and clinical studies have used antiepileptic drugs to abort post-injury
epileptogenesis, but with minimal success (Dichter, 2009; Temkin, 2009; Ldscher and
Brandt, 2010; Pitkanen, 2010; Eastman et al., 2011; Langer et al., 2011). Although the right
drugs may have been tested at the wrong doses, for the wrong duration, or at the wrong time
after brain injury, it is also possible that antiepileptic drugs do not influence the injury-
induced “epileptogenic” process. Because acquired epilepsy has not been prevented by any
post-injury treatment, it is unknown whether acquired epileptogenesis can be stopped
pharmacologically (Sloviter, 2011). But assuming that epileptogenesis can be aborted, it is
unknown exactly what needs to be blocked, when the “therapeutic window” opens, and
when it closes. Thus, the central challenges of antiepileptogenesis research are to: 1) develop
animal models that reliably exhibit spontaneous seizures arising from a single identified
brain region; and 2) determine exactly when and why spontaneous seizures develop in that
region specifically. The need for an animal model with one primary epileptogenic site is a
significant practical consideration because if an animal model exhibits widespread brain
damage, multiple sites of seizure onset, and frequent seizures, a therapy capable of
completely preventing epileptogenesis in one location might have no detectable effect on the
overall seizure frequency.

In addition to practical model-related obstacles to progress in therapeutics, significant
confusion surrounds the meaning of the term “epileptogenesis,” and therefore there is
uncertainty about what it is exactly that we are trying to stop. Definitions are important
because the way we think about the word “epileptogenesis” profoundly influences the way
we conceptualize the disease process and how we devise strategies to interrupt it. In the case
of acquired epilepsy, the term “epileptogenesis” describes an injury-initiated change that
causes surviving neuron populations to generate abnormal, synchronous, and recurring
epileptiform discharges that produce focal or generalized behavioral seizures. Historically,
the most influential view of the acquired epileptogenic process envisaged a scenario in
which an injury triggers a secondary process that takes time-- months, years, or even
decades-- to mature and produce clinical seizures (Earle et al., 1953; French et al., 1993). As
most frequently used in the experimental literature, the term “epileptogenesis” describes a
process that begins with an initial insult, is presumed to involve a cascade of secondary
epileptogenic events (Chang and Lowenstein, 2003; Rakhade and Jensen, 2009; Giblin and
Blumenfeld, 2010), and ends when the first generalized behavioral seizure is observed
(Bragin et al., 2000; Walker et al., 2002). More recently, however, the term
“epileptogenesis” has been expanded to include the possibly never-ending process of clinical
progression that involves changes in seizure frequency and the development of a refractory
state (Pitkanen, 2010; Dudek and Staley, 2011; Pitk&nen et al., 2011). Thus, there is a need
to define “epileptogenesis” precisely, induce it reliably in experimental animals, identify its
beginning and its end, and find a way to stop it. Does the first spontaneous focal seizure
signal completion of epileptogenesis, or does epileptogenesis end only when the first of
many clinically obvious seizures occur? Or, is epileptogenesis an all-inclusive, continuously
evolving, and never fully completed process that underlies all stages of the disorder,
including the possible progression from a pharmacosensitive- to a pharmacoresistant state?

Defining “epileptogenesis” and “epileptic maturation”

Perhaps the only indisputable thing that can be said about the term “epileptogenesis” is that
the word literally and unambiguously means the “birth of epilepsy” or the “beginning of
epilepsy.” The “genesis” phase in the life of an individual ends at birth, not in reaching
maturity. The growth and maturation of the individual is a secondary process clearly distinct
from “genesis.” Therefore, it seems logical to define the completion of “epileptogenesis” as
the moment when the machinery and mechanisms necessary for spontaneous epileptiform
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behaviors first exist. A seizure focus may increase in size over time, it may transition from a
focal to a secondarily generalized process, seizure frequency may change, and seizures may
become pharmacoresistant, but these events would seem to be part of a “growth and
maturation” process, not the “birth of epilepsy” phase.

Car manufacture provides an analogy for our argument that “epileptogenesis” is
fundamentally a “birth” process. Every car is assigned a “build date” marking completion of
the manufacturing process that allows a car to function for the first time as designed. A fully
built car that has not yet been driven is still a car, and giving it a “build date” does not
preclude making additional modifications that change the car’s attributes and capabilities.
By analogy, we regard the end of “epileptogenesis” to be the brain’s unfortunate “build
date” when all cellular and network changes needed for the spontaneous generation of
epileptiform discharges are first present. Therefore, we define “epileptogenesis” to be the
finite process that leads to the first of a series of spontaneous and recurring epileptiform
events that disrupt behavior or ideation in any way, whether clinically obvious or not. We
propose and define the term “epileptic maturation” to describe and encompass all processes
that follow “epileptogenesis” and influence the secondary evolutionary changes in the
clinical phenotype of the disorder. Therefore, “epileptogenesis” and “epileptic maturation”
are viewed as two distinct processes and two separate targets for “disease prevention” and
“disease modification,” respectively.

These definitions have important practical implications because there is a difference
between coining a name for an amorphous conception of a process, and knowing something
about its essential nature, i.e., being able to define it (Sloviter, 2002). If the name
“epileptogenesis” describes an immediate change in network excitability and behavior
caused by neuron loss, as we have proposed (Sloviter, 1994; Bumanglag and Sloviter, 2008),
then an antiepileptogenesis strategy should incorporate the possibility that the brain may
become immediately “epileptic” even if the disorder is not immediately obvious clinically. If
so, a fruitful therapeutic strategy might focus on minimizing delayed cell death in the
immediate post-injury period (Sloviter et al., 1996; Poirier et al., 2000; Brandt et al., 2003b;
Langer et al., 2011; Sloviter, 2011). Conversely, if “epileptogenesis” necessarily involves
the maturation of a slowly developing secondary process triggered by brain injury, then
neuron loss may not be directly epileptogenic, and antiepileptogenesis strategies might
logically focus on preventing one or more of the secondary processes that injuries initiate
(Chang and Lowenstein, 2003; Rakhade and Jensen, 2009). Thus, the first questions that
need to be answered are: when exactly after injury does epileptogenesis develop, i.e. when is
epilepsy “born,” and what is the role of neuron loss? Also, which secondary effects triggered
by injuries affect initial “epileptogenesis,” and which affect subsequent “epileptic
maturation?” To answer these fundamental questions, it is necessary to have animal models
that involve a restricted injury, minimal variability, and spontaneous seizures that develop in
a known location that can be directly monitored starting immediately after brain injury.

Animal models of acquired temporal lobe epilepsy with hippocampal

sclerosis

If chemoconvulsant-induced status epilepticus causes widespread brain damage and
seizures of unknown origin, why has “hippocampal epileptogenesis” been so widely

assumed?

Although epilepsy can arise from a variety of brain regions, most experimental studies have
focused on modeling acquired temporal lobe epilepsy (TLE) with hippocampal sclerosis.
Acquired TLE is of particular interest experimentally for several reasons. First and foremost,
the pattern of selective hippocampal formation pathology associated with TLE in humans
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(Margerison and Corsellis, 1966; Du et al., 1993; Blimcke et al., 2007), as well as a chronic
epileptic state, can be produced in animals by the same insults that cause epilepsy in humans
(Sloviter, 1987; Lowenstein et al., 1992; Gorter et al., 2001; Bumanglag and Sloviter, 2008;
Norwood et al., 2010). Second, the laminar structure of the “hippocampal formation” (an
anatomical term that includes the entorhinal cortex, dentate gyrus, hippocampus “proper,”
subiculum, parasubiculum, and presubiculum) facilitates the analysis and interpretation of
anatomical, pathological, and electrophysiological data.

However, despite abundant evidence that the hippocampus is a frequent source of seizures in
TLE patients (Spencer, 1998; 2002), the development of animal models that reliably exhibit
both the human pattern of temporal lobe pathology (selective hippocampal neuron loss and
limited extrahippocampal pathology) and hippocampal-onset seizures (Bumanglag and
Sloviter, 2008; Kienzler et al., 2009; Norwood et al., 2010), has been a much more difficult
task than originally envisaged by the early studies that promoted kainate- and pilocarpine-
treated animals as models of TLE (Nadler, 1981; Ben-Ari, 1985; Leite et al., 1990).
Although the first detailed study of the pathology caused by kainate-induced status
epilepticus clearly showed that the hippocampus was less affected by convulsive status
epilepticus than other more severely affected brain regions (Schwob et al., 1980), and
despite the fact that the hippocampus was never shown to generate epileptiform discharges
that preceded behavioral seizures, it was nonetheless asserted that kainate-induced status
epilepticus reproduces the defining features of TLE with hippocampal sclerosis (Nadler,
1981; Ben-Ari, 1985).

However, it is now clear that prolonged convulsive status epilepticus produces variable
hippocampal damage within a context of widespread extrahippocampal brain damage
(Brandt et al., 2003a; Chen and Buckmaster, 2005; Harvey and Sloviter, 2005). In addition,
hippocampal injury after chemoconvulsant-induced status epilepticus includes vascular/
ischemic injury (Fig. 1; Sloviter, 2005; Biagini et al., 2008; Cardoso et al., 2011) that is
unrelated to coincident seizure-induced excitotoxic hippocampal pathology (Sloviter et al.,
1996), and this pattern of hippocampal injury does not resemble seizure-induced
hippocampal sclerosis (Sloviter, 2005; Sloviter et al., 2007; Bumanglag and Sloviter, 2008;
Norwood et al., 2010). The variable and relatively minor hippocampal injury that
accompanies often extensive extrahippocampal injury (Schwob et al., 1980; Turski et al.,
1983; Sloviter et al., 2003; Zappone and Sloviter, 2004; Bumanglag and Sloviter, 2008)
indicates that the granule cells of chemoconvulsant-treated animals cannot be assumed to be
“epileptic” in every animal simply because extensively brain-damaged animals are having
spontaneous behavioral seizures of unknown origin (Harvey and Sloviter, 2005). This is a
crucial issue because a multitude of studies of abnormalities in the dentate gyrus in
particular, initiated by Nadler’s pioneering work on synaptic reorganization in kainate-
treated rats (Nadler et al., 1980; Tauck and Nadler, 1985), have implicitly assumed that if an
animal becomes epileptic, the granule cells of that animal must have undergone an
“epileptogenic conversion.” However, to our knowledge, no studies that have recorded
directly from the granule cell layers of awake kainate- or pilocarpine-treated rats during
spontaneous seizures (Sloviter et al., 2003; Harvey and Sloviter, 2005; Bower and
Buckmaster, 2008; Queiroz et al., 2009; Williams et al., 2009) have provided evidence of
“hippocampal epileptogenesis” or made the case that dentate granule cells are a likely source
of the spontaneous seizures that develop in chemoconvulsant-treated animals.

Spontaneous granule cell layer events in awake, pilocarpine-treated epileptic rats

We monitored granule cell layer activity continuously in awake pilocarpine-treated rats
during more than 200 spontaneous epileptic seizures, and found that the granule cells
appeared to be hyperinhibited and minimally involved (Harvey and Sloviter, 2005). In the
first days after pilocarpine-induced status epilepticus, behavioral seizures of unknown origin
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were able to recruit epileptiform discharges from initially hyperexcitable granule cells, but
these spontaneous behavioral seizures always started before the granule cell recruitment
(Figure 2, C). As synaptic reorganization (mossy fiber sprouting) slowly developed, granule
cells gradually became hyperinhibited (Sloviter, 1992; Harvey and Sloviter, 2005; Sloviter
et al., 2006), and spontaneous behavioral seizures failed to recruit epileptiform granule cell
discharges (Figure 2, D2 and D3). Thus, there would appear to be little justification for
assuming that the dentate granule cells of chemoconvulsant-treated rats become reliably and
spontaneously “epileptic” simply because the animals are “epileptic.”

An important feature of the high acquisition-rate (10 kHz) recordings we made in epileptic
pilocarpine-treated rats was the discovery that although granule cell layer electrographic
activity during spontaneous seizures could be impressive high-amplitude events (Fig. 2),
expansion and analysis of the traces revealed that the granule cell layer activity recorded
during behavioral seizures mainly consisted of dendritic “field EPSPs” (Andersen et al.,
1966) that lacked the high frequency, negative-going population spikes (Figures 2, D2 and
3) that define epileptiform discharges (Bragin et al., 1997). In addition, these largely
spikeless field depolarizations followed, rather than preceded, the onset of the behavioral
seizures, suggesting that extrahippocampal excitation can depolarize granule cells and
produce high amplitude voltage deflections without producing granule cell epileptiform
discharges (high frequency synchronous action potentials). Dentate granule cells were
therefore not only not the source of the spontaneous behavioral seizures, they were
ineffectively recruited by the generalized seizures that had apparently already started
elsewhere (Harvey and Sloviter, 2005). Thus, these large-amplitude electrographic events,
which might be reasonably assumed to be hippocampal seizures when analyzed in a
compressed form, could be described more accurately as seizures of unknown origin. High
amplitude EEG activity recorded from the granule cell layers can therefore be easily
mistaken for a granule cell-derived epileptiform discharge, particularly if the activity is
recorded at a low acquisition rate that misses all high-frequency events (Williams et al.,
2009), or if a high acquisition-rate trace is not expanded and carefully analyzed for the
presence of high-frequency population spikes.

Bower and Buckmaster (2008) also recorded directly from the granule cell layer in awake
pilocarpine-treated rats, and focused on the discharge rates of individual granule cells
before, during, and after spontaneous epileptic seizures. These authors reported that
although some granule cells increased their basal firing rates to a limited extent before and
during behavioral seizures of unknown origin, approximately half of the monitored cells
either did not change their firing rates, or decreased their firing rates dramatically before and
during seizures. Importantly, no granule cells exhibited discharge frequencies that
approached the high frequencies that define epileptiform discharges (Figures 2 and 3). The
finding by Bower and Buckmaster (2008) that granule cells failed to generate high-
frequency discharges during severe EEG seizures recorded from the same electrodes
suggests that their granule cell layer electrodes were recording distant, presumably
extrahippocampal EEG seizures, and that these behavioral seizures had minor and variable
effects on granule cell firing, with many cells being inhibited during seizures to 21% of their
basal firing rate. We interpret these variable and limited changes in granule cell activity
(Bower and Buckmaster, 2008) as being consistent with our finding that granule cells were
hyperinhibited both interictally and ictally, and were relatively uninvolved during the
chronic spontaneous behavioral seizures that occur in pilocarpine-treated rats (Harvey and
Sloviter, 2005).

Hippocampal c-Fos expression after spontaneous epileptic seizures

Consistent with the observed lack of hippocampal principal cell epileptiform discharges
during spontaneous behavioral seizures in pilocarpine-treated rats (Harvey and Sloviter,

Neuropharmacology. Author manuscript; available in PMC 2014 June 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sloviter and Bumanglag Page 6

2005), the protein product of the immediate early gene c-Fos, which is expressed by cells
after an epileptiform discharge (Dragunow and Robertson, 1987; Morgan et al., 1987), was
not expressed by hippocampal granule cells and pyramidal neurons after each spontaneous
epileptic seizure of unknown origin (Mello et al., 1996; Harvey and Sloviter, 2005). To the
contrary, we unexpectedly found that consistent with the observed hippocampal
hyperinhibition during the pilocarpine-induced chronic epileptic state, Fos protein
expression after spontaneous seizures was primarily evident within hippocampal inhibitory
interneurons (Harvey and Sloviter, 2005). However, in the rare instance when a behavioral
seizure was able to recruit granule cells and CA1 pyramidal cells to discharge, both cell
populations then expressed Fos immunoreactivity (Figure 4). This indicates that when
hippocampal principal cells in a hyperinhibited hippocampus did not express Fos protein
after a behavioral seizure, it was not due to an inability to do so, but was likely due to a lack
of principal cell discharges during the spontaneous behavioral seizures.

Addressing the same issue in spontaneously epileptic gerbils and in pilocarpine-treated
epileptic mice, Mirzaeian and Ribak (2000) and Peng and Houser (2005) reported Fos
expression in granule cells after generalized seizures, although neither study involved
electrophysiological monitoring. Secondary recruitment of granule cells by seizures of
extrahippocampal origin in these studies is strongly suggested by the finding of Mirzaeian
and Ribak (2000) in epileptic gerbils that although all spontaneous seizures evoked Fos
expression in extrahippocampal areas, including the piriform- and perirhinal cortex, only
severe spontaneous seizures were associated with granule cell Fos expression. Thus,
although severe seizures can apparently recruit dentate granule cells to discharge and
express Fos protein (Fig. 4), a secondarily recruited dentate gyrus is not necessarily an
“epileptogenic” dentate gyrus.

Spontaneous granule cell layer events in awake kainate-treated epileptic rats

Gorter and colleagues were the first to record directly from the granule cell layers in
chronically epileptic kainate-treated rats (Queiroz et al., 2009), with results that were
virtually identical to our findings of minimal granule cell involvement during spontaneous
seizures in pilocarpine-treated rats (Harvey and Sloviter, 2005). Importantly, their
experiments included the elegant use of two recording electrodes placed within the adjacent
molecular- and granule cell layers, where the same local synaptic events exhibit opposite
polarities (Andersen et al., 1966). By analyzing the recordings made simultaneously in two
adjacent strata, Gorter and colleagues demonstrated that whereas evoked potentials
originating from within the dentate gyrus exhibited different polarities, recordings from the
same electrodes during spontaneous behavioral seizures exhibited identical polarities. This
indicated that both electrodes were recording the same distant seizure events, rather than
events of granule cell layer origin (Queiroz et al., 2009). Consistent with the conclusion that
the granule cells were unlikely to be the generators of the spontaneous seizures in kainate-
treated rats, their recordings rarely contained the high frequency, negative-going population
discharges that define an epileptiform discharge, which we had also observed to be absent in
pilocarpine-treated rats (Harvey and Sloviter, 2005).

The only other study of which we are aware in which granule cell layer activity was
recorded during spontaneous seizures in kainate-treated rats was a study by Williams and
colleagues (2009). This study showed that high-amplitude EEG events of unknown origin
were recorded from granule cell layer electrodes during focal or generalized behavioral
seizures, and that these events contained no high frequency, negative-going population
discharges. However, Williams and colleagues (2009) used a “record-only” telemetry
system with an acquisition rate (100 Hz) 100-fold lower than the rate (10 kHz) used in the
other studies cited above. Because low acquisition-rate (100 Hz) recording cannot detect any
high frequency information (Fig. 5), the data recorded by Williams and colleagues do not
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differentiate between: 1) granule cell field depolarizations (field “EPSPs”) that lacked
granule cell epileptiform discharges, as recorded by Harvey and Sloviter (2005) and Queiroz
et al (2009); 2) hippocampal discharges with high-frequency granule cell population spikes
that were not detected by the low acquisition-rate recording method they used, or; 3) distant
extrahippocampal EEG activity detected by granule cell layer electrodes, but containing no
granule cell-derived information.

Although the use of low acquisition-rate EEG methodology is clearly useful for
documenting seizure occurrence somewhere within the brain, the inability of low
acquisition-rate methodology to detect any high-frequency events (Williams et al., 2006;
2009) limits the utility of current telemetric methodology for analyzing spontaneous seizure
recordings and determining whether they contain any high-frequency hippocampal neuronal
discharges. An acquisition rate above 1 kHz, and preferably above 4 kHz, is necessary to
record from identified cell populations and differentiate between: 1) high-amplitude
“pseudo-seizure” events (presumed dendritic field depolarizations without epileptiform
discharges) that only superficially resemble epileptiform discharges (Harvey and Sloviter,
2005), and; 2) high-frequency epileptiform discharges (population spikes) that involve
synchronous action potentials that can propagate synaptically and cause seizures
(Bumanglag and Sloviter, 2008). This is an important issue because if high-amplitude events
are recorded from hippocampal electrodes and assumed to be hippocampal *“seizures” on the
basis of low acquisition-rate recordings (see Figure 2 of Williams et al., 2009), then a
successful attempt to suppress these EEG events of undetermined nature and unknown
location could be incorrectly interpreted as a successful attempt to inhibit “hippocampal
epileptogenesis.” The issue of acquisition rate is also significant because spontaneous
positive-going “field EPSPs” (“EEG spikes,” not to be confused with faster “population
spikes;” Bragin et al., 2011) have been suggested to be biomarkers of future seizures (White
et al., 2010), and it is important to know whether these transient events are of granule cell
layer origin, and whether they do, or do not, contain high-frequency granule cell population
spikes (Fig. 6C). This requires high acquisition-rate recording methods.

From all of the data presented in the studies discussed above, we concluded that although
most of the hypotheses about mechanisms of hippocampal epileptogenesis have come from
studies of kainate- and pilocarpine-treated rats, hippocampal epileptogenesis does not appear
to be a reliable feature of these models (Harvey and Sloviter, 2005; Queiroz et al., 2009).
Therefore, the development of animal models with confirmed hippocampal-onset seizures
became a necessity.

The “latent period” and the implication that epileptogenesis involves an
obligatory secondary mechanism

In our studies of epileptogenesis in kainate and pilocarpine-treated rats, we noted
unexpectedly that spontaneous behavioral seizures nearly always began within the first week
following status epilepticus (Sloviter et al., 2003; Harvey and Sloviter, 2005), before any
secondary mechanism could have had time to develop, and this has now been confirmed by
other laboratories (Goffin et al., 2006; Raol et al., 2006; Jung et al., 2007). Although the lack
of any detectable seizure-free “latent period” after chemoconvulsant-induced status
epilepticus could mean that brain injury is immediately epileptogenic, rather than delayed, it
is also possible that the earliest seizures could be caused by residual chemoconvulsant, and
might therefore mask a real latent period during which an injury-initiated secondary
epileptogenic mechanism slowly matures. The issue of residual excitotoxin, early seizures,
and the latent period was crucial to resolve because the widely-accepted notion that
convulsive status epilepticus is reliably followed by a seizure-free “latent period” lasting
weeks or months (Bragin et al., 2002; Leite et al., 2002; Stables et al., 2003; El-Hassar et al.,
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2007) has been the main rationale for the idea that “epileptogenesis” cannot be caused by
cell loss alone (Wasterlain et al., 1999). The lack of a latent period after chemoconvulsant-
induced status epilepticus, and the lack of any evidence that the spontaneous seizures in
chemoconvulsant-treated animals were of hippocampal origin (Harvey and Sloviter (2005),
demonstrated the need to develop animal models that reliably exhibit the characteristics of
human TLE with hippocampal sclerosis, including selective hippocampal pathology,
hippocampal-onset seizures, and a confirmed latency to clinical epilepsy that might serve as
a therapeutic window.

How soon after stimulation-induced hippocampal injury do spontaneous granule cell-
onset behavioral seizures begin?

We developed an electrical stimulation-based status epilepticus model that was designed to
reliably produce selective hippocampal neuron loss and confirmed granule cell-onset
seizures in every animal, and to address the possibility that the earliest post-injury seizures
in chemoconvulsant-treated rats might be due to residual chemoconvulsant. This model,
involving bilateral perforant pathway stimulation-induced convulsive status epilepticus in
awake rats, was designed to reliably evoke granule cell epileptiform discharges throughout
the 3-hour duration of the experiment. This is an important feature of this model because by
forcing the granule cells to discharge during status epilepticus, we avoided the variable
hippocampal injury observed after kainate-induced status epilepticus (Sloviter, 1992;
Sloviter et al., 2003; Zappone and Sloviter, 2004), or following stimulation-induced, but
“self-sustained,” status epilepticus (Gorter et al., 2001). The use of recording electrodes
implanted bilaterally within the granule cell somal layers, high acquisition-rate recording
methods, and continuous (24/7) video monitoring enabled us to determine for the first time:
1) whether and when granule cells within a damaged dentate gyrus begin to generate
spontaneous epileptiform discharges; 2) whether these granule cell discharges reliably
initiate behavioral seizures, and; 3) how soon after a controlled injury spontaneous
behavioral seizures begin when no residual chemoconvulsant is present.

The results from this stimulation-based model were as follows. First, after 3 hours of
continuous bilateral granule cell epileptiform discharges and convulsive status epilepticus in
awake rats, extensive hilar neuron loss was evident throughout the hippocampal longitudinal
axis, and was coincident with immediate granule cell disinhibition and hyperexcitability in
the awake state (Bumanglag and Sloviter, 2008). Second, continuous recording of
spontaneous activity in the granule cell layers of awake rats revealed that starting
immediately after injury, granule cells began to generate spontaneous high-amplitude “field
EPSPs” and population spikes (synchronous granule cell population discharges) that were
identical in polarity, amplitude, and waveform morphology to the potentials that were
evoked by perforant pathway stimulation (Fig. 6). Third, spontaneous high-frequency
granule cell layer epileptiform discharges (Fig. 6, D1a and D2a) were recorded on the
second post-injury day, and each spontaneous epileptiform discharge immediately preceded,
and apparently caused, either a focal- or a generalized behavioral seizure. Thus, early
seizures were not related to the presence of residual chemoconvulsant, and there was no
detectable latency to the first clinical seizure.

Fourth, spontaneous granule cell epileptiform discharges lasting ~45 seconds were reliably
associated with focal behavioral seizures (staring without moving, facial automatisms, and
“wet-dog” shakes), whereas spontaneous granule cell epileptiform discharges lasting ~2
minutes were reliably associated with generalized behavioral seizures (Bumanglag and
Sloviter, 2008). Importantly, when spontaneous behavioral seizures were identified by first
analyzing the video recordings, it was confirmed that all behavioral seizures were
immediately preceded by granule cell epileptiform discharges. The reverse was similarly
true; when granule cell epileptiform discharges were identified by first analyzing the
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electrographic recordings, all spontaneous granule cell epileptiform discharges longer than
~15 sec were immediately followed by either focal or generalized behavioral seizures. This
finding is in contrast to the results we obtained in pilocarpine-treated rats, in which all
spontaneous behavioral seizures of the chronic epileptic state appeared to minimally involve
epileptiform granule cell discharges (Harvey and Sloviter, 2005).

The apparent temporal mismatch between initial neuron loss and the appearance of
clinical epilepsy

The finding that confirmed granule cell epileptogenesis is an immediate consequence of
prolonged status epilepticus resolves one fundamental issue regarding the nature of
hippocampal epileptogenesis. We have hypothesized that the seizure-induced loss of dentate
hilar mossy cells causes immediate granule cell disinhibition because mossy cells normally
excite inhibitory basket cells and establish normal translamellar granule cell inhibition (the
“dormant basket cell” hypothesis; Sloviter, 1987; 1991; 1994; Sloviter et al., 2003; Zappone
and Sloviter, 2004). Our hypothesis that extensive mossy cell loss is immediately
epileptogenic (Sloviter, 1994) was justifiably questioned by Wasterlain and colleagues who
noted that, “this hypothesis does not tackle the problem of the “silent period” between the
initial injury and the development of spontaneous seizures. Because mossy cells are injured
at the time of the original seizures and disappear within hours to days, it is hard to
understand why spontaneous seizures are delayed by weeks to months, unless the loss of
inhibition is permissive but not sufficient for epileptogenesis, and its role is only to permit
further changes which, in turn, produce chronic epilepsy” (Wasterlain et al., 1999).

The notion that neuron loss and granule cell disinhibition cannot be epileptogenic because
both occur immediately (Sloviter, 1987; Zappone and Sloviter, 2004), whereas clinical
epilepsy is delayed for weeks or months (Wasterlain et al., 1999), received experimental
support from a study in pilocarpine-treated rats in which occasional video monitoring
resulted in a latent period estimate of 26 + 3 days before the first behavioral seizure was
observed (Kobayashi and Buckmaster, 2003). Despite using methods that involved no
monitoring of animals for the majority (>75%) of the time after status epilepticus, these
authors nonetheless concluded that, “reduced granule cell inhibition alone is insufficient to
cause epilepsy, because it was present when rats were not experiencing spontaneous
seizures. This finding suggests that epileptogenesis requires other changes” (Kobayashi and
Buckmaster, 2003).

The use of continuous (24/7) monitoring by multiple laboratories has now demonstrated
unequivocally that spontaneous behavioral seizures are not delayed, but begin within the
first week after injury (Harvey and Sloviter, 2005; Goffin et al., 2006; Raol et al., 2006;
Jung et al., 2007; Rattka et al., 2011), and often by day 2 post-injury (Bumanglag and
Sloviter, 2008). Thus, there is no obligatory latent period after status epilepticus, and the
prevalent perception to the contrary (Wasterlain et al., 1999; Leite et al., 2002; Walker et al.,
2002; Kobayashi and Buckmaster, 2003; Stables et al., 2003; El-Hassar et al., 2007) is
apparently a consequence of occasional behavioral observation that misses the earliest
seizures, or continuous monitoring of minimally injured animals, which can have a very
long latent period to clinical epilepsy (Navarro-Mora et al., 2009). Thus, we reiterate that
granule cell hyperexcitability/ disinhibition closely associated with extensive loss of dentate
hilar mossy cells and interneurons (Sloviter, 1987; 1991; Zappone and Sloviter, 2004; Jinde
et al., 2008), and entorhinal cortex neurons (Du et al., 1995; Sloviter et al., 2012), could be a
primary epileptogenic mechanism because pathology, granule cell disinhibition, and granule
cell-onset epilepsy all occur concomitantly (Bumanglag and Sloviter, 2008), and because
contralateral granule cell disinhibition caused by unilateral stimulation-induced injury was
always and only associated with extensive contralateral hilar neuron loss (Sloviter, 1991).
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We suggest that neuron loss has a direct epileptogenic influence independent of any
secondary processes that neuron loss or injuries may also trigger.

“Keeping focal seizures focal” as a primary therapeutic strategy

The concept of a virtually immediate “epileptogenic” change in network behavior, followed
by a longer-lasting secondary process of “epileptic maturation,” suggests that “disease
prevention” and “disease modification” are distinct therapeutic targets. Thus,
antiepileptogenesis therapy might focus productively on neuroprotection, i.e., targeting
potentially reversible neuronal injury during the immediate post-injury period (Langer et al.,
2011; Jimenez-Mateos et al., 2011; Serrano et al., 2011). Once the first focal seizures begin,
however, “disease modification” strategies might profitably include silencing (Noé et al.,
2008; 2010; Getzsche et al., 2011; Shetty, 2011) or selectively ablating the seizure focus,
targeting mechanisms of discharge elongation (“kindling”; Goddard et al., 1969; Giblin and
Blumenfeld, 2010; Léscher and Brandt, 2010) and seizure spread, and other secondary
changes that might alter the chronic clinical phenotype, including synaptic reorganization,
inflammation, blood/brain barrier disruption, glial changes, changes in receptor and channel
expression, and neurogenesis (Tauck and Nadler, 1985; Chang and Lowenstein, 2003; van
Vliet et al., 2007; Parent and Murphy, 2008; Richichi et al., 2008; Ravizza et al., 2011).
Therapies that target the immediate post-injury period, and are designed to “keep focal
seizures focal,” might prevent initially subclinical seizures from becoming more life-
disrupting clinical events, even if injury-induced epileptogenesis cannot be entirely
prevented.

Caveats and clarifications

Several caveats and clarifications relate to our analyses and assertions. First, in terms of
clarifications, we emphasize that acquired epilepsies involve a variety of insults that
presumably produce clinically distinct epilepsies that originate in different locations and
exhibit different latencies to clinical seizures. We do not suggest that there must be one
common epileptogenic mechanism, and we recognize that future studies using chronic depth
recording will need to determine whether other injuries, such as head trauma affecting the
dentate gyrus (Lowenstein et al., 1992), produce granule cell-onset epilepsy similar to that
caused by status epilepticus. In this paper, we are specifically addressing the assumptions
underlying models that use convulsive status epilepticus to produce hippocampal
epileptogenesis, and our assertions do not necessarily apply to other models, injuries, or
disorders.

Second, we do not question the fact that latent periods exist after brain injury. In fact, most
animals and people subjected to brain injuries exhibit a latent period, but we regard this to
be a latency to the first clinical seizures, not a latency to epilepsy. Our working hypothesis
(Sloviter et al, 2012) is that animals that exhibit a long latency to the first clinical seizures
are simply less extensively injured (Sloviter, 1994; Gorter et al., 2001; Bumanglag and
Sloviter, 2008; Navarro-Mora et al., 2009), although this relationship remains to be
investigated in greater depth. The central issue is whether the latent period should be viewed
as a seizure-free, pre-epileptic period of “epileptogenesis,” or a prolonged and variable
period of “epileptic maturation” during which an initially subtle focal disorder gradually
becomes more clinically obvious. We would argue that a lack of clinically obvious seizures
shortly after brain injury does not permit the inference that epilepsy requires maturation of a
slow secondary process, or that the latent period can be logically assumed to be the duration
of “epileptogenesis.” If a patient develops clinical epilepsy 20 years or longer after
prolonged febrile seizures in childhood, and assuming that the febrile seizures caused the
subsequent afebrile epilepsy, can it be assumed that this patient’s brain was not “epileptic” a
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day, a year, or two decades before the first clinically obvious seizure? We don’t think so.
Why clinical epilepsy sometimes takes decades to develop after an injury is a speculative
topic beyond the focus of this paper, but may involve an age-related change in seizure
threshold that eventually allows focal seizures to spread and cause the first clinically
obvious seizure. In our view, these individuals do not have an incomplete epileptogenic
process; they simply have an unrecognized, subclinical, focal seizure disorder.

Third, we refer repeatedly in this paper to “immediate” epileptogenesis after prolonged
status epilepticus. By “immediate” we do not mean that all animals exhibit spontaneous
generalized behavioral seizures within the first hour after the end of status epilepticus.
Excitotoxic seizure activity produces both immediate and slightly delayed neuron death
(Sloviter et al., 1996; Brandt et al., 2003b), and our main points are that: 1) there is no
obligatory latent period of several weeks duration following status epilepticus, as widely
believed and routinely restated (Wasterlain et al., 1999; Leite et al., 2002; Walker et al.,
2002; Kobayashi and Buckmaster, 2003; Stables et al., 2003; El-Hassar et al., 2007), and 2)
the time-course of epileptogenesis is coincident with initial cell death and all other early
effects that are occurring throughout the first week post-injury. It is in this sense that we
regard epileptogenesis to be “immediate.”

Fourth, in pointing out that kainate- and pilocarpine-induced status epilepticus produces
widespread and often severe brain damage, and does not reproduce the human pattern of
temporal lobe pathology (Schwob et al., 1980; Norwood et al., 2010), we are not suggesting
that kainate- and pilocarpine-treated rats do not exhibit hippocampal injury; they do. The
issue is whether convulsive status epilepticus, presumably initiated in multiple brain sites by
a systemically circulating chemical, produces a pattern of pathology that resembles the
limited brain pathology that defines most TLE patients (Van Paesschen et al., 1997), and
whether such a severely damaged brain is a model of human TLE that can be used fruitfully
to address the mechanisms of hippocampal epileptogenesis specifically. It is our contention
that useful disease-relevant models should be shown to replicate the defining features of the
human neurological condition, as we have sought to do in recent studies (Bumanglag and
Sloviter, 2008; Kienzler et al., 2009; Norwood et al., 2010). Although kainate and
pilocarpine-induced status epilepticus does not reliably cause classic hippocampal sclerosis
in mice or rats under any circumstances (Kienzler et al., 2009; Norwood et al., 2010),
convulsive status epilepticus often produces experimental “endfolium sclerosis” (Zappone
and Sloviter, 2004; Harvey and Sloviter, 2005; Bumanglag and Sloviter, 2008), a pattern of
cell loss characterized by the loss of hilar neurons and CA3c pyramidal cells (Margerison
and Corsellis, 1966; Sloviter, 1994). However, when convulsive status epilepticus causes
hippocampal damage, it does so, in our experience, within a context of widespread
extrahippocampal injury that is the opposite of the pattern in human TLE with hippocampal
sclerosis, i.e. extensive hippocampal neuron loss and relatively subtle extrahippocampal
pathology (Sloviter et al., 2007; Sloviter, 2008; Kienzler et al., 2009; Norwood et al., 2010).

Fifth, it could be argued that the earliest post-injury seizures following electrical
stimulation-induced status epilepticus are not individual seizures, but a recurrence of status
epilepticus. We emphasize here that the spontaneous seizures that develop soon after injury
in stimulated animals (Bumanglag and Sloviter, 2008) are brief (< 2 min) individual
spontaneous seizures, which in all cases are initiated by granule cell epileptiform discharges
that terminate spontaneously. Status epilepticus does not recur in these stimulation-based
models when status epilepticus is effectively terminated. We can state this with some
confidence because we monitor both electrographic and behavioral activity continuously.

As a final caveat, we acknowledge several problems of interpretation that are inherent in the
studies from which all of our conclusions are generated. The mechanism by which granule
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cells become hyperexcitable and spontaneously epileptic is suggested to be a loss of
inhibition caused primarily by neuron loss (Sloviter, 1987; 1994; Sloviter et al., 2012), but
this is, and will remain, a correlational relationship until neuron subpopulations can be
eliminated selectively (Jinde et al., 2008). Granule cell epileptogenesis could also be the
result of another mechanism with a similarly rapid time course. Other issues of
interpretation include the fact that the true source of seizures is difficult to determine, even
with multiple electrode recording, that recording from implanted electrodes could involve
issues related to the presence of electrodes (which is, in itself, a brain injury), and that the
linear extrapolation of data from an animal model in which identical insults are forced upon
genetically similar rodents, to a human neurological disorder in which variable insults occur
in genetically dissimilar individuals, involves a leap of faith that can be reasonably
questioned.
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Figure 1.

Brain structure 3 days after status epilepticus induced by systemic injection of kainic acid
(KA,; 12 mg/kg sc). In some animals given kainate or pilocarpine systemically, prolonged
status epilepticus caused apparent hemorrhages in a multitude of brain structures, which
were not cleared by vascular perfusion. (A) and (C): two coronal views of the same brain
during the sectioning process. Note apparent hemorrhagic foci in the hippocampi, thalamus,
and temporal cortices. (B) and (D): foci preferentially involve the CA1 pyramidal cell layer
(arrow) and the dorsolateral thalamus (arrowhead). (E) and (F): in a Fluoro Jade B-stained
section from the brain shown in (A)-(D), degenerating neurons are fluorescent. Note that the
area CA1 pathology consists of a vascular expansion that is continuous with a capillary in
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the hippocampal fissure (hf; arrow), not an extravascular hemorrhage. (G): in a different
kainate-treated rat, smaller focal vascular expansions occurred within the stratum radiatum
(arrows). (H) At higher magnification, degenerating CA1 pyramidal cell somata were
evident only adjacent to the vascular pathology. These results suggest that, in some cases,
CAL1 pyramidal cell layer injury in rats subjected to prolonged status epilepticus may be
ischemic in nature, rather than excitotoxic. Abbreviations: sp: stratum pyramidale; sr:
stratum radiatum; slm: stratum lacunosum-moleculare; hf: hippocampal fissure.
Magnifications: 5X (A and C); 13.5X (B and D); 22X (E and G); 55X (F and H). From
Sloviter, 2005.
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Figure2.
Evoked and spontaneous granule cell activity recorded from the granule cell layers of
chronically epileptic, pilocarpine treated-rats. A: Granule cell layer seizure discharges
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evoked in a control animal (60 days post-saline treatment) by perforant path stimulation at 1
Hz (with paired-pulses 40 msec apart) for 40 sec. Note that evoked granule cell activity
generated both low-frequency, positive-going field potentials (expanded box 1) and high-
frequency, negative-going population spikes (expanded box 2). B: In an epileptic animal 2

days post-SE, spontaneous granule cell layer activity recorded during a spontaneous
behavioral seizure exhibited both positive-going field potentials (expanded box 1) and

negative-going epileptiform discharges (expanded box 2) that were qualitatively similar to
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those evoked in the control rat in A. C: Thirteen days later, spontaneous granule cell layer
activity still exhibited high-frequency, negative-going epileptiform discharges. D: Forty-
seven days after SE, the spontaneous granule cell layer activity recorded in the same animal
during a spontaneous seizure exhibited single population spikes (expanded box 1) and
positive-going field potentials (expanded boxes 2 and 3) but no seizure discharges
(repetitive population spikes). Note that granule cells generated only single population
spikes ~7 seconds after the onset of the observed behavioral seizure (expanded box 1) and
then generated only field potentials for the duration of the behavioral seizure. E: Evoked
granule cell seizure afterdischarges in the same chronically epileptic, pilocarpine-treated rat
45 days post-SE (tested 2 days prior to the activity shown in D), illustrating that, despite the
lack of spontaneous seizure discharges in the chronic epileptic state, abnormally high-
frequency (4 —10Hz) stimulation could evoke granule cell seizure discharges (expanded box
1), as well as positive-going field potentials (expanded box 2). The absence of seizure
discharges recorded from the granule cell layers during spontaneous behavioral seizures was
a consistent observation in epileptic animals subsequently shown to have dentate hilar cell
loss and mossy fiber sprouting. Calibration bars: 3.5 mV, 30 msec in A; 5 mV, 2 sec for B; 4
mV, 30 msec for B1,2; 2.5 mV, 2 sec for C; 3 mV, 100 msec for C1-3; 3 mV, 2 sec for D; 4
mV, 25 msec for D1,2. From Harvey and Sloviter, 2005.
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Figure 3.

A-C: Quantitative frequency analysis of “early” and “late” spontaneous seizures recorded in
the same chronically epileptic, pilocarpine-treated rats. A1,2: Joint time frequency analysis
spectrograms of “early” (2 days post-SE) and “late” (47 days post-SE) seizures in the same
awake, epileptic animal, indicating when granule cell layer activities of different frequencies
occurred in relation to the behavioral seizure onsets. Note that all high-frequency
components (100 — 600 Hz) were greater in magnitude (darkness and height of peaks) in the
early vs. late post-status epilepticus (SE) states, indicating a loss of epileptiform discharges
over time. Also note that these high-frequency components occurred after, rather than
before, the spontaneous behavioral seizure onsets (onset of forepaw clonus and rearing). B1:
Averaged power spectrum of six randomly selected, 1-minute-long traces of granule cell
activity during SE. B2,3: The six first and last spontaneous seizures during the “early” and
“late” spontaneous seizures, respectively, in a typical epileptic pilocarpine- treated rat. Note
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that all frequencies between 100 and 600 Hz were higher during “early” seizures (B2) than
during “late” seizures (B3), indicating the loss of high-frequency epileptiform granule cell
discharges in the chronic epileptic state. C1: The average integral taken from the averaged
power spectrum (100 — 600 Hz) in all five chronically epileptic rats that were implanted
before SE. Note the significant loss (P< 0.012) of all high-frequency components. C2,C3:
The average integrals taken from the averaged power spectra of the two high-frequency
bands (165-175 Hz and 340-360 Hz) in all five epileptic rats. Note the significant loss (P <
0.012 and 0.014, respectively) of both narrow frequency bands. Calibration bars: 5 mV, 4
sec. From Harvey and Sloviter, 2005.
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Atypical recruitment of granule cell and CA1 pyramidal cell discharges during a
spontaneous seizure in a chronically epileptic rat. A,B: In this animal, perfusion fixed 56
days post-SE, seizure discharges were recorded from both dorsal hippocampal granule cell
(GCL) and CA1 pyramidal cell layers beginning approximately 25 seconds after the
behavioral seizure onset. C1: c-Fos immunostaining of the dorsal hippocampus in a coronal
section revealed c-Fos expression in all hippocampal neurons. D1: c-Fos immunostaining of
the ventral hippocampus in a horizontal section from the same rat revealed c-Fos expression
in pyramidal layer neurons but not in the dentate gyrus (sg; stratum granulosum). C2,D2:
Note that Timm staining revealed less extensive mossy fiber sprouting in the dorsal
hippocampus (C2) than in the ventral hippocampus (D2), and a lack of c-Fos expression in
the more heavily mossy fiber-sprouted ventral dentate gyrus. Calibration bars: 10 mV, 5
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seconds (compressed areas); 6 mV, 75 msec (expanded boxes). Scale bar: 400 um in D
(applies to C,D). From Harvey and Sloviter, 2005.
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Figureb.

A spontaneous electrographic seizure recorded from the dentate granule cell layer of an
awake rat 2 days after 3 hr of stimulation-induced status epilepticus. This first spontaneous
granule cell-onset seizure was recorded at two acquisition rates (10 kHz and 100 Hz)
simultaneously to illustrate the loss of high frequency data at the lower acquisition rate. Note
that presentation of the recording at a compressed timescale (top left) makes it appear that
both recordings are similar superficially. However, even at this compression, it can be seen
that the slower 100 Hz recording lacks the negative-going population spikes (arrows).
Conversely, the slower positive-going potentials are recorded by both methods
(arrowheads). Expansion of the recordings clearly shows the selective loss of all high
frequency data at the 100 Hz rate, making it impossible to know if population spikes
(synchronous granule cell discharges) are present. Scale bar: 4 sec in the compressed traces
and 60 msec in traces a-c.
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Granule cell layer activity before, during, and after 3 hr perforant path stimulation
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Figure6.

Dentate granule cell excitability and spontaneous activity before and 1-5 days after 3 hours
of perforant pathway stimulation-induced convulsive status epilepticus (SE). Al: Before SE,
paired-pulse perforant pathway stimulation at 0.1 Hz and an interstimulus interval of 40
msec evokes granule cell responses that exhibit partial suppression of the amplitude of the
second population spike (arrow). A2: Three days after 3 hours of SE, the identical afferent
stimulation failed to suppress the second population spike (arrow). B1: Granule cell layer
activity during 3 hours of perforant pathway stimulation in the same awake rat. The
stimulation paradigm involved continuous stimulation at 2 Hz with paired pulses delivered
at a 40-msec inter- pulse interval plus 10-second-long 20-Hz trains delivered once per
minute. Note the morphology of the granule cell epileptiform discharges during the 2 Hz
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intertrain interval (a) in the expanded trace (Bla expanded). C: On the first day after 3 hours
of stimulation- induced SE, a granule cell layer electrode recorded spontaneous granule cell
field “EPSPs” and population spikes that closely resemble the evoked responses in A. D:
Granule cell layer activity during spontaneous behavioral seizures during the first week
post-SE. D1: On day 2 post-SE, granule cell layer activity amplitude increased before the
behavioral onset of the second behavioral seizure on that day (marked by asterisk). Dl1a
(expanded): Expanded trace of the region above marked “a,” showing that the high-
amplitude activity in D1 consisted of granule cell epileptiform discharges that preceded the
behavioral seizure onset (asterisk). D2: Three days later, the fourth spontaneous behavioral
seizure exhibited nearly identical features, including high-frequency granule cell
epileptiform discharges (D2a expanded) that preceded the behavioral seizure-onset
(asterisk). Calibration bars: 14 msec and 9mV in A; 7 seconds and 9 mV in B1; 46 msec and
9mV in B1 (expanded); 40 msec and 9 mV in C; 3.4 seconds and 9 mV in D1,D2; 53 msec
and 9 mV in D1 (expanded); 60 msec and 9 mV in D2 (expanded). From Bumanglag and
Sloviter, 2008.
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