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ABSTRACT

The mechanism by which brain injuries cause temporal lobe epilepsy is unknown.
Suspected epileptogenic insults include neuron loss and secondary processes triggered by
injury. Difficulties in determining which abnormalities precede the onset of seizures, and
could play a causal epileptogenic role, have been a major obstacle to progress.
Chemoconvulsant-induced status epilepticus in animals has been widely used to induce
epilepsy experimentally, but it has been impossible to determine when epileptogenesis
occurs because early seizures could be the result of residual drug. As an alternative to
chemoconvulsants, perforant pathway stimulation-induced status epilepticus was used to
produce limited brain injury and to initiate hippocampal epileptogenesis. Continuous
video monitoring and granule cell layer recording determined the latencies to
hippocampal epileptiform events and clinical seizures. Spontaneous hippocampal
epileptiform discharges and behavioral seizures were recorded during the first three days
post-injury, indicating that hippocampal epileptogenesis is a rapid process coincident
with neuron loss, and that the short latency to clinical epilepsy might be due to damage to
all brain regions that normally act as barriers to seizure spread. To test this hypothesis, a
less injurious stimulation paradigm was developed. Histological analysis confirmed
neuronal injury mainly limited to the hippocampus and entorhinal cortex. Continuous
monitoring after twenty-four hours of stimulation revealed that whereas spontaneous
hippocampal granule cell population spikes and focal epileptiform discharges were
coincident with initial neuron loss, the latency to the first clinical behavioral seizure was
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14-35 days. Early focal seizures were associated with brief granule cell layer epileptiform
discharges that lasted 34.7 ± 3.0 seconds, whereas generalized motor seizures were
associated with longer granule cell layer epileptiform discharges 126.0 ± 12.8 seconds in
duration. These results indicate that hippocampal epileptogenesis is an immediate
network defect coincident with initial neuron loss, rather than with delayed secondary
processes, and that the “latent period,” when one exists, may represent a “kindling”
process in which initially focal seizures slowly overcome undamaged barriers to seizure
spread. The finding that hippocampal epileptogenesis develops coincident with the initial
injury, rather than with slower secondary processes, suggests that neuroprotection in the
immediate post-injury period may be the most effective anti-epileptogenic strategy.
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CHAPTER 1: INTRODUCTION

Temporal Lobe Epilepsy
Epilepsy is a chronic neurological disorder characterized by spontaneous,
unprovoked behavioral seizures that are preceded by abnormal electrical events. There
are many epileptic syndromes, which are defined by their seizure characteristics and
associated anatomical substrates (Engel, 2006). The epilepsy syndromes fall into two
broad categories and can be classified as either generalized or partial (location-based)
epilepsies. Generalized epilepsies involve seizures that appear to begin simultaneously in
both cerebral hemispheres, and are often associated with genetic factors (Berkovic, 1997;
Chang and Lowenstein 2003). The partial epilepsies often involve focal seizures that
originate in a particular brain region, and these syndromes are often attributed to a variety
of suspected neurological insults (Chang and Lowenstein 2003). The most common form
of partial epilepsy is mesial temporal lobe epilepsy, which is characterized by recurrent
spontaneous seizures that originate from the temporal lobe (Engel, 2001), and is often
refractory to treatment (McNamara, 1994).
Temporal lobe epilepsy (TLE) can be caused by tumors, genetic factors,
developmental abnormalities, or malformations, or it can result from a traumatic brain
injury. Acquired, potentially epileptogenic, brain injuries include infection, ischemia,
febrile seizures, status epilepticus, and head trauma. The mechanism responsible for the
development of acquired temporal lobe epilepsy is unknown, but the clear relationship
between pathology and “epileptogenesis” is a compelling one.
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Definition of Seizures
Clinically obvious behavioral seizures are a hallmark of all epilepsy syndromes,
and are distinct, repetitive phenomena associated with stereotyped behaviors and
coincident electrophysiological changes (D’Ambrosio, 2010). To assist clinicians in the
diagnosis of epilepsy, the International League Against Epilepsy (ILAE) has defined an
epileptic seizure as a specific event with a measurable duration, which can be attributed
to “abnormal excessive or synchronous neuronal activity in the brain” (Fisher et al.,
2005). Epileptic seizures are generally associated with observed clinical manifestations,
and neurological symptoms may vary depending on the location of the seizure focus in
the brain (Fisher et al., 2005). However, epileptic seizures can also be subclinical in
nature, and have no detectable behavioral symptoms despite observed changes on an
EEG trace (D’Ambrosio, 2010).
Temporal lobe epilepsy is associated with either focal seizure events that do not
cause unconsciousness, or complex generalized seizures, which disturb brain function
bilaterally, causing a loss of consciousness (Engel, 1998). Complex generalized seizures
that occur in temporal lobe epilepsy have three distinct behavioral components. These
seizures typically begin with an aura, which is most commonly associated with a
sensation of epigastric rising, or a variety of autonomic and emotional signs (Engel,
2001). The behavioral component of a complex generalized seizure often begins with
motor arrest and staring, followed by stereotyped behavior that can include oralalimentary automatisms, or more complex, non-purposeful movements involving the
limbs (Engel, 2001). Tonic posturing of limbs contralateral to the apparent seizure focus
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may occur as well, and seizure activity can progress to both brain hemispheres, resulting
in secondarily generalized tonic-clonic seizures and loss of consciousness (grand mal
seizures; Engel, 1998). After the behavioral seizure event, the postictal stage is associated
with confusion, no recollection of the seizure event, and reactive automated movements
may continue for several minutes (Engel, 2001). A major premise of this dissertation is
that the first appearance of clinically detectable behavioral events does not signify a
newly completed process of epileptogenesis. The term “epileptogenesis” literally means
the birth of epilepsy, and it is a contention of this dissertation that hippocampal
epileptogenesis cannot be assessed either behaviorally or by EEG recording. This
necessitates the development of an animal model that exhibits directly confirmed
hippocampal epileptogenesis, which involves direct recording in awake animals from
identified hippocampal cell populations.

The concept of the “latent period”
In most cases of acquired temporal lobe epilepsy, there is a delay between an
initial injury and the appearance of obvious clinical epileptic seizures (Chang and
Lowenstein, 2003). Studies of posttraumatic epilepsy, in which normal individuals
develop epilepsy following known traumatic head injuries, illustrate the concept of the
“latent period.” In the Vietnam Head Injury Study by Salazar and colleagues (Salazar et
al., 1985), it was shown that most patients developed clinical seizures within the first 2
years of injury. However, more than 15% of the veterans in the study did not have their
first clinically obvious motor seizure until 5 or more years after their initial head injury
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(Engel 1998). Additional evidence for the latent period in temporal lobe epilepsy is
provided by a separate study (French et al., 1993), in which clinical histories were
obtained from 67 patients who had confirmed temporal lobe epilepsy. This study reported
that patients exhibited a seizure-free latent period between a presumed insult and the
development of clinically obvious recurrent motor seizures. The latency to spontaneous
epilepsy was approximately 7.5 years on average, but the seizure-free periods varied
greatly with a range of less than 1 month, up to 31 years following the presumed initial
brain injury (French et al., 1993). Eleven patients in this study (16%) were reported to
have a seizure-free latent period of more than 10 years (French et al., 1993).
The delay between injury and clinically obvious seizures is of unknown
mechanistic significance, but is commonly regarded to be a reflection of the duration of
the process called “epileptogenesis” (Bragin et al., 2000). The temporal mismatch
between a presumed initial injury and the onset of clinically obvious epilepsy was
attributed historically to the concept of the “ripening of the scar” (Earle et al., 1953),
which refers to a presumably gradual epileptogenic process. The idea that epileptogenesis
is a gradual process triggered by an initial injury, rather than being an immediate network
imbalance caused by neuron loss or other early effects, has had significant conceptual
impact historically and experimentally, despite the fact that epilepsy can begin without
delay after brain injury, or in the absence of any known antecedent injury (French et al.,
1993; Wieser, 2004; Mikaeloff et al., 2006). Understanding the nature and characteristics
of the latent period to post-injury generalized clinical seizures is the central focus of this
dissertation, and is a compelling question because it would provide insights into possible
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mechanisms of epileptogenesis and indicate the therapeutic period when antiepileptogenic treatment might be efficacious.

The role of the hippocampus in temporal lobe epilepsy
The hippocampus, a structure of central importance in normal learning and
memory, is thought to play a similarly crucial role in temporal lobe epilepsy for several
reasons. First, temporal lobe epilepsy is often associated with a well-characterized
hippocampal pathology, involving a selective loss of hippocampal formation neurons
(Bouchet and Cazauvieilh, 1825; Sommer, 1880; Bratz, 1899; Margerison and Corsellis,
1966). Second, studies using scalp EEG recordings (Gibbs et al., 1938) and depth
electrode recordings directly from the hippocampus (Spencer and Spencer, 1985),
demonstrated that seizures often originate from within the damaged hippocampal
formation. Third, surgical resection of the atrophic hippocampal formation decreases or
stops temporal lobe seizures in a majority of patients with intractable TLE (Falconer and
Taylor, 1968; Engel, 1996; McIntosh et al., 2004). Thus, because of the central
involvement of the hippocampal formation in the development and progression of the
disease process, a discussion of the anatomical connections relevant to the scope of this
dissertation is appropriate.

Anatomical organization of the hippocampal formation
The anatomical organization of the hippocampus has been evolutionarily
conserved across all mammalian species, which facilitates comparison between animal
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models of temporal lobe epilepsy and the human neurological condition. Much of our
understanding regarding the anatomical connections and cell types of the hippocampus is
derived from anatomical studies in the rat (Figure 1.1). The hippocampus is a multilayered structure comprised of various hippocampal subfields (Figure 1.1), with a variety
of glutamatergic principal neurons and GABAergic interneurons. The hippocampus can
be divided into two subregions: the dentate gyrus and the hippocampus proper or cornu
ammonis (CA), which is comprised of the pyramidal cell regions of CA1, CA2, and CA3,
as defined by Lorente de No (1934). Principal cells of the dentate gyrus are the granule
cells, which may be the source of most seizures in temporal lobe epilepsy. The dentate
gyrus also includes the polymorphic region known as the dentate hilus, which is
comprised of glutamatergic mossy cells and a variety of GABAergic interneurons. A loss
of neurons in the dentate hilus is the single common pathology in patients with temporal
lobe epilepsy who exhibit brain cell loss (Margerison and Corsellis, 1966).
The hippocampus and its neocortically associated input and output areas are
collectively known as “the hippocampal formation” (Figure 1.2). Thus, this term refers to
a group of associated temporal lobe structures that include: the hippocampus, subiculum,
presubiculum, parasubiculum, and entorhinal cortex (Amaral and Lavenex, 2007).
Connectivity within the hippocampus has been historically referred to as a “trisynaptic
circuit”, and this definition serves as a useful guide to discuss the basic unidirectional
connections among structures of the hippocampal formation (Andersen et al., 1971).
However, this is an oversimplified designation, requiring an additional description of
some of the extrinsic and intrinsic connections within the hippocampal formation.
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Figure 1.1. NeuN-stained coronal section of the rat hippocampus, illustrating the various
hippocampal subfields. The dentate gyrus includes: the granule cell layer (gcl), the
dentate hilus (h), and the inner (iml) and outer (oml) molecular layers. The hippocampus
proper includes: the pyramidal cell regions (CA1-CA3), stratum lucidum (sl), stratum
lacunosum moleculare (slm), stratum radiatum (sr), and stratum oriens (so). The classic
trisynaptic circuit describes synaptic connectivity through each of the hippocampal
subregions. The perforant pathway, the primary afferent input into the hippocampus,
terminates on granule cell dendrites in the outer molecular layer (oml). Neurons in the
dentate hilus project to granule cell dendrites in the inner molecular layer (iml). Granule
cell axons form the mossy fiber pathway, which terminates on CA3 pyramidal cell
dendrites in stratum lucidum (sl). Axons of the CA3 pyramidal cells form the Schaffer
collaterals, which synapse on CA3 pyramidal cell dendrites and CA1 pyramidal cell
dendrites located in stratum radiatum (sr) and stratum oriens (so). Additional input from
the entorhinal cortex terminates on distal dendrites of CA3 and CA1 neurons in stratum
lacunosum moleculare (slm). Area CA2 of the hippocampus contains large pyramidal
cells that do not receive mossy fiber innervation.
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The main afferent input into the hippocampus is via the perforant pathway, which
is composed primarily of axons that originate from neurons in layer II of the entorhinal
cortex. These axons “perforate” the hippocampal fissure and synapse onto the dendrites
of the granule cells in the outer two-thirds of the dentate molecular layer, thus forming
the first connection in the classical trisynaptic circuit. The perforant pathway maintains a
somewhat topographic projection to the dentate molecular layer, as neurons from the
medial entorhinal area project to the middle third, whereas neurons of the lateral
entorhinal area project to the outer third of the molecular layer. The entorhinal input to
the hippocampus via the perforant pathway terminates in the ipsilateral dentate gyrus and
CA3, but there is also a commissural projection to the contralateral dentate gyrus and
CA3. Furthermore, it should be noted that along with the primary perforant pathway
input, there are additional minor projections to the hippocampus. Axons that arise from
neurons of layer III of the entorhinal cortex project to stratum lacunosum moleculare of
the CA1 subfield, where they synapse onto interneurons and distal dendrites of CA1
pyramidal cells. In addition to entorhinal input, the dentate gyrus receives input from
presubiculum and parasubiculum. No information is currently known about this
projection, however it may serve as a pathway through which thalamic information can
directly reach the dentate gyrus (Amaral and Lavenex, 2007).
The granule cells contribute to the second connection in the classic “trisynaptic
circuit” model, giving rise to axons (the mossy fibers) that synapse onto the proximal
apical dendrites of CA3 pyramidal cells in stratum lucidum. In addition to the CA3
projection, mossy fiber collaterals terminate in the dentate hilus, where they synapse on
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the dendrites and somata of glutamatergic mossy cells and GABAergic interneurons. The
mossy cells of the dentate hilus send associational (ipsilateral) and commissural
(contralateral) projections to the inner third of the dentate molecular layer, where they
innervate the proximal dendrites of granule cells and GABAergic dentate interneurons.
There is also a projection from GABAergic interneurons located in the dentate hilus to
the outer molecular layer.
The third link in the trisynaptic pathway originates from the CA3 pyramidal cell
axons that form the “Schaffer collaterals,” which synapse onto CA1 and CA3 pyramidal
cell dendrites. The Schaffer collateral pathway is the major input to CA1 pyramidal cells,
and terminates on the basal dendrites in stratum oriens and on apical dendrites in stratum
radiatum (Amaral and Lavenex, 2007). In addition, CA3 axons form associational
connections to other pyramidal cells in area CA3 and in the lateral septum. In the rat
hippocampus, CA3 sends commissural projections to target cells in the contralateral
CA3, CA1, and lateral septum.
The CA1 pyramidal cells function as the main hippocampal output neurons. CA1
pyramidal cell axons project primarily to the subiculum, but also send minor direct
projections to layers V and VI of the entorhinal cortex. The subiculum, which receives
primary input from CA1 pyramidal cells, also projects to the deep layers of the entorhinal
cortex. Finally, the entorhinal cortex sends projections back to different regions of the
neocortex. This connectivity among structures in the hippocampal formation allows for
multi-modal information from various cortical sites to enter the hippocampus, and for
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CA3 and CA1 pyramidal cells to mediate presumably different output messages to
cortical and subcortical targets.
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Figure 1.2. Anatomical structures and connections within the hippocampal formation.
(A) NeuN-stained horizontal section illustrating the various anatomical structures in the
hippocampal formation in the rat: the dentate gyrus (DG), which is made up of the
granule cell layer (gcl) and dentate hilus (h); pyramidal cell layers of the hippocampus
proper (CA1, CA2, CA3); subiculum (Sub); presubiculum (Pre); parasubiculum (Para);
entorhinal cortex (EC) and its various layers (I-VI). (B) Simplified diagram illustrating
primary unidirectional synaptic connections among the anatomical regions of the
hippocampal formation. Information flows through the trisynaptic connections via (1) the
perforant pathway, the main afferent input to the hippocampus, (2) mossy fiber pathway,
and (3) the Schaffer collaterals. The presubiculum and parasubiculum project to the
hippocampus as well, but no information is currently known about this specific pathway.
Adapted from van Strien et al., 2009.
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Proposed mechanisms of epileptogenesis
Despite decades of progress in the field of epilepsy research, the fundamental
events and mechanisms responsible for hippocampal epileptogenesis remain unknown.
Current hypotheses suggest two possible mechanisms: 1) hippocampal epileptogenesis
may be an immediate network defect caused by initial neuron loss, an idea that predicts
that initial seizures remain focally limited and clinically undetectable; or 2) hippocampal
epileptogenesis may be a relatively slow process that reflects the time required for a
gradual secondary mechanism triggered by an insult to slowly mature and cause clinical
seizures.
A selective loss and survival of hippocampal neurons is a well-documented
pathology associated with temporal lobe epilepsy (Bouchet and Cazauvieilh, 1825;
Sommer, 1880; Bratz, 1899; Margerison and Corsellis, 1966). The common pathology in
all brains from patients with temporal lobe epilepsy who exhibited any neuron loss was a
loss of hilar neurons in the dentate gyrus of the hippocampus. This pattern of cell loss is
called “endfolium sclerosis” when cell loss is limited to the dentate gyrus and the end of
the pyramidal cell layer (Margerison and Corsellis, 1966). This pathology can be
replicated experimentally through sustained electrical stimulation of the perforant
pathway in urethane-anesthetized rats, which produces a selective loss of vulnerable hilar
neurons, and an immediate state of granule cell hyperexcitability (Sloviter 1983, 1987).
As a result, Sloviter (1991) proposed “the dormant basket cell” hypothesis to explain the
immediate granule cell hyperexcitability observed in response to this initial neuron loss.
Hilar mossy cells normally innervate and excite inhibitory basket cells (Buzsaki and
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Eidelberg, 1981; 1982; Douglas et al., 1983; Bilkey and Goddard, 1987), as well as
granule cells. Prolonged perforant pathway stimulation leads to a selective loss of these
highly vulnerable hilar mossy cells, while the inhibitory basket cells of the granule cell
layer are part of the surviving neuronal populations. As a result, granule cell
hyperexcitability is suggested to be produced indirectly via a loss of the excitatory input
to the inhibitory basket cells, which renders them “dormant” (Sloviter, 1991).
Furthermore, Sloviter (1991) hypothesized that the latent period may be influenced by the
severity or duration of the initial seizures. Thus, neuronal injury associated with severe
status epilepticus would produce a shorter latency to permanent epilepsy, compared to a
less severe initial injury (Sloviter, 1991). Whether or not this hypothesis has validity
remains to be determined, and is one of the central issues addressed in this dissertation.
Synaptic reorganization within the epileptic hippocampus is another observed
pathology that has been implicated as a primary epileptogenic mechanism (Babb et al.,
1988; 1991; Sutula et al., 1989). The “mossy fiber sprouting” hypothesis was originally
proposed by Tauck and Nadler (1985), and is an example of a slow secondary
epileptogenic mechanism. Normal granule cells have no known recurrent excitatory
connections, and therefore do not normally generate spontaneous population spikes or
epileptiform discharges. According to the “mossy fiber sprouting” hypothesis, injuryinduced hilar cell loss triggers a synaptic reorganization of granule cell axon terminals
(mossy fibers) onto vacated synaptic sites in the molecular layer. As a result, a recurrent
excitatory network is formed among the granule cells (Tauck and Nadler, 1985). Thus,
the “mossy fiber sprouting” hypothesis posits that it is the formation of aberrant
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excitatory connections (a process that requires weeks to months to mature) among
normally unconnected granule cells that causes granule cells to become spontaneously
“epileptic.” This hypothesis predicts that spontaneous granule cell seizure discharges
should not occur prior to the development of mossy fiber sprouting, and should increase
as the abnormal recurrent excitatory connections among granule cells are formed.
To understand which pathology, if any, plays a causal “epileptogenic” role, a
thorough analysis of the exact time course of hippocampal epileptogenesis is required,
and this requires continual monitoring of post-injury granule cell layer activity in awake
animals. No such analysis has been conducted previously.

Hippocampal electrophysiology
The depth recording electrodes used in the experiments described in this
dissertation function by detecting extracellular electrical currents produced by the
movement of ions across neuronal membranes. Because granule cells in the dentate gyrus
are often the most commonly noted surviving cell populations and are hypothesized to be
involved in the generation of seizures in temporal lobe epilepsy, discussion of
hippocampal electrophysiology will remain focused on information obtained from
extracellular field potentials recorded from granule cells, either in response to electrical
stimulation of the perforant pathway, or recorded spontaneously.
Elegant electrophysiological studies performed by Per Andersen (1966) described
the characteristic waveforms recorded from the dentate granule cells in response to
afferent stimulation from the perforant pathway. The laminated anatomical structure of
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the hippocampus facilitates the interpretation of these extracellular field potential
recordings. The extracellularly-recorded waveform generated by granule cells in response
to perforant pathway stimulation is a negative “field EPSP” recorded at the location of
synaptic activation (the dentate outer molecular layer). Recording electrodes in the
hippocampus detect negative extracellular fields in the area of current sinks (the location
of synaptic input), and positive extracellular fields in areas at a distance from the active
sinks that serve as current sources (Anderson et al. 2007). Since the perforant pathway
synapses onto the dendrites of the granule cells in the outer two-thirds of the molecular
layer, activation of this synaptic pathway leads to an influx of positively-charged Na+
ions into the granule cell dendrites, which results in a net negative extracellular field
potential. Thus, the extracellular recording electrode records a maximally negative field
EPSP from most of the molecular layer, which represents a current sink. At the level of
the cell body, the polarity of the dendritic “sink” event reverses and is recorded as a
positive “field EPSP.” From this location, the characteristic granule cell response consists
of the positive “field EPSP” with a negative-going population spike superimposed on the
rising phase of the field EPSP if the activation is strong enough to generate granule cell
action potentials (Fig 1.3, panels b-d).
The granule cell population spike, which represents the collective action
potentials of a population of granule cells, generates an event of different polarity from
the field EPSP. For the population spike, the current sink is in the cell body region of the
granule cell. Thus, the population spike appears negative in the cell body layer (Andersen
et al. 2007). An additional characteristic of the population spike is that it functions as a
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graded response. This phenomenon can be demonstrated through experimental activation
of the perforant pathway at different stimulus voltages (Figure 1.3). Low voltage
electrical stimulation of the perforant pathway, which is below the threshold for
generating action potentials in the granule cells, produces a waveform that consists only
of a dendritic “field EPSP” (Figure 1.3a). As the stimulus intensity is increased, more
excitatory transmitter is released onto granule cell dendrites, more granule cells generate
action potentials, and the recording electrode begins to detect these summated
extracellular voltage changes as a negative-going population spike (Figure 1.3b). The
amplitude of the population spike is thus believed to be proportional to the number of
granule cells discharging simultaneously in response to afferent excitation (Andersen et
al., 1966). Thus, as the number of granule cells generating action potentials around the
electrode tip increases, the size of the population spike increases in amplitude until a
maximal response is reached (Figure 1.3d). The most important issue for this dissertation
is that the waveforms recorded from the granule cell layer are interpretable and can be
localized to an identified hippocampal cell population, in contrast to a surface EEG
recording, which cannot be similarly interpreted.
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Figure 1.3. Extracellular field potentials recorded from the dentate granule cell layer in
response to perforant pathway stimulation at different voltages in the same rat. The
stimulus artifact in each trace is marked by an asterisk. (A) Recorded response from the
granule cell layer in response to low voltage (4V) electrical stimulation of the perforant
pathway shows an event consisting predominantly of a field EPSP. (B) Increased voltage
(8V) generates a negative-going population spike (marked by arrow) that is superimposed
on the rising phase of the field EPSP. The size of the population spike is proportional to
the number of granule cells generating an action potential. (C) Continued increases in the
stimulus intensity (10V) generate larger population spikes. (D) Maximal activation of the
perforant pathway at 20V generates a large amplitude population spike and provides an
example of the characteristic waveform recorded at the level of the cell body of dentate
gyrus granule cells.
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Epileptogenesis in chemoconvulsant-based rat models of temporal lobe epilepsy
Convulsive status epilepticus (SE)-induced brain damage in rats is the most
commonly used method to trigger the epileptogenic process experimentally, primarily
because prolonged SE induced by chemoconvulsants (Pisa et al., 1980; Cavalheiro et al.,
1982; Turski et al., 1987; Mello et al., 1993), or electrical stimulation (Lothman et al.,
1990; Bertram and Cornett, 1993; Nissinen et al., 2000; Mazarati et al., 2002) produces
both widespread brain damage and a permanent epileptic state. Initial chance
observations of spontaneous seizures long after SE was induced (Pisa et al., 1980), and
the results of non-continuous behavioral monitoring after convulsive SE (Cavalheiro et
al., 1982; Lothman et al., 1990; Priel et al., 1996; Arida et al., 1999; Nissinen et al. 2000;
Glien et al., 2001; Brandt et al., 2003), established and reinforced the notion that a
prolonged seizure-free latent period reliably follows convulsive SE in rats (Bragin et al.,
2000; Leite et al., 2002; Stables et al., 2003). The idea that rats are reliably “preepileptic” for several weeks post-SE is crucial for hypotheses that invoke delayed
secondary processes as likely epileptogenic mechanisms (Tauck and Nadler, 1985; Parent
et al., 1997; Chang and Lowenstein, 2003), and this idea is also appealing because a
“therapeutic window” must be open long enough after injury to permit practical antiepileptogenic intervention (Stables et al., 2003; Stafstrom and Sutula, 2005). The widely
held belief that epileptogenesis requires a secondary process that is triggered by initial
injuries has had a profound effect on experiments designed to identify epileptogenic
mechanisms.
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Three recent studies that used continuous video monitoring of pilocarpine-treated
rats after prolonged behavioral SE have clearly shown, however, that spontaneous
behavioral seizures began within days after convulsive SE (Harvey and Sloviter, 2005;
Raol et al., 2006; Goffin et al., 2007). This surprising finding indicates that, in
chemoconvulsant-treated rats, there is no identifiable “pre-epileptic” period prior to the
development of a clinical epileptic state. An additional study in pilocarpine-treated rats,
which involved video monitoring only on days 3 and 6 post-SE, also reported that
pilocarpine-treated rats were spontaneously epileptic during the first week after
convulsive SE that lasted for only one hour (Jung et al., 2007). Thus, even a relatively
brief duration of convulsive SE was associated with a minimal latency to clinical
epilepsy. These studies using continuous video monitoring clearly suggest that
epileptogenesis may be coincident with initial brain injury rather than a slower secondary
process. This possibility contradicts the widely-held view that an extended seizure-free
“silent period” after brain injury is required for epilepsy to develop (Bragin et al., 2000;
Stables et al., 2003).
One important unresolved issue that confounds any study involving
chemoconvulsant drugs to produce status epilepticus is the possibility that the presence of
circulating chemoconvulsant in these studies could influence or cause the early seizures
observed in the days following the initial injury. This possibility raises the question of
whether early seizures are truly “epileptic” (spontaneous) seizures, and whether these
early, possibly convulsant drug-induced seizures could “mask” a “latent period” before
truly spontaneous epileptic seizures begin. Thus, based on the available data in
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chemoconvulsant-based models of temporal lobe epilepsy, it remains unclear whether
any “pre-epileptic” latent period exists, and whether it is long enough to accommodate
relatively slowly developing secondary mechanisms. This is an important issue because
epileptogenesis cannot be aborted if epileptogenesis is coincident with the initial injury
and if anti-epileptogenic therapy starts after epileptogenesis has already developed. Thus,
it must be determined when exactly hippocampal “epileptogenesis” develops.
A second issue surrounding the use of chemoconvulsant-treated animals as
models of hippocampal-onset temporal lobe epilepsy involves the assumption that the
spontaneous seizures that develop after injury involve the hippocampus as a source of
seizure activity. Although brain injury has been widely assumed to initiate hippocampal
epileptogenesis per se, no studies have provided evidence in vivo that the hippocampus in
general, or the dentate granule cells in particular, are the source of the spontaneous
seizures that define post-SE animals as “epileptic.” To the contrary, during more than 200
spontaneous seizures recorded in pilocarpine-treated rats, the hippocampus did not appear
to be a source of the seizures (Harvey and Sloviter, 2005). This finding suggests that the
predominantly extra-hippocampal pathology caused by convulsive SE (Schwob et al.,
1980; Turski et al., 1983; Chen and Buckmaster, 2005; Harvey and Sloviter, 2005;
Niessen et al., 2005) may not reliably involve hippocampal epileptogenesis. Thus, the
existence and significance of the “latent period” remains unestablished, it is uncertain
whether any animal models exhibit a true “latent period” before epilepsy develops, or if
any animal models actually exhibit hippocampal epileptogenesis (hippocampal-onset
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seizures). Clearly, mechanisms of hippocampal epileptogenesis cannot be identified until
animal models are shown to exhibit hippocampal epileptogenesis.

Summary of Research Goals
The concept of the latent period in acquired temporal lobe epilepsy has had a
powerful influence on experimental research for the last 25 years, and has reinforced the
idea that epileptogenesis is a delayed, gradual process triggered by an initial injury.
Although epilepsy can develop immediately following brain injury, both humans and
animals exhibit variable latencies to clinical epilepsy. Therefore, the meaning of the
latent period, when one exists, must be addressed. Understanding the time course of a
disease process is important because it allows one to determine whether a specific
pathology can be even possibly causally related to the disease process, and also whether a
specific therapy can be used to prevent or alter the course of the disease. The initial
purpose of this dissertation is to: 1) develop an animal model that avoids the use of
chemoconvulsant chemicals and involves a highly reproducible temporal lobe injury, as
well as hippocampal-onset seizures in awake, chronically-implanted rats, and; 2) to
determine precisely when hippocampal epileptogenesis develops in relation to the onset
of both subclinical (focal) and clinical (generalized) behavioral seizures.
To accomplish these goals, and to avoid the problematic issues inherent in the use
of chemoconvulsant drugs, an electrical stimulation paradigm in awake rats was used to
generate confirmed hippocampal status epilepticus. Continuous video monitoring and
bilateral depth recording directly from the dentate granule cell layers after injury was
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then used in awake animals to determine the latencies to both hippocampal
epileptogenesis and clinical epilepsy. The results of these experiments have been
designed to refute or confirm the widely-accepted concept that a “pre-epileptic” silent
period reliably follows SE-induced brain injury, which would indicate that
epileptogenesis is likely due to a delayed secondary process, rather than the initial insult.
Histological analysis was used to identify the pathological correlates of hippocampal
epileptogenesis. These goals will elucidate the nature and time course of temporal lobe
epileptogenesis, identify biomarkers of epileptogenesis, and possibly identify targets for
anti-epileptogenic therapies.
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CHAPTER 2: MATERIALS AND METHODS

Animal treatment
All animals were treated in accordance with the guidelines of the National
Institutes of Health for the humane treatment of animals, and the methods used in these
experiments were approved by the University of Arizona Institutional Animal Care and
Use Committee. Male Sprague-Dawley rats (Harlan Laboratories; Indianapolis, IN)
weighing 350-450g were used in these studies.

Pilocarpine-induced status epilepticus
Rats were given atropine methylbromide (1mg/kg sc in saline vehicle; Sigma, St.
Louis, MO), followed 30 minutes later by pilocarpine hydrochloride (350-380 mg/kg sc
in saline; Sigma). Different doses were used in different groups when it was determined
that few animals entered status epilepticus (SE) after the lower dose. After 3 hours of
continuous behavioral SE (usually ~3.5 hours after pilocarpine injection), behavioral
seizures were terminated abruptly by halothane inhalation, and their reoccurrence was
suppressed by a sub-anesthetic dose of urethane (0.8 g/kg sc). This drug combination was
used after it was determined in pilot studies using hippocampal depth recording and
behavioral observation that this treatment fully suppressed both the behavioral seizures
and the hippocampal electrographic discharges. Controls received two saline injections,
and were given the same dose of halothane inhalation and sub-anesthetic dose that the
experimental group received to terminate status epilepticus. Pilocarpine-treated rats that
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survived status epilepticus appeared lethargic and did not eat standard food pellets for
several days after SE, which necessitated subcutaneous injections of saline and provision
of apple slices.

Implantation of chronic stimulating and recording electrodes
Rats were anesthetized with either chloral hydrate (350 mg/kg sc) or urethane
(1.25 g/kg sc). The surgical area was shaved, and then cleaned with 70% alcohol and
povidone-iodine. Animals were placed in a Kopf stereotaxic apparatus and temperature
was maintained at 37° C throughout the surgery. A midline incision was made to expose
the skull, and five stainless-steel screws were inserted into the skull to stabilize the
electrodes, and to provide an electrical ground and reference site for recording. Bipolar
stainless-steel stimulating electrodes (Rhodes Medical Instruments, Summerland, CA)
were placed bilaterally in the angular bundles of the perforant pathway (~4.5 mm lateral
from the midline suture and immediately rostral to the lambdoid suture). Unipolar
recording electrodes, fabricated from Teflon-coated 0.003-inch-diameter tungsten
microwires (7910; A-M Systems, Inc., Carlsborg, WA) were lowered into the brain
bilaterally (~2-3 mm lateral from the midline, ~4-5 mm caudal to bregma, and 3.5 mm
below the brain surface). Final tip locations in the granule cell layer were reached by
optimizing the potentials evoked by perforant pathway stimulation (Andersen et al.,
1966). A layer of dental acrylic cement attached the electrodes to the screws and skull.
The electrode pins were fitted into a plastic connector (Ginder Scientific, Ottawa,
Ontario, Canada), which was then embedded in acrylic cement to form a mechanically
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stable “cap.” The scalp was restored around the cap using a single staple at the caudal end
of the incision. Animals received amikacin antibiotic post-surgery. Animals were kept
warm and monitored closely until they were ambulatory.

Perforant pathway stimulation-induced status epilepticus in awake animals
At least one week after microelectrode implantation, awake animals were
stimulated bilaterally for 3 hours using a stimulus train paradigm designed to evoke
hippocampal granule cell and pyramidal cell discharges (Sloviter 1983) throughout the
duration of stimulation. Stimulation consisted of 15 - 20 V paired-pulse stimuli delivered
at 2 Hz, with a 40 msec interpulse interval, plus 10 sec long, 20 Hz stimulus trains of
single, 15 - 20 V stimuli delivered once per minute. After 3 hours of continuous
confirmed behavioral and electrical SE, behavioral seizures were terminated abruptly by
isoflurane inhalation, and their reoccurrence was suppressed by a sub-anesthetic dose of
urethane (0.8 g/kg sc). Animals were given subcutaneous injections of saline poststimulation, and kept warm until they were ambulatory. Stimulated rats appeared to be
fully recovered behaviorally approximately one day after urethane injection. Unlike
pilocarpine-treated animals, electrically stimulated rats appeared healthier one day postSE, and were usually eating and drinking ad libitum by two days post-SE. When
necessary, saline injections were administered at approximately 8-12 hours post-SE until
animals were ambulatory.
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Perforant pathway stimulation under urethane sedation
Animals were allowed to recover for at least one week after microelectrode
implantation. Animals were given a sub-anesthetic dose of urethane (0.63-8 g/kg sc) and
placed in a recording chamber. This dose of urethane did not produce complete
anesthesia, but rats were observed to be in a sedated state. This dose of urethane was used
because it was determined in pilot studies that it effectively prevented status epilepticus
in these animals during the stimulation. It should be noted that urethane has powerful
osmotic effects and is often fatal when administered intraperitoneally; however, when
urethane is administered by the subcutaneous route, it permits full recovery of the
animals and no lethality was observed from this method of urethane administration. Rats
were generally ambulatory several hours before the end of the stimulation and in some
cases were observed to be eating and drinking ad-libitum during the final hours of the
stimulation paradigm. Rectal temperature was monitored occasionally (Harvard
Apparatus, Dover, MA) and observed to be consistently at 37.3° ± 0.2° C throughout the
stimulation paradigm. External heating sources were not required because the rats were
able to regulate body temperature on their own since the low dose of urethane only
produced sedation and not complete anesthesia. Urethane-sedated animals were
stimulated for 24 hours using the same electrical stimulation paradigm described in the 3hour status epilepticus group. If necessary, animals were given an additional dose of
urethane (0.25 g/kg sc) at approximately 12 hours after the start of the stimulation to
maintain a sufficient level of sedation throughout a majority of the stimulation procedure.
Animals were occasionally given saline periodically by subcutaneous injection to assist
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in recovery. However, in almost all cases, saline injections were not required because rats
usually appeared to be fully recovered several hours post-stim, and were eating and
drinking ad libitum by the end of the stimulation.

Electrophysiological and video monitoring methods
All electrical stimulation paradigms utilized stimuli (0.1 msec duration) generated
by a Grass S88 stimulator and stimulus isolation unit (Grass Instruments, West Warwick,
RI). Evoked and spontaneous granule cell layer activity before, during, and after
perforant pathway stimulation was amplified and recorded digitally at a 10 kHz sampling
rate (AD Instruments, Mountain View, CA). After the end of either 3 hours of perforant
pathway stimulation-induced SE or 24 hour-stimulation under urethane sedation, the
granule cell layer recording electrodes recorded spontaneous activity continuously (24/7)
and this data was stored digitally and automatically in 3 hour epochs. Each day, the
preceding 24 hours of recordings were assessed visually, and all events with amplitudes
obviously larger than baseline were expanded and analyzed qualitatively and
quantitatively. Each confirmed epileptiform electrical event was related to behavior on
the time-stamped video recordings of behavior, as described below.
Continuous (24/7) video-monitoring began immediately after the end of electrical
stimulation utilizing Panasonic model 9622 color CCD day/night infrared cameras. Video
files were captured at 30 frames/sec and time-stamped for integration with the
electrophysiological data using surveillance software (Ben Software, London, UK), and
stored digitally. In studies that involved behavioral observation alone, video files were
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played back and observed at high speed (6-12X) to detect behavioral seizures, without
knowledge of the electrophysiological data. Spontaneous behavioral seizures were scored
according to the Racine scale (Racine, 1972). Only behavioral seizures clearly
identifiable by video analysis on review at normal playback speed as Stage 3-5 motor
seizures were counted during analysis. Due to the sedative effects of urethane used to
prevent reoccurrence of SE after its termination by isoflurane inhalation, analysis of the
video data began 24 hours after the end of SE, when rats appeared to be fully recovered.
Given these methodological considerations, the earliest seizure latency possible in the
status epilepticus studies was on day 2 after SE (the 24 hour period starting 24 hours
post-SE). Thus, the estimated seizure latencies and frequencies presented in this
dissertation are considered conservative underestimates.

Perfusion-fixation and tissue treatment
Rats were anesthetized with urethane and perfused through the aorta by gravityfeed with saline for 2 minutes followed by 4% paraformaldehyde in 0.1M phosphate
buffer, pH 7.4, for 10 min. After storage of the intact rats for a minimum of 24 hours at
4oC, brains were removed from the skull and 40 µm-thick sections were cut in 0.1M Tris
(hydroxymethylaminomethane) buffer, pH 7.6, using a Vibratome. Brains were first cut
in the horizontal plane from the base of the brain, and then the remaining block was cut
coronally.
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Immunocytochemistry and histochemistry protocols
Sections were mounted on Superfrost Plus slides, air dried, and placed in 0.1M
TRIS buffer, pH 7.6 (TRIS). Slides were then immersed in 85-87oC TRIS for 1 min,
washed in TRIS, and placed in TRIS containing 0.25% bovine serum albumin (BSA;
fraction V; Sigma) and 0.1% Triton X-100. Slides were incubated overnight in mouse
anti-NeuN (diluted 1:10,000; MAB377; Chemicon). Anti-NeuN was raised against
purified cell nuclei from mouse brain, and recognizes 2-3 bands in Western blots in the
46-48 kDa range, and possibly another band at approximately 66 kDa, which constitutes
unknown nuclear proteins (Mullen et al., 1992). After primary antibody incubation, slides
were washed in TRIS-BSA-Triton X buffer, pH 7.6 (2x5 min minimum). Slides were
incubated in biotinylated secondary antibody solution (1:2000 dilution of goat antimouse; Vector Labs, Burlingame, CA) in TRIS-BSA-Triton X buffer for 2 hours, washed
in the same buffer, and then incubated for 2 hours in avidin-biotin-HRP complex (Vector
Labs Elite kit diluted 1:1000 in TRIS-BSA-Triton X buffer). Slides were then washed in
TRIS (3x5 min minimum) and incubated in a hydrogen peroxide-generating DAB
solution (100ml TRIS containing 50 mg DAB, 40 mg ammonium chloride, 0.3 mg
glucose oxidase, and 200 mg β-D-glucose). After incubation in DAB solution (20-30
min) and the level of staining was judged to be optimal, slides were rinsed in TRIS,
dehydrated in graded ethanols and xylene, and coverslipped with Permount.
Sets of matched sections were mounted on gelatin and chromium aluminumcoated Superfrost slides and Nissl-stained (1% cresyl violet) or stained with Fluoro-Jade
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B (Schmued and Hopkins, 2000) to visualize acutely degenerating neurons. Nissl-stained
slides were dehydrated in graded ethanols and xylene, and coverslipped with Permount.

Light microscopic imaging methods
Brightfield images were acquired digitally on a Nikon E800M microscope with a
Hamamatsu C5180 camera. Adobe Photoshop 7.0 was used to acquire images and
optimize contrast and brightness, but not to enhance or change the image content. For
comparison photographs, all tissue sections were photographed under identical conditions
of exposure, and any changes made in brightness or contrast were applied uniformly to
all photographs.

Hilar neuron counting
To estimate the extent of hilar neuron loss following perforant pathway
stimulation-induced SE, we analyzed three non-consecutive NeuN-immunostained
sections from the dorsal hippocampus and three sections from the ventral hippocampus
(at the levels shown in Figures 4.7-4.9) of control and experimental rats. The hilar cell
counts included all neuronal somata within the hilus that were not in contact with the
granule cell layers, and were outside the somal and dendritic regions of area CA3c. Hilar
neurons were not counted in Nissl-stained sections because neurons could not be reliably
differentiated from many of the glial cells that proliferate after seizure-induced damage.
Two groups of stimulated rats, which survived for 7-10 days or for 42-120 days,
addressed the inaccuracy inherent in counting hilar neurons after SE. We hypothesized
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that rats killed shortly after stimulation, before neurogenesis had added a maximal
number of new cells to the hilus (Parent et al., 1997), might provide a more accurate
estimate of the number of hilar neurons that had survived the convulsive SE. In addition,
although newly born granule cells are generally smaller than normal hilar neurons, a
tangentially cut and stained soma of a large cell can be impossible to distinguish from a
centrally-cut ectopic granule cell. Therefore, we counted the total number of NeuNimmunopositive hilar neurons in 6 sections from sham controls (n=3), from rats that
survived for 7-10 days (n=4), and from rats that survived for 42-120 days (n=4). Group
means were compared using Student’s t test.
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CHAPTER 3: PILOCARPINE-INDUCED STATUS EPILEPTICUS STUDIES

Introduction
Chemoconvulsant-induced status epilepticus in animals is a widely used
experimental method to study temporal lobe epilepsy because the use of
chemoconvulsants produces a permanent epileptic state, and is presumed to replicate the
pathology observed in human patients. The two most commonly used chemoconvulsants
are kainic acid, a glutamate analog, and pilocarpine, a cholinergic muscarinic receptor
agonist. Kainic acid can be administered systemically, or via direct intracerebral
injections, to produce status epilepticus, which causes widespread brain damage (Schwob
et al., 1980). Early studies suggested that kainate-induced neuron loss in the hippocampus
replicated the pathological features of human hippocampal sclerosis (Nadler et al., 1978),
and it was observed through sporadic monitoring that animals treated with kainate
eventually went on to develop spontaneous seizures (Pisa et al., 1980). Similarly, another
animal model, involving status epilepticus induced by systemic injection of pilocarpine,
was found to produce a chronic epileptic state, although its use also produces widespread
brain damage (Turski et al., 1989; Cavalheiro, 1995). Importantly, chemoconvulsantinduced status epilepticus has been widely used as an experimental model to study
mechanisms of hippocampal epileptogenesis because of the prevailing view that all
chemoconvulsant-based animal models reliably exhibit a seizure-free, pre-epileptic
“latent period” following brain injury (Cavalheiro, 1995; Kobayashi and Buckmaster,
2003).
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Recent studies that used continuous video-monitoring of pilocarpine-treated rats
after prolonged behavioral SE reported that spontaneous behavioral seizures began within
days after convulsive SE (Raol et al., 2006; Goffin et al., 2007). An additional study in
pilocarpine-treated rats, which involved video monitoring only on days 3 and 6 post-SE,
also reported that pilocarpine-treated rats were spontaneously epileptic during the first
week after convulsive SE that lasted only one hour (Jung et al., 2007). Thus, even a
relatively brief duration of behavioral SE was associated with a minimal latency to
clinical epilepsy. The purpose of the experiments described in this chapter was to
determine the latency to clinical epilepsy following pilocarpine-induced status epilepticus
using continuous (24/7) behavioral monitoring methods, primarily to confirm the results
of previous studies, which reported that pilocarpine-treated rats developed spontaneous
behavioral seizures during the first week post-SE (Raol et al., 2006; Goffin et al., 2007;
Jung et al., 2007).

Criteria for classification of clinical motor seizures in rats
Behavioral seizures were classified and assigned a score from a range of 1-5
according to the Racine scale, which is a commonly used measure used to describe
behavioral events observed during a motor seizure in a rat (Racine, 1972). Stage 1 and 2
seizures (Figure 3.1, a and b) involve motor arrest, oral automatisms, facial twitching,
and eye-blinking behavior. Stage 3 seizures involve clonus of one or both of the
forelimbs (Figure 3.1c). Stage 4 seizures are defined as behaviors that involve more
severe forepaw clonus that progresses to abnormal rearing movements (Figure 3.1d).
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Finally, stage 5 seizures are the most severe type of seizure behavior observed, and
stereotypical behavior includes forepaw clonus, rearing, and a loss of balance that is
characteristic of tonic-clonic seizures observed in animals (Figure 3.1e). Behavioral
seizures in rats have stereotypic behavioral features (Figure 3.1) that make the Racine
scale a useful measure to define the behavioral correlates of seizures. Focal seizures are
generally associated with minimal stage 1-2 behaviors, and more severe stage 5 seizures
are comprised of all behaviors described in stages 1-5. Importantly, because this first
experiment relied on behavioral observation alone, a conservative measure was used;
behavior was required to be a minimum of stage 3 in order to be scored as a “seizure.” It
is impossible to distinguish normal grooming behavior from stage 1-2 behavioral seizure
activity without knowledge of the electrophysiological activity, and therefore, stage 3
behaviors are the minimal behaviors that can easily be detected on high-speed video
playback. Thus, the results presented in this chapter are assumed to be a conservative
estimate of the actual seizure counts.

47

Figure 3.1. Identifiable behavioral components observed during a spontaneous
generalized motor seizure in a rat. Generalized motor seizures consist of various
stereotypical repetitive behaviors that can be classified in intensity according to the
Racine scale (Racine, 1972). (A) Stage 1 behavior is defined by sudden motor arrest and
tonic posturing. (B) Stage 2 behavior is defined by facial automatisms such as eyeblinking, facial twitching, and oral (chewing) automatisms (arrow). (C) Stage 3 behavior
consists of forepaw clonus (arrow), which may be observable in one or both forepaws.
(D) Stage 4 behavior involves seizure behavior that progresses to rearing. (E) Stage 5
behavior consists of severe motor seizure activity that leads to a loss of balance. In
experiments that relied solely on behavioral observation to determine the latency to
clinical epilepsy, seizures were required to be a minimum of stage 3 behavior (C) to be
counted as a seizure.
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Latency to spontaneous seizures after 3 hours of pilocarpine-induced status epilepticus
Seventeen of 25 pilocarpine-treated rats entered convulsive SE, of which ten died
during or after 3 hours of convulsive SE. This high mortality rate is typical of pilocarpine
use (Glien et al., 2001; Goffin et al., 2007). All 7 surviving pilocarpine-treated animals
exhibited spontaneous Stage 3-5 behavioral seizures during the first 10 days post-SE
(Figure 3.2). The first spontaneous seizures were observed an average of 4.9 ± 0.9 days
post-SE (range: 2-9 days; median: 4 days; n=7). One rat did not have its first spontaneous
behavioral seizure until day 9. However, this animal was lethargic and ill, and was not
fully ambulatory until day 9, when the first seizure was observed. Subtle seizure-like
behavior was observed in this animal in the first few days following pilocarpine
treatment, however since they could not be classified a typical stage 3-5 behavior, they
were not included in the seizure counts. As all pilocarpine-treated rats exhibit obvious
signs of severe brain damage, this rat was not eliminated from the study. The average
frequency of Stage 3-5 behavioral seizures over the 2-week observation period was 1.4 ±
0.5 behavioral seizures per rat per day (range: 0-19 seizures/ day; median: 0.6 seizures;
n=7). The average total number of seizures per rat over the entire observation period was
19.1 ± 6.6 seizures (range: 5-50 seizures; median: 9 seizures; n=7). Three pilocarpinetreated rats that did not develop convulsive SE, and were assigned to a control group for
that reason, exhibited no spontaneous behavioral seizures during the 2-week post-SE
observation period. Similarly, 3 saline-treated rats exhibited no spontaneous seizures
during the same observation period. In summary, all pilocarpine-treated rats that survived
3 hours of behavioral SE exhibited spontaneous seizures during the first 9 days post-SE,
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and as early as day 2 post-SE. Thus, the lack of an extended latent period following
pilocarpine-induced SE (Harvey and Sloviter, 2005; Raol et al., 2006; Goffin et al., 2007;
Jung et al., 2007) was confirmed.
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Figure 3.2. Latency to behavioral seizures following 3 hours of pilocarpine-induced SE.
Bar graph showing the number of stage 3-5 behavioral seizures observed for each animal
during the first 10 days of the two-week observation period (n=7). Almost all animals
observed had their first behavioral seizures in the first week following pilocarpineinduced status epilepticus. One animal was observed to have its first spontaneous seizure
9 days after SE.
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Histological analysis after pilocarpine-induced SE
Histological analysis was performed on acute (4-10 days) and long-term (3-4
months) rats that survived 3 hours of pilocarpine-induced SE. After 3 hours of
pilocarpine-induced convulsive SE, all animals exhibited variable but widespread damage
to the hippocampus, entorhinal cortex, thalamus, and other extrahippocampal brain
regions, as previously described by Harvey and Sloviter (2005). In the hippocampus, in
addition to dentate hilar neuron loss, which varied from partial to extensive cell loss in
both the dorsal and ventral hippocampus, asymmetrical injury due to a vascular/ischemic
phenomenon (Sloviter, 2005) was often evident (Fig. 3.3, B2). Although the vascular
damage that occurs in the dentate gyrus and areas CA1 and CA3 in some animals (Fig.
3.3, B2 and C2) superficially resembles the pattern of selective hippocampal neuron loss
called hippocampal sclerosis (Margerison and Corsellis, 1966), no pilocarpine-treated
animals actually exhibited the extensive loss of hilar neurons and pyramidal cells that
characterizes classic hippocampal sclerosis in an animal model (Norwood et al., 2010). In
pilocarpine-treated animals that lacked the vascular/ischemic injury in one hippocampus
(Fig. 3.3, B1 and C1), the only consistent hippocampal pathology was a variable loss of
hilar neurons (compare in Fig. 3.3, B1 and C1 the hilar neuron loss in the left hippocampi
of two rats that lacked the ischemic insult on that side.
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Figure 3.3. Variability of hippocampal injury after 3 hours of pilocarpine-induced convulsive status
epilepticus (SE). A1 and A2: Left (A1) and right (A2) hippocampi in horizontal sections of a vehicletreated control rat. Note that the right hippocampus has been reversed horizontally for the purpose of
structural comparison. B1 and B2: Left (B1) and right (B2) hippocampi from a pilocarpine-treated rat
perfusion-fixed 10 days post-SE. Note hilar neuron loss (thin arrows) in both hippocampi compared to the
control hilus (h) in (A1 and A2) above. In the left hippocampus of this pilocarpine-treated rat (B1), the hilar
neuron loss contrasts with minimal damage in the pyramidal cell layers. (B2) In the right hippocampus
from the same rat, severe acute injury is evident in areas CA3 and CA1 (wide arrows), which is a pannecrosis caused by a vascular/ischemic phenomenon common in chemoconvulsant-treated animals
(Sloviter, 2005). C1 and C2: Left (C1) and right (C2) hippocampi from a pilocarpine-treated rat perfusionfixed 106 days post-SE. Note the survival of hilar neurons (thin arrows) compared to the pilocarpinetreated rat in (B) above. Note also in (C2) that although the hippocampal neuron loss bears a superficial
resemblance to hippocampal sclerosis, this asymmetrical neuron loss on one side of the brain is the result of
a vascular/ischemic insult in the pyramidal layers (Sloviter, 2005). Note that the surviving pyramidal cells
(asterisks in B2 and C2), mark surviving CA1 pyramidal cells, not the area CA2 “resistant zone”
characteristic of human hippocampal sclerosis (Margerison and Corsellis, 1966). Magnification: 26X.
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Summary
The main finding of the experiment involving pilocarpine-treated rats is that all 7
rats monitored continuously (24/7) following pilocarpine-induced status epilepticus were
observed to have their first seizures within the first few days following pilocarpine
treatment. Pilocarpine-treated rats had their first behavioral seizure an average of 4.9 days
post-SE, some as early as 2 days post-SE. This result validates the findings of recent
studies (Harvey and Sloviter, 2005; Raol et al., 2006; Goffin et al., 2007; Jung et al.,
2007), and suggests that the latency to spontaneous behavioral seizures following
chemoconvulsant-induced status epilepticus is much shorter than commonly assumed
(Kobayashi and Buckmaster, 2003; Stables et al., 2003). Clearly, when continuous
behavioral monitoring is used, most rats are observed to have their first behavioral
seizures within the first week following status epilepticus. Variability, as indicated by the
number of non-responders to pilocarpine treatment, a high mortality rate following
pilocarpine treatment, and varying degrees of widespread brain injury following status
epilepticus, highlight some of the problematic issues involved with the use of pilocarpine
as an animal model of temporal lobe epilepsy. Moreover, no rats treated with pilocarpine
were observed to exhibit the pattern of classic hippocampal sclerosis as originally
described by Margerison and Corsellis (1966).
Pilocarpine-treated rats were not implanted with electrodes in this study because
the purpose of this experiment was only to confirm, by continuous behavioral
observation, the time course to spontaneous behavioral seizures in the most commonly
used animal model of temporal lobe epilepsy, and verify the recent findings that
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pilocarpine-treated rats reliably exhibit a minimal latent period (Raol et al., 2006; Goffin
et al., 2007; Jung et al., 2007). The role of the hippocampus in this animal model was
addressed in a previous study by Harvey and Sloviter (2005), who examined spontaneous
hippocampal activity during epileptic seizures in pilocarpine-treated rats, and reported
that during more than 200 spontaneous seizures in pilocarpine-treated rats, none appeared
to be hippocampal-onset seizures, suggesting that seizures may not originate from the
hippocampus in this animal model, and that hippocampal epileptogenesis cannot be
assumed.
However, one critical argument that prevents the conclusion that there is no
“latent period” after convulsive SE is the possibility that the early seizures observed after
pilocarpine-induced SE might be due to the presence of residual drug that causes nonepileptic (not spontaneous) seizures. The presence of circulating chemoconvulsant in
these studies therefore confounds the interpretation of the results. Thus, it remains
unclear, based on behavioral observation of chemoconvulsant-treated rats alone, whether
a pre-epileptic “latent period” following convulsive SE-induced injury is masked by early
seizures possibly caused by residual chemoconvulsant. This unresolved issue is addressed
in the experiments described in the next chapter.
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CHAPTER 4: STIMULATION-INDUCED STATUS EPILEPTICUS
IN AWAKE, CHRONICALLY IMPLANTED ANIMALS

Introduction
Given the issues inherent in the use of chemoconvulsant-induced SE as an
epileptogenic insult (residual convulsant drug and lack of consistent temporal lobe
activation and damage), an electrical stimulation model in awake rats was developed.
This experimental approach was designed to: 1) activate and injure the hippocampus
reliably and reproducibly by forcing it to discharge throughout the duration of SE; 2)
avoid the use of chemoconvulsants entirely, the residual presence of which might mask
the true duration of the latent period, and; 3) produce an animal model of TLE that
reliably exhibits confirmed hippocampal epileptogenesis, and do so without producing
significant lethality or severe brain damage. Since this stimulation model involved the
use of chronically implanted depth recording and stimulating electrodes, it was possible
to use continuous (24/7) behavioral and electrophysiological monitoring methods to
accurately determine the latencies to both hippocampal epileptogenesis and clinical
epilepsy following prolonged stimulation-induced convulsive SE.
Perforant pathway stimulation was used to evoke hippocampal granule cell
epileptiform discharges and behavioral SE throughout the 3-hour SE period, with the
purposes of both avoiding the involvement of a chemoconvulsant drug, and consistently
producing both hippocampal injury and hippocampal epileptogenesis. After paired test
stimuli were delivered at 0.1 Hz and a 40 msec interpulse interval to assess normal
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paired-pulse suppression (Fig. 4.1A1), 3 hours of bilateral perforant pathway stimulation
was initiated. Bilateral stimulation was used to replicate the bilateral seizure activity and
brain damage produced by chemoconvulsant-induced SE, and to minimize variability.
The afferent stimulation paradigm used to evoke dentate granule cell epileptiform
discharges and behavioral SE consisted of continuous stimulation at 2 Hz with paired
pulses 40 msec apart plus 10 sec-long trains of single pulses delivered at 20 Hz once per
minute, as shown in Figure 4.1, B1. During the 50 sec periods between the 10 sec-long 20
Hz trains, 2 Hz paired stimuli evoked confirmed granule cell epileptiform discharges, as
shown in the expanded trace in Figure 4.1, B1a. After 3 hours of continuous granule cell
epileptiform activity and convulsive behavioral SE (3 hours after the start of stimulation),
both were abruptly terminated by isoflurane inhalation, and their reoccurrence was
prevented by a sub-anesthetic dose of urethane (0.8 g/kg sc).
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Figure 4.1. Dentate granule cell activity before, during, and after 3 hours of perforant
pathway stimulation-induced status epilepticus (SE). (A1) Before SE, paired-pulse
perforant path stimulation at 0.1 Hz and an inter-stimulus 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 path stimulation in the same awake rat. The
stimulation paradigm involved continuous stimulation at 2 Hz with paired pulses
delivered at a 40 msec interpulse interval, plus 10 sec-long 20 Hz trains delivered once
per minute. Note the morphology of the granule cell epileptiform discharges during the 2
Hz inter-train interval (a) in the expanded trace (B1a expanded). Calibration bars: (A) 14
msec and 9 mV; (B1) 7 sec and 9 mV; (B1 expanded) 46 msec and 9 mV
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Latency to spontaneous behavioral seizures after 3 hours of stimulation-induced SE
Of 19 chronically-implanted rats that began 3 hours of perforant pathway
stimulation, one died during SE after a severe tonic-clonic seizure. Of the 18 remaining
rats, 17 exhibited numerous spontaneous Stage 3-5 behavioral seizures throughout the 2week post-SE observation period. Stage 3-5 behavioral seizures were not observed in the
one remaining rat, which did exhibit two electrographic seizure discharges associated
with Stage 2 focal seizures, on days 3 and 9 post-SE. Of the 17 rats that exhibited
spontaneous Stage 3-5 behavioral seizures, 10 had their first detected Stage 3-5
behavioral seizure by day 2 post-SE (the period 24-48 hours post-SE), and 16 of the 17
rats exhibited their first Stage 3-5 behavioral seizures by day 4 post-SE. On average, the
first spontaneous seizure occurred 2.6 ± 0.4 days post-SE (range: 1-8 days; median: 2
days; n=17). This is a conservative estimate because most rats were not fully ambulatory
on the first day after SE (0-24 hours post-SE) and, therefore, behaviors were not assessed.
In addition, similar to the behavioral criteria used in pilocarpine experiments described in
Chapter 3 of this dissertation, we only counted obvious Stage 3-5 motor seizures (Racine,
1972) as “seizures” during the two-week observation period. Difficulties in assessing
seizure information from behavioral observation alone became evident in these studies.
More subtle Stage 1 and 2 behaviors were not counted because rats often did not face the
camera, and subtle movements could not be accurately evaluated as definite seizure
behavior during video playback. The average frequency of Stage 3-5 seizures over the 2week observation period was 0.6 ± 0.1 seizures per rat per day (range: 0-7 seizures per
day; median: 0.6 seizures; n=18 rats). The average total number of Stage 3-5 behavioral
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seizures during the two-week observation period was 7.6 ± 1.1 behavioral seizures per rat
(range: 0-17 seizures; median: 7.5 seizures; n=18). No spontaneous behavioral seizures
were observed in 4 implanted control rats not subjected to stimulation-induced SE, but
which were stimulated for 3 hours at 0.1 Hz and then given isoflurane and the subanesthetic dose of urethane.
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Figure 4.2. Latency and number of spontaneous stage 3-5 seizures during the first 10 days
of the two-week observation period following 3 hours of electrical stimulation-induced
SE.
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Decreased paired-pulse suppression after convulsive SE
Stimulating rats after the end of convulsive SE was intentionally avoided because
afferent stimulation might affect the latency to spontaneous seizures. However, in one rat,
which exhibited two spontaneous seizures on day 2 post-SE, and was therefore judged to
be “epileptic,” 4 paired pulses to the perforant pathway at 0.1 Hz (two stimuli with a 20
msec interpulse interval and two stimuli with a 40 msec interpulse interval) were
delivered on the 3rd day post-SE (Fig. 4.1A2). This was done to determine whether the
dentate granule cells were hyperexcitable coincident with acute neuron injury, as reported
in previous studies involving the chemoconvulsants kainic acid and pilocarpine (Sloviter
and Damiano, 1981a; Sloviter, 1992; Harvey and Sloviter, 2005; Sloviter et al., 2006) or
perforant pathway stimulation (Sloviter and Damiano, 1981b; Sloviter, 1987; 1991b).
Granule cells exhibited decreased paired-pulse suppression after 3 hours of SE (Fig.
4.1A2). Identical stimulation was performed in four additional rats not used to determine
the latency to spontaneous behavioral seizures. Paired pulses delivered before, and 3 days
post-SE, confirmed that all 5 rats tested exhibited decreased paired-pulse suppression at
0.1 Hz and a 40 msec interpulse interval compared to the response before stimulation, as
illustrated in Figure 4.1A.

Spontaneous activity in the dentate granule cell layer post-SE
Of the 18 stimulated rats described above, 11 were chosen for continuous awake
recording because their recording electrodes were judged to be optimally located within
the granule cell layer on the basis of their characteristic responses to afferent stimulation
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(Andersen et al., 1966; Sloviter, 1991a). Continuous granule cell layer recording and
synchronized video monitoring revealed that within one day after SE, dentate granule
cells generated frequent spontaneous potentials (Fig. 4.3A, 1-5) virtually identical to the
potentials evoked by experimental stimulation of the perforant pathway (Fig. 4.1A).
Sham control animals (n=4), which also had stimulating electrodes implanted in the
angular bundles of the perforant pathways, did not generate similar spontaneous
potentials. By the second day post-SE, all 11 rats exhibited spontaneous granule cell
potentials containing population spikes. Initially, these spontaneous population
discharges consisted of single (Fig. 4.3, A1) and multiple population spikes (Fig. 4.3A, 25) that were not accompanied by obvious behavioral manifestations.
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Figure 4.3. Spontaneous dentate granule cell activity 1-5 days after 3 hours of perforant
path stimulation-induced convulsive status epilepticus (SE). (A) 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 Figure 4.1. (B) Granule cell layer activity during spontaneous behavioral
seizures during the first week post-SE. (B1) 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). (B1a expanded) expanded trace of the region above marked
“a,” showing that the high-amplitude activity in (B1) consisted of granule cell
epileptiform discharges that preceded the behavioral seizure-onset (asterisk). (B2) 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: (A) 40 msec and 9 mV;
(B1) 3.4 sec and 9 mV; (B1a expanded) 53 msec and 9 mV; (B2) 3.4 sec and 9 mV; (B2a
expanded) 60 msec and 9 mV.
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More prolonged epileptiform granule cell discharges (Fig. 4.3, B1) were recorded in 7 of
11 rats by day 2 post-SE (24-48 hours post-SE; the first day of video analysis), and in 10
of 11 rats by day 3 post-SE. Whenever spontaneous granule cell layer discharges
contained high-frequency, negative-going population spikes (Fig. 4.3, B1a expanded), the
onset of Stage 3-5 behavioral seizures (asterisk in Fig. 4.3, B1) occurred within ~20-30
seconds after the start of the initial high-amplitude granule cell layer activity. The granule
cell layer activity that preceded the first signs of each behavioral seizure was a
characteristic feature of the spontaneous behavioral seizures initiated by stimulationinduced SE (Figs. 4.3 and 4.4). Thus, all 72 Stage 3-5 behavioral seizures observed in the
10 continuously recorded rats that exhibited Stage 3-5 behavioral seizures appeared to be
“hippocampal-onset” in nature. However, we emphasize that this term refers to
hippocampal seizure discharges that precede or accompany behavioral seizure
manifestations, but does not imply that the hippocampus must be the primary seizure
source (Spencer and Spencer, 1994; Spencer, 1998).
There was a clear and consistent correlation between the presence or absence of
high-frequency granule cell discharges, and the occurrence or absence of Stage 3-5
behavioral seizures (Fig. 4.4). High-amplitude granule cell layer activity that consisted of
positive-going field “EPSPs” (Andersen at el., 1966), but few large-amplitude granule
cell population spikes (Fig. 4.4, A and B), was never followed by Stage 3-5 behavioral
seizures (n >300 individual granule cell layer population discharges lacking or containing
few high-frequency population spikes). Granule cell population activity that lacked or
contained few high-frequency population spikes occurred without any obvious behavioral
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Figure 4.4. Correlation between spontaneous granule cell layer activity and behavioral seizure expression
in a different awake rat 2-8 days after 3 hours of perforant path stimulation-induced convulsive status
epilepticus (SE). Two focal (subclinical) seizures (A) and (B) on days 2 and 8 post-SE, and two Stage 4
behavioral seizures (C) and (D) on days 2 and 4 post-SE. (A) On Day 2 post-SE, spontaneous highamplitude activity, consisting of field “EPSPs” and small amplitude population spikes, was recorded from
the granule cell layer electrode. During this spontaneous event, the animal exhibited only a frozen stare,
followed by stereotyped chewing movements. (B) A similar spontaneous granule cell layer event was
recorded on Day 8 post-SE, which was also associated with staring and stereotyped head movements only.
(C) and (D) on Days 2 and 4 post-SE, spontaneous granule cell layer events included larger amplitude,
downwardly deflected population spikes, and these events were invariably followed by Stage 3-5
behavioral seizures. Note that high-frequency spiking began prior to the first behavioral manifestation
(asterisks in C and D) of each behavioral seizure. These events in the same rat were representative of all 72
Stage 3-5 behavioral seizures recorded in 10 chronically-implanted, continuously monitored rats.
Calibration bars: (A) 1.4 sec and 9 mV; (A expanded) 56 msec and 9 mV; (B) 3.2 sec and 9 mV; (B
expanded) 56 msec and 9 mV (C) 3.2 sec and 9 mV; (C expanded) 56 msec and 9 mV; (D) 4.5 sec and 9
mV; (D expanded) 56 msec and 9 mV.
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correlate, or were followed solely by staring or head and chewing movements.
Conversely, spontaneous granule cell layer discharges that started with field
depolarizations, and then progressed to include high-frequency granule cell epileptiform
discharges (Fig. 4.4, C and D), were invariably followed by Stage 3-5 behavioral seizures
(n=72 Stage 3-5 behavioral seizures recorded in 10 rats).
Granule cell layer activity during one 6 minute-long event in an awake epileptic
rat well illustrated the apparently causal relationship between granule cell layer activity
and clinical seizure onset (Fig. 4.5). At the beginning of this single 6 minute-long epoch,
the granule cells began to generate positive-going “field EPSPs” with occasional
population spikes at a frequency of ~ 0.4 Hz (Fig. 4.5, top trace, expanded in trace 1; 57
events in 160 sec). This was followed by two distinct higher-frequency events beginning
3.0 and 3.7 min after the onset of granule cell layer activity (Fig. 4.5, top trace). Both of
these events lacked maximal amplitude, negative-going epileptiform discharges (Fig. 4.5,
traces 2-5), and were not accompanied by a behavioral seizure. Approximately 80 sec
after the second electrographic event, however, larger amplitude epileptiform discharges
occurred for the first time in this 6 minute-long event (Fig. 4.5, traces 6-8), and were
rapidly accompanied by a Stage 4 behavioral seizure (asterisk in top trace marks
behavioral seizure onset).
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Figure 4.5. Granule cell layer activity and clinical seizure expression during one 6-minute period in an
awake epileptic rat 9 days after 3 hours of perforant path stimulation-induced convulsive status epilepticus
(SE). Top trace: 6 min of granule cell layer activity showing 3 distinct events (arrows), the last of which
culminated in a Stage 4 spontaneous epileptic seizure (forepaw clonus and rearing) that began (asterisk)
~19 sec after the onset of high amplitude granule cell population spikes. Prior to the first onset of high
frequency granule cell layer activity at the 3-minute marker (first arrow), high amplitude, low frequency
activity consisted of positive-going waves with occasional superimposed granule cell population spikes
(arrows in expanded trace 1). During the first of 3 distinct, high-frequency granule cell layer events,
positive-going “field EPSPs” and population spikes were recorded (traces 2 and 3, respectively). These
granule cell layer discharges lacked large amplitude granule cell population spikes that extended below
baseline, and these potentials were not associated with a behavioral seizure. A second similar event began
40 sec later, and contained mostly positive-going events (traces 4 and 5) that were not associated with a
behavioral seizure. The third event consisted of large amplitude, high-frequency granule cell population
spikes that extended far below baseline (traces 6-8), and these behaviors were uniquely associated with the
onset of a spontaneous Stage 4 epileptic seizure. Note that forepaw clonus (asterisk in top trace) began ~15
sec after the onset of high amplitude granule cell population spikes shown in trace 6. The top trace is 6.0
min in duration, and expanded traces 1-8 are 4.4 sec in duration. Calibration bars: top trace, 16.8 sec and
12.5 mV; traces 1-8: 205 msec and 12.5 mV.
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Spontaneous granule cell layer discharges always preceded behavioral seizures
At the start of some behavioral seizures, animals were not facing the camera, and
the precise start of each behavioral seizure was difficult to determine. In other cases,
animals were actively exploring the cage before the start of a behavioral seizure, and
head or chewing movements could not be definitively judged to be the start of the
seizure. Therefore, without knowledge of the electrophysiological data, 20 spontaneous
Stage 3-5 behavioral seizures were identified from the video recordings (from a total of
72 seizures that occurred in 10 rats during the 2-week observation period) that began
while the animals were asleep or still, and facing the camera. In these 20 instances,
analysis of the electrographic granule cell layer activity revealed that high-amplitude,
positive-going field depolarizations and negative-going population spikes (Fig. 4.3B, 1
and 2; Fig. 4.4, C and D) began an average of 24 seconds (range: 4-61 seconds; n=20
spontaneous behavioral seizures) before the first obvious behavioral seizure
manifestations (sudden awakening, repetitive chewing movements, forepaw clonus, or
rearing). The average duration of these 20 spontaneous granule cell seizure discharges
was 44.0 ± 5.2 sec (range: 25-103 sec; median: 34.5 sec; n=20), and the average duration
of the behavioral seizures was 26.1 ± 2.8 seconds (range: 11-55 sec, median: 21.5 sec;
n=20). The average duration of all 72 spontaneous granule cell seizure discharges was
37.2 ± 1.8 sec (range: 17-103 sec; median: 34.0 sec; n=72), indicating that the
epileptiform discharge durations of the 20 selected behavioral seizures were
representative of the population from which they were selected.
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Figure 4.6. Bilateral synchrony of spontaneous granule cell layer epileptiform discharges in three different
epileptic rats. Bilateral recording electrodes with their tips in the dentate granule cell layers recorded highly
synchronous spontaneous activity in all animals subjected to 3 hours of perforant pathway stimulationinduced convulsive SE. (A): Prior to a Stage 3-5 behavioral seizure onset, bilateral recording electrodes
recorded superficially identical granule cell layer activity (top traces; 2.0 minutes in duration). Expanded
views (all are 0.9 sec in duration) of two segments of these spontaneous discharges reveal highly
synchronized, but clearly not identical, discharges. Note population spikes on the lower traces (arrows in
A1), but only field depolarizations in the simultaneously recorded top trace in (A1). During the high
frequency granule cell layer discharges (A2), spiking was highly synchronous but not identical. (B) and
(C): Similar events recorded in two other epileptic rats 4 and 6 days post-SE, respectively. Note that these
discharges are representative of all spontaneous seizures. Calibration bars: unexpanded traces top trace, 7.3
sec and 12.5 mV; expanded traces: 114 msec and 12.5 mV.
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Bilateral synchrony of granule cell layer spontaneous discharges
An unexpected and surprising finding that was reliably evident in all epileptic
animals was the bilateral synchrony of all spontaneous granule cell layer events (Figure
4.6). Virtually all events, including dendritic field depolarizations, single and multiple
population spikes, and epileptiform discharges, whether they occurred immediately, or
weeks after the end of 3 hours of convulsive SE, were remarkably synchronous in both
granule cell layers (Fig. 4.6). Despite the extraordinary degree of synchrony, the granule
cell layer events were not identical, and there was no evidence that one recording
electrode could detect activity in the contralateral dentate gyrus, because high amplitude
spikes often occurred on one side without any spike being recorded by the contralateral
electrode. The fact that recording electrodes were randomly implanted in different parts
of the dorsal dentate gyrus in different animals, and the observation that all animals
exhibited highly synchronous discharges, indicate that large expanses of the granule cell
layers were generating highly synchronous, but not identical, spontaneous population
discharges.

Histological analysis after stimulation-induced convulsive SE
Stimulation-induced convulsive SE for 3 hours resulted in a pattern of bilateral
hippocampal and extra-hippocampal brain damage (Fig. 4.7) that varied minimally
among identically stimulated rats. No qualitative differences in sections analyzed from
identically stimulated rats could be discerned. Fluoro-Jade B (FJB) staining 4 days postSE, by which time 16 of 17 rats had already exhibited their first spontaneous epileptic
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seizures, revealed selective and extensive acute neuronal injury in the hilus of the
hippocampal dentate gyrus (Fig. 4.7, location 1), minor injury in area CA3a (Fig. 4.7,
location 2), and selective damage to the entorhinal cortex, including Layer III (Fig. 4.7,
location 3). In addition, acute injury was reliably produced in multiple layers of the
perirhinal cortex (Fig. 4.7, locations 4 and 5), Layer II of the entire neocortex at the level
of the section shown (Fig. 4.7, location 6), as well as in several thalamic nuclei, the
lateral septum, caudate/putamen, and other cortical structures (Fig. 4.7, locations 7-12). A
similar pattern of acute injury was evident in all 9 rats perfusion-fixed 4-14 days post-SE.
All sections analyzed from stimulated animals showed no evidence of the variable
pathology and vascular/ischemic abnormalities observed in pilocarpine-treated rats
(Sloviter, 2005).
Within the hippocampus, coronal sections from 4 control animals showed that the
presence of the recording electrodes and all sham treatments produced no detectable FJB
staining (Fig. 4.8A). Conversely, 3 hours of perforant pathway stimulation-induced
convulsive SE in awake rats produced degenerating neurons in the dentate hilus, in areas
CA3a and CA3c of the CA3 pyramidal cell layer, and in area CA1 (Fig. 4.8B). In
horizontal sections of the same epileptic animal, acutely degenerating neurons included
hilar neurons, dentate granule cells of the inner blade, and neurons of the entorhinal
cortex (Fig. 4.8C). This acute neuronal injury is highlighted by immunostaining for
NeuN, a neuronal marker protein (Mullen et al., 1992), which revealed a bilateral loss of
NeuN staining in hilar neurons in adjacent sections of the same animal (Fig. 4.8E).
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Adjacent Nissl-stained sections showed that loss of NeuN reflected degeneration of hilar
neurons and cells of the entorhinal cortex (Fig. 4.9, A and B).
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Figure 4.7. Acute Fluoro-Jade B (FJB) staining showing neurodegeneration 4 days after 3 hours of
perforant path stimulation-induced SE. (A) FJB fluorescence; (B and C) grayscale, inverted image of the
same horizontal brain section. Note selective degeneration of neurons in the dentate hilar region (C-1),
hippocampal area CA3a (C-2), entorhinal cortex layer III (C-3), perirhinal cortex (C-4 and 5), layer II
throughout the neocortex (C-6), the parafascicular thalamic nucleus (C-7), the intermediodorsal-,
mediodorsal-, paratenial-, paraventricular-, and centralmedial thalamic nuclei (C-8), lateral septum (C-9),
lateral caudate/putamen (C-10), infralimbic cortex (C-11), and deep pyramidal cells of the agranular insular
cortex (C-12). Calibration bar: 2mm in A and C; 1mm in B.
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Figure 4.8. Acute neurodegeneration in hippocampus and entorhinal cortex 4 days after 3 hours of
perforant path stimulation-induced SE. (A) Coronal section of a sham control rat (implanted, no SE)
showing that the presence of the hippocampal recording electrode and the control treatment (electrode
implantation, stimulation for 3 hr at 0.1 Hz, isoflurane anesthesia, and subanesthetic urethane treatment)
produced no detectable hippocampal Fluoro-Jade B (FJB) staining (grayscale, inverted image as shown in
preceding figure). (B) Coronal section of a stimulated rat (same rat as in the preceding figure) showing
acute injury in the dorsal hippocampus 4 days after 3 hours of perforant path stimulation-induced SE. Note
FJB-positive cells in the hilus, area CA3a and CA3c, and area CA1. (C) Horizontal brain section from the
same rat stained with FJB, showing selective degeneration of neurons in the entorhinal cortex (wide arrow),
the dentate hilus (h), and the dentate granule cell layer (gc). Note also the degenerating terminals in the
inner dentate molecular layer (thin arrows) that originate from the degenerating hilar mossy cells. (D)
Horizontal section from a sham control animal after immunostaining for the neuronal marker NeuN. (E) A
horizontal section adjacent to the section shown in (C) after NeuN immunostaining showing the loss of
NeuN immunoreactivity of neurons in the hilus (h) and entorhinal cortex. Calibration bar: 1mm in A and B;
400 µm in C-E.
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Figure 4.9. Neuronal injury and loss in the dentate hilus and entorhinal cortex after 3 hours of perforant
pathway stimulation-induced convulsive SE. Nissl-stained sections adjacent to those shown in the previous
figure, in which NeuN immunostaining illustrated the apparent loss of hilar neurons. (A) Nissl-stained
horizontal section from a sham control animal. (B) 4 days post-SE. Note the extensive loss of large Nisslstained hilar neurons (h) and neurons in the entorhinal cortex (arrow). (C) and (D) Nissl-stained coronal
sections from a sham control animal (C) and a stimulated animal 42 days post-SE (D). Note the extensive
loss of hilar neurons (h). Calibration bar: 400µm in A and B; 285 µm in C and D.
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Thus, in the dentate gyrus, which was hyperexcitable and generated spontaneous
epileptiform discharges coincident with the acute neuronal injury, 3 hours of stimulationinduced SE produced primarily hilar neuron loss throughout the longitudinal axis of both
hippocampi, with most animals exhibiting minor or moderate pyramidal layer injury (Fig.
4.10D). Despite 3 hours of continuous, verified hippocampal seizure activity, no animals
exhibited the extensive pyramidal cell injury that defines classic hippocampal sclerosis
(Sloviter et al., 2007). Consistent with the acute hippocampal pathology, all epileptic
animals perfusion-fixed more than 4 weeks post-SE exhibited extensive bilateral neuron
loss in the dentate hilus (Fig. 4.10, B and D) and in Layer III of the entorhinal cortex
(Fig. 4.10, D and F), as previously described (Du et al., 1995).

Hilar neuron loss
NeuN-immunopositive hilar neurons in sections from sham controls, rats that
survived for 7-10 days after SE, and from rats that survived for 42-120 days post-SE were
counted. As stated in Chapter 2, the post-SE hilus contains both surviving hilar neurons
and newly generated ectopic granule cells (Parent et al., 1997). Therefore, counting the
total number of NeuN-immunostained hilar neurons after SE provides an inherently
inaccurate estimate of the number of hilar neurons that were present prior to stimulation
and that survived the insult. The reason for the comparison of shorter and longer survival
groups was the hypothesis that the group that survived for 7-10 days, before neurogenesis
had added a maximal number of new cells to the hilus, might provide a more accurate
estimate of the number of hilar neurons that had survived the convulsive SE. Given these
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considerations, we present these quantitative results as inherently inaccurate
underestimates of the extent of hilar neuron loss.
The numbers of NeuN-immunopositive hilar neurons were counted in 6 sections
from each animal (3 from the dorsal hippocampus in coronal sections and 3 from the
ventral hippocampus in horizontal sections from the same brain). In 3 sham controls,
there was an average of 78.3 ± 12.1 hilar neurons per hippocampus per dorsal section and
151.1 ± 2.3 hilar neurons per hippocampus per ventral section. In 4 rats that survived for
7-10 days, there was an average of 17.6 ± 2.8 hilar neurons per dorsal section (78% fewer
hilar neurons than control) and 50.8 ± 5.4 hilar neurons per ventral section (66% fewer
hilar neurons than control). In the 4 rats that survived 42-120 days post-SE, there was an
average of 29.7 ± 5.8 hilar neurons per dorsal section (62% fewer hilar neurons than
control) and 56.1 ± 4.4 hilar neurons per ventral section (63% fewer hilar neurons than
control). Both stimulated groups were significantly different from control (P<0.05), but
not from each other (P>0.05). Given the inherent inaccuracy of counting cells in
imperfectly matched sections, these quantitative data demonstrate only that there was a
significant reduction (>60%) in the number of hilar neurons in both the dorsal and ventral
dentate gyrus following 3 hours of convulsive SE.
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Figure 4.10. Neuron loss 42 days after 3 hours of perforant path stimulation-induced SE. (A) Dorsal
hippocampal dentate gyrus in a sham control section; NeuN immunostaining. (B) Dentate gyrus in a
coronal section 42 days after 3 hours of perforant path stimulation-induced SE. Note extensive loss of
NeuN-positive hilar neurons, but minimal apparent loss of CA3c pyramidal cells. (C) and (E) Low and
higher magnification views of a horizontal section from the control brain. (D) and (F) Low and higher
magnification views of a horizontal section 42 days post-SE, showing hilar neuron loss in the ventral
dentate gyrus (open arrows) and the loss of entorhinal cortex neurons (thin arrows). Also note in (D)
relatively subtle CA3 pyramidal neuron loss (wide arrow). Calibration bar: 400 µm in A and B; 2mm in
C and D; 1mm in E and F.
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Summary
The main original findings of the experiments presented in this chapter are as
follows. First, continuous perforant pathway stimulation that forced the hippocampus to
discharge reliably throughout the duration of convulsive SE, produced a highly
reproducible pattern of hippocampal and extra-hippocampal injury, and nearly all animals
exhibited spontaneous Stage 3-5 behavioral seizures within 3 days post-SE. This suggests
that following prolonged status epilepticus, the process of hippocampal epileptogenesis is
complete almost immediately, and the time-course of the observed electrical events does
not support the idea that epileptogenesis is due to a slow secondary process. Second, all
spontaneous Stage 3-5 behavioral seizures were preceded by bilaterally synchronous
dentate granule cell layer discharges, which represents the first unequivocal
demonstration of hippocampal-onset epileptic seizures associated with SE-induced
hippocampal injury in an animal model of temporal lobe epilepsy. This is in contrast to
pilocarpine-treated models, in which the hippocampus does not appear to be involved in
the generation of spontaneous seizures (Harvey and Sloviter, 2005). Third, hippocampal
granule cell epileptogenesis was coincident with the initial pathology and widespread
neuronal injury, not delayed secondary processes. Fourth, despite 3 hours of continuous,
confirmed hippocampal seizure activity, no epileptic animals exhibited the extensive
pyramidal cell loss that defines classic hippocampal sclerosis (Margerison and Corsellis,
1966; Bruton, 1988; Jackson et al., 2004; Norwood et al., 2010).
With regard to the properties of this new animal model of controlled hippocampal
and convulsive SE, several advantages are apparent over existing models that utilize
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chemoconvulsants or self-sustained SE initiated by electrical stimulation. First, it has
been shown previously that convulsive SE induced by kainate rarely involved continuous
granule cell discharges during convulsive SE (Sloviter et al., 2003), which presumably
explains the highly variable and often less than extensive hilar neuron loss after kainateinduced SE (Schwob et al., 1980; Buckmaster and Dudek, 1997; Zappone and Sloviter,
2004). By forcing the dentate granule cells to discharge throughout the period of
convulsive SE, the perforant pathway stimulation paradigm presented here produced a
highly uniform pattern of damage, including extensive dorsal and ventral hilar neuron
loss bilaterally, and virtually all animals exhibited the same minimal latency to the first
spontaneous granule cell layer epileptiform discharge and behavioral epileptic seizure.
Second, it has been previously reported that both kainate- and pilocarpine-induced SE
involve a vascular abnormality arising from blood vessels of the hippocampal fissure that
causes ischemic injury in addition to excitotoxic injury (Sloviter, 2005). No evidence of
this phenomenon was observed in animals subjected to stimulation-induced SE. Third,
presumably as a result of initiating convulsive SE in the dentate gyrus (via perforant
pathway stimulation), hippocampal injury was reliably produced, and all spontaneous
behavioral seizures involved hippocampal epileptiform discharges that preceded each
behavioral seizure. This contrasts sharply with the finding that pilocarpine-treated rats,
monitored under identical conditions, never exhibited hippocampal-onset seizures
(Harvey and Sloviter, 2005). Thus, this new SE model, based on continuous afferent
stimulation throughout the duration of convulsive SE, reliably involves hippocampal
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endfolium sclerosis and hippocampal epileptogenesis, with minimal mortality and
minimal variability between animals.
The data presented in this chapter suggest that the widely accepted notion that
status epilepticus models exhibit a seizure-free period post-injury (Stables et al., 2003) is
no longer tenable. Results from electrically stimulated rats suggest that immediate
changes are the result of neuronal injury, and not related to residual chemoconvulsant.
Spontaneous epilepsy was observed within days following injury. Therefore, it is highly
unlikely that spontaneous epilepsy in these animals could be the result of a slow
secondary process that takes weeks or months to mature. Nevertheless, humans
frequently exhibit latent periods of varying lengths post-injury. This suggests that the
latent period may be proportional to the extent and location of neuronal injury. Thus,
widespread brain damage observed after status epilepticus results in immediate clinical
epilepsy, whereas a less-injurious stimulation paradigm may produce a longer latency to
clinical epilepsy (Sloviter 1991; 1994). To test this hypothesis and understand the nature
of a true latent period, direct recording from the granule cell layer in an animal model of
hippocampal epilepsy with a confirmed latent period is required. These issues were
addressed by experiments presented in the next chapter.
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CHAPTER 5: CONTINUOUS PERFORANT PATHWAY STIMULATION
FOR 24 HOURS UNDER URETHANE SEDATION

Introduction
The results of continuous electrographic and behavioral observation in rats
subjected to 3 hours of convulsive status epilepticus (preceding sections) conclusively
demonstrated that there is no latent period to clinical hippocampal-onset behavioral
seizures when the initial insult produces widespread brain damage. We hypothesized that
patients developing temporal lobe epilepsy often exhibit a prolonged latent period
following a brain insult (French et al., 1993; Chang and Lowenstein, 2003) not because it
takes a prolonged period for a secondary epileptogenic mechanism to slowly develop, but
because initial epileptogenesis remains focal until barriers to seizure spread can be
overcome (Bumanglag and Sloviter, 2008). Therefore, we sought to develop an animal
model with more restricted temporal lobe injury, and determine the length of the latent
periods to 1) hippocampal epileptogenesis, and 2) the onset of spontaneous generalized
behavioral seizures.
To achieve this goal, a new animal model of non-convulsive perforant pathway
stimulation was developed. The original model of perforant pathway stimulation under
urethane anesthesia was originally developed by Sloviter (1983) to replicate seizureinduced brain damage, and served as a reliable model to study hippocampal
hyperexcitability produced immediately by selective hippocampal neuron loss (Sloviter
1991; 1994). In the experiments described in this chapter, some modifications were made
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to the original model of perforant pathway stimulation developed by Sloviter (1983).
First, bilateral stimulation of the perforant pathway was used to minimize variability
occasionally observed with unilateral stimulation, and to enable direct comparison with
animals subjected to stimulation-induced status epilepticus (experiments presented in the
previous chapter of this dissertation). Second, rats were sedated with a low dose of
urethane, rather than anesthetized, and then stimulated bilaterally for 24 hours. This was
done to evoke hippocampal granule cell epileptiform discharges during the 24 hours of
stimulation, but to avoid the development of status epilepticus, which causes widespread
brain damage that was to be avoided. The afferent stimulation paradigm used to evoke
dentate granule cell epileptiform discharges throughout the 24-hour period was identical
to the stimulation paradigm used in 3-hour stimulation-induced status epilepticus
experiments, but urethane sedation prevented behavioral status epilepticus. The low dose
of urethane used (0.8 g/kg sc) produced sedation rather than anesthesia, and rats were
often observed to be eating and drinking ad libitum during the 24-hour stimulation. Third,
these studies were performed in chronically implanted rats to allow for continuous
monitoring of hippocampal granule cell activity in the awake state post-stimulation.
Direct recording from the granule cells of the dentate gyrus was deemed to be necessary
to determine whether hippocampal epileptogenesis occurs.
The goals of the experiments presented in this chapter were as follows. First, to
determine if 24 hours of bilateral stimulation under urethane sedation produces a more
limited pathology compared to 3 hours of stimulation-induced status epilepticus. Second,
to determine whether a limited pattern of neuronal injury is associated with a definite
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latent period to clinical epilepsy. Third, if a latent period to clinical behavioral seizures
does exist in this new animal model, it is necessary to determine the latency to
hippocampal epileptogenesis (spontaneous granule cell epileptiform discharges) by the
use of depth recording electrodes directly in the granule cell layers. Thus, these
experiments served to determine the latencies to both hippocampal epileptogenesis
(spontaneous granule cell discharges) and clinical epilepsy (spontaneous behavioral
seizures), which we hypothesized to be two distinct entities.

Histological analysis after 24-hour perforant-pathway stimulation
Anatomical analysis was performed to determine whether this new model of 24hour perforant pathway stimulation produced less neuronal injury than 3 hours of
stimulation-induced status epilepticus. Extensive anatomical studies have been performed
previously to describe the pattern of neuronal injury and to characterize surviving
neuronal populations following 24 hours of unilateral perforant pathway stimulation
under urethane anesthesia (Sloviter, 1983, 1987, 1989, 1991, 1994; Sloviter and
Damiano, 1981b; Sloviter et al., 1996, 2003). Prolonged perforant pathway stimulation
that reliably evoked granule cell epileptiform discharges throughout the 24 hours of
stimulation has been shown to reliably produce a nearly complete loss of dentate gyrus
hilar neurons in the dorsal hippocampus (Sloviter et al., 2003; Zappone and Sloviter,
2004). In the histological analysis performed in this dissertation, it was confirmed that
bilateral perforant pathway stimulation for 24 hours in urethane-sedated rats resulted in a
highly selective pattern of acute bilateral neuronal injury. In this new model, selective
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neuronal degeneration in the hippocampus was restricted mainly to the dorsal dentate
hilus, terminal degeneration in the inner molecular layer of the dentate gyrus (hilar mossy
cell axon termination zone), and degenerating somata in the CA3 and CA1 pyramidal cell
layers (Figure 5.1A). Acute neuronal degeneration was also observed in the entorhinal
cortex layers III-V, and in the lateral septum. Although Fluoro-Jade B staining 4 days
after stimulation showed some neuronal degeneration in CA3 and CA1 pyramidal cells
(Figure 5.1), in sections analyzed from rats 30 days or more after stimulation, there was
no evidence of the significant hippocampal atrophy produced by identical stimulation in
the mouse (Kienzler et al., 2009). Thus, the neuronal injury in areas CA3 and CA1
produced by this model does cause a complete loss of pyramidal neurons in CA3 and
CA1, a defining feature of classic hippocampal sclerosis. Instead, prolonged perforant
pathway stimulation for 24 hours under urethane sedation produced a limited pattern of
neuronal injury that is consistent with “endfolium sclerosis” (Margerison and Corsellis,
1966; Sloviter et al., 2007).
In comparison to rats subjected to 3 hours of stimulation-induced status
epilepticus (SE), 24-hour stimulated rats exhibited significantly less neuronal injury
(Figure 5.1). The main difference observed between these two stimulation-based models
used in this dissertation was in the extent of the extrahippocampal damage and the extent
of hilar neuron loss. Three hours of stimulation-induced status epilepticus was associated
with a widespread pattern of bilateral hippocampal and extrahippocampal brain damage
(Figure 5.1D), including hilar neuron injury in both the dorsal and ventral dentate gyrus.
Fluoro-Jade B staining 4 days post-SE (by which time a majority of SE-treated animals
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had already exhibited their first spontaneous clinically obvious motor seizure) revealed
selective and extensive acute neuronal injury in the following areas: the dorsal and
ventral hilus of the hippocampal dentate gyrus (Figure 5.1D, location 1), minor injury in
CA3a (Figure 5.1D, location 2), and selective damage to the entorhinal cortex, including
layer III (Figure 5.1D, location 3). In addition, acute injury was reliably produced in
multiple layers of the perirhinal cortex (Figure 5.1D, location 4 and 5), layer II of the
entire neocortex at the level of the section shown (Figure 5.1D, location 6), and several
thalamic nuclei, the lateral septum, caudate/putamen, and other cortical structures (Figure
4.7C, locations 7-12).
Conversely, identical Fluoro-Jade B staining 4 days after 24-hour stimulation
under urethane sedation showed a more limited pattern of neuronal injury. In a matching
section (Figure 5.1C) compared to one obtained from a rat after 3 hours of stimulationinduced SE (Figure 5.1D), 24 hours of perforant pathway stimulation produced acute
injury in most of areas CA3 (Figure 5.1C, location 1), CA1 (Figure 5.1C, location 2), and
selective damage to the entorhinal cortex (Figure 5.1C, location 3). No extrahippocampal
injury was detected in cortical areas outside of the hippocampus and entorhinal cortex,
and unlike 3-hour status epilepticus rats, there was no detectable neuronal injury in the
ventral hilus of the dentate gyrus. Importantly, although Fluoro-Jade B staining shows a
pattern of neuronal injury that appears similar to classic hippocampal sclerosis
(Margerison and Corsellis, 1966), this damage does not affect all of the cells in the CA3
and CA1 pyramidal cell layers, as evidenced by the fact that no 24-hour stimulated rats
exhibited classic hippocampal sclerosis. These histological data confirmed that prolonged
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perforant pathway stimulation for 24 hours under urethane sedation produced a less
injurious pattern of neuronal injury compared to status-epilepticus rats. Minimal
variability was observed among identically stimulated rats (n = 7)
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Figure 5.1. Fluoro-Jade B staining showing acute neurodegeneration 4 days after 24
hours of perforant pathway stimulation compared to 3 hours of stimulation-induced status
epilepticus (SE). (A) Grayscale inverted image of a coronal section 4 days after 24-hour
perforant pathway stimulation under urethane sedation. Neuronal degeneration was
observed in the dentate hilar region (h), inner molecular layer (arrows), and hippocampal
areas CA3 and CA1. (B) Coronal section 4 days after 3 hours of stimulation-induced SE.
Note pattern of degeneration in the dorsal hippocampus was similar to that observed
following 24-hour stimulation shown in A. (C) Horizontal section 4 days after 24-hour
perforant pathway stimulation showing selective degeneration of neurons limited to the
hippocampal CA3 and CA1 fields (C-1 and 2), and entorhinal cortex layer III (C-3). In
contrast, (D) a horizontal section from a rat following 3-hour perforant pathway
stimulation-induced SE, which produced widespread damage to neurons in the ventral
dentate hilar region (D-1), hippocampal area CA3a (D-2), entorhinal cortex layer III (D3), perirhinal cortex (D-4 and 5), and layer II throughout the neocortex (D-6). Calibration
bar: 1mm.
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Latency to generalized clinical seizures following 24-hour perforant pathway stimulation
To determine whether less neuronal injury produced a longer latent period to
clinical epilepsy compared to animals that were subjected to 3 hours of stimulationinduced SE, 5 rats were video monitored continuously following 24-hour stimulation.
These animals were not implanted with chronic recording electrodes because the purpose
of this experiment was only to determine if the limited pathology produced by 24-hour
stimulation was sufficient to produce a permanent epileptic state. All 5 animals
monitored in this study were observed to become epileptic, and the first spontaneous
stage 3-5 behavioral seizures were observed an average of 36.4 ± 0.7 days poststimulation (range: 35-39 days; median: 36 days; n= 5). All rats were observed to have a
minimum of 2 spontaneous behavioral seizures during the observation period, and were
therefore considered to be epileptic. In addition, 2 sham-stimulated animals that were
subjected to the same surgical procedure and anesthetic regimen as the experimental
animals, but did not receive electrical stimulation, were monitored concurrently with the
stimulated group. No seizures were observed in these animals. Control animals did not
exhibit any detectable neuronal loss. Thus, minimal neuronal injury resulted in a
confirmed latent period to clinical seizures. This result left open the question of whether
subclinical hippocampal epileptogenesis occurred before the development of clinical
seizures, or if clinical seizures occurred 35 days post-insult because the hippocampus had
only begun to discharge after a prolonged latent period.
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Number of days post-24 hour stimulation
Rat 1

37

Rat 2

39

Rat 3

36

Rat 4

35

Rat 5

35

Table 5.1. Latency to the first observed spontaneous stage 3-5 clinical motor seizure
following 24 hours of perforant pathway stimulation.
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Spontaneous granule cell layer activity in the post-stimulation period
Recording of spontaneous granule cell layer activity in all chronically implanted
rats before stimulation revealed minimal activity and no large amplitude potentials
(Figure 5.2A). Low amplitude potentials that comprised hippocampal background
activity were recorded in all rats before stimulation to obtain information about baseline
hippocampal activity. No large amplitude potentials or spontaneous population spikes
similar to the extracellular events evoked by perforant pathway stimulation were
observed in any rats before stimulation. Conversely, continuous granule cell layer
recording and synchronized video monitoring in 18 rats after 24-hour stimulation
revealed that shortly after the end of 24 hours of perforant pathway stimulation, dentate
granule cells generated frequent spontaneous potentials (Fig. 5.2B) virtually identical to
the potentials evoked by experimental stimulation of the perforant pathway (Chapter 1,
Figure 1.3). Sham control animals (n=4), which had stimulating electrodes implanted in
the angular bundles of the perforant pathways, did not generate similar spontaneous
potentials. By the second day post-24 hour stimulation, all 18 rats exhibited spontaneous
granule cell potentials containing large-amplitude population spikes. A variety of
spontaneous granule cell layer events were observed in all animals. Granule cell
waveforms ranged from the following: spontaneous single events or flurries of lowfrequency purely positive “field EPSPs” that resembled the dentate granule cell layer
responses to low voltage activation of the perforant pathway (Chapter 1, Figure 1.3);
spontaneous discharges consisting of single high amplitude population spikes (Figure 5.2,
B1a); spontaneous complex events consisting of multiple population spikes (Figure 5.2
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B2, B2 expanded); and, on occasion, spontaneous brief epileptiform discharges that were
not accompanied by obvious behavioral manifestations (Figure 5.2 B3, B3 expanded).
Importantly, in 4 rats monitored continuously until they were confirmed to be clinically
epileptic, these spontaneous events were observed from the granule cell layer soon after
24-hour stimulation, and continued even after animals were exhibiting spontaneous,
clinically obvious motor seizures. These findings indicate that, although this new model
of 24-hour stimulation was observed (through video monitoring alone) to have a latent
period of approximately 5 weeks to clinically obvious motor seizures, the latent period,
when it exists, is not a “silent period.” That is, spontaneous dentate granule cell
population spikes were recorded coincident with the acute neuronal injury, and did not
involve a latent period following injury. In one rat that mistakenly received a higher dose
of urethane and did not exhibit a significant degree of neuron loss, no spontaneous
granule cell population spikes were observed following stimulation, and this animal did
not develop spontaneous epilepsy over the two months of continuous behavioral and
electrographic recording. This suggests that spontaneous granule cell layer events
observed after perforant pathway stimulation may be uniquely associated with neuronal
injury, and that these initial brief events may be easily detected biomarkers of the
epileptogenic process.
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Figure 5.2. Spontaneous granule cell layer activity recorded before and 8 hours after 24 hours of
perforant pathway stimulation under urethane sedation. (A) Spontaneous granule cell layer
activity before 24-hour stimulation, showing low frequency events (A1) that are typical of
baseline hippocampal rhythms, and have no spontaneous population spikes (A1a expanded). (B)
Spontaneous granule cell layer activity 8 hours after 24-hour stimulation showing a variety of
frequent spontaneous potentials, which varied from spontaneous events consisting of single
population spikes (B1a), complex spontaneous events consisting of multiple population spikes
(B2a), and brief epileptiform discharges (B3a) associated with focal (stage 1-2) non-motor
seizure behaviors. These events are concomitant with neuronal injury, and may be potential
biomarkers of the epileptogenic process.
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Early hippocampal epileptogenesis and seizure maturation
Twenty-four hours of perforant pathway stimulation under urethane sedation
produced early hippocampal epileptogenesis and a confirmed latency to clinical epilepsy.
In addition to the spontaneous granule cell potentials and population events recorded
immediately following stimulation (Figure 5.2), continuous granule cell layer recording
and video behavioral monitoring in four rats revealed granule cell epileptiform seizure
discharges associated with only focal (Stage 1-2) behaviors, which occurred
continuously. However, clinically obvious stage 3-5 motor seizures did not occur until
14-35 days after 24-hour stimulation. Thus, although no clinical stage 3-5 motor seizures
were observed in the first two weeks following 24-hour stimulation, hippocampal
epileptogenesis (spontaneous granule cell epileptiform discharges) was coincident with
acute neuronal injury. That is, there is a latency to clinical seizures, but no latency to
hippocampal epileptogenesis
Twenty-six spontaneous epileptiform discharges recorded from the granule cell
layer were analyzed to determine the discharge duration, defined as the time from the
first seizure-associated “field EPSP” to the final seizure-associated potential. Eighteen
focal motor seizures (stage 1-2) were associated with granule cell layer discharges that
lasted 34.7 ± 3.0 seconds (range: 4-58 sec; median: 32.5 sec; n=18). Conversely,
generalized motor seizures (initially occurring from 14-39 days post-stimulation) were
associated with granule cell layer discharges that lasted 126.0 ± 12.8 sec in duration
(range 75-170 sec; median: 136.5 sec; n=8). No stage 3-5 motor seizures were observed
earlier than 2 weeks post-stimulation (n=4).
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Figure 5.3. Early hippocampal epileptogenesis and progressive seizure maturation
observed in awake rats following 24-hour perforant pathway stimulation under urethane
sedation. All six traces are examples of seizure events recorded in the granule cell layer
of one animal after 24-hour stimulation. In all 24-hour stimulated rats (n=4), focal
seizures (brief epileptiform discharges: average: 34.7 ± 3.0 sec in duration; range: 4-58
sec; median: 32.5 sec; n=18) were observed starting as early as day 5 post-stimulation.
These brief events were associated only with focal behaviors including freezing behavior,
eye-blinking, and facial automatisms. Conversely, generalized motor seizures were
associated with longer epileptiform discharges (126.0 ± 12.8 sec in duration; range 75170 sec; median: 136.5 sec; n=8), and were only observed starting at 14-39 days post
stimulation. No generalized motor seizures were observed earlier than 2 weeks poststimulation.
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Hippocampal epileptogenesis is coincident with the initial injury and undetectable by
EEG recording
The use of surface EEG recording is a valuable tool in the diagnosis of the human
epileptic condition (Engel, 2001). However, in the case of animal models of temporal
lobe epilepsy, surface EEG recording may lead to an inaccurate representation of the
epileptogenic process. Continuous recording in one rat implanted with a recording
electrode in the dentate granule cell layer and a surface EEG electrode on the same side
demonstrated the different events recorded from both locations (Figure 5.4). A
spontaneous granule cell layer epileptiform discharge associated with only minor focal
stage 1-2 behavioral (motor arrest, masticatory automatisms, and eye-blinking) was
recorded 1-day post-24 hour perforant pathway stimulation. Although slow, large
amplitude potentials (Figure 5.4, B1g expanded) were detectable in both the depth and
surface EEG electrodes, high frequency population spikes recorded by the granule cell
layer electrode (Figure 5.4, B2g expanded) were not detectable by the surface EEG
electrode (Figure 5.4, B2s expanded). Conversely, global electrical events associated with
a “wet dog shake” (motion artifact), appeared as identical responses in both electrodes
(Figure 5.4, B3 expanded). Thus, surface EEG recording provides minimal information
about granule cell layer behavior, and may be misleading because it generates the illusion
that there is an electrically silent period before the development of spontaneous clinical
epilepsy.
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Figure 5.4. Surface EEG recording does not detect dentate granule cell layer discharges during a focal
electrographic seizure. (A) In a normal rat pre-stimulation, hippocampal granule cell activity
simultaneously detected from a surface electrode (top trace in all sections; marked with an “s”) and an
electrode directly in the granule cell layer (bottom trace in all sections; marked with a “g”) shows baseline
activity in the granule cell layer. No spontaneous population spikes were observed in either location before
stimulation. However, occasional slow and low amplitude potentials that are typical of normal hippocampal
rhythms were detectable (A1 expanded). (B) A spontaneous epileptiform granule cell layer discharge was
recorded 1 day post-stimulation, and was associated with only focal (stage 1 and 2) behaviors. Note that
although slow, large amplitude monophasic potentials (B1g expanded) were detectable in both electrodes
(B1 expanded), high frequency biphasic epileptiform activity (population spikes) recorded by the granule
cell layer electrode (B2g expanded) were not detectable by the surface EEG electrode (B2s expanded).
Arrows indicate motion artifact recorded at the end of the electrical seizure event during a “wet dog shake”
(WDS). Note that motion artifact appears as identical responses in both electrodes.
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Summary
The main findings of the experiments presented in this chapter are as follows.
First, 24 hours of perforant pathway stimulation under urethane sedation produced a more
limited pattern of neuronal injury compared to status epilepticus. Second, rats that were
stimulated for 24 hours under urethane sedation exhibited a verified latency to clinically
obvious stage 3-5 generalized seizures ranging from 14-39 days. Third, continuous
recording directly from the dentate granule cell layers revealed that abnormal
spontaneous granule cell population events and epileptiform discharges occurred shortly
after 24-hour stimulation, and continued throughout the monitoring period. These early
spontaneous granule cell events may function as biomarkers of the epileptogenic process,
but are not detectable through surface EEG recording. Fourth, continuous monitoring
revealed a process of epileptic maturation, wherein focal seizure events progressed into
clinically obvious motor seizures, apparently as a result of an increased duration of
hippocampal discharge (an apparent kindling process).
The primary findings presented here provide direct evidence for the first time that
the latent period (to clinical seizures), when one exists, is not a silent period, and does not
reflect the duration of “epileptogenesis.” Instead, the latent period appears to represent
the time required for focal subclinical seizures to develop into clinical epilepsy. These
early focal seizures recorded in the rat only by depth recording methods may represent
the spontaneous discharges that cause “auras” commonly reported by patients with
temporal lobe epilepsy. Thus, the latent period may reflect two separate processes. The
first process is epileptogenesis (the birth of epilepsy), which is coincident with the initial
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injury. The second process reflects epileptic “maturation,” wherein focal discharges
“kindle” and possibly recruit undamaged brain regions within the seizure circuit, leading
to the development of the first clinically detectable motor seizures.

100
CHAPTER 6: DISCUSSION

The primary focus of this dissertation was to identify the nature and time course
of hippocampal epileptogenesis in a newly developed animal model of injury-induced
temporal lobe epilepsy. Hippocampal epileptogenesis has been hypothesized to be either
1) the immediate result of injury-induced neuron loss, or 2) the delayed result of a
secondary mechanism triggered by an initial injury. Determining precisely when after
injury spontaneous epileptiform discharges and clinical behavioral seizures arise is
critical to determining which network changes could be causally related to the
epileptogenic process.
The work in this dissertation aimed to address these hypotheses, and led to the
development of two new electrical stimulation-based animal models of confirmed
hippocampal-onset epilepsy. The original findings are as follows. First, electrical
stimulation-induced status epilepticus, which avoided the use of any chemoconvulsant
drugs, resulted in virtually immediate granule cell-onset seizures, clearly indicating that
residual chemoconvulsant is not responsible for the spontaneous seizures that occur
shortly after chemoconvulsant-induced status epilepticus (SE). Second, the lack of any
identifiable latency to the development of clinical epilepsy following convulsive status
epilepticus refutes the widely accepted notion that status epilepticus-based animal models
are associated with a long seizure-free latent period during which a secondary
epileptogenic process develops (Stables et al., 2003). The process of epileptogenesis in
this animal model occurs too rapidly to accommodate the time required for a slow
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secondary disease process to develop. Third, 24 hours of perforant pathway stimulation in
urethane-sedated rats produced a more limited pattern of neuronal injury than that caused
by status epilepticus, and resulted in a confirmed latent period to clinically obvious motor
seizures. Fourth, analysis of the latent period in these 24-hour stimulated rats
demonstrated that spontaneous hippocampal population spikes and focal epileptiform
discharges began soon after hippocampal injury, and were associated with focal
behavioral seizures rather than generalized behavioral seizures. Thus, hippocampal
epileptogenesis is coincident with the initial injury, and the “latent” period, when one
exists, is a period of time between injury and generalized clinical seizures, and not a
silent, pre-epileptic period during which a slowly developing epileptogenic mechanism
matures. These results indicate that there are two separable and distinct epileptic
processes following brain injury. These are, first, a change in hippocampal network
excitability probably caused by neuron loss within the network, and this mechanism can
be called “epileptogenesis” because the network hyperexcitability causes spontaneous
seizure discharges with minimal latency, even though these discharges are clinically
undetectable. The second process can be called “epileptic maturation,” which describes a
process in which initially focal seizures become clinically obvious. These results have
significant clinical implications. If epileptogenesis is coincident with the initial injury,
then therapy designed to interfere with the epileptogenic process must be initiated
immediately after injury, and presumably designed to minimize initial neuron loss.
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Minimal latency to hippocampal epileptogenesis following convulsive SE
Convulsive status epilepticus has been a widely used model in the field of
epilepsy research because it produces a permanent epileptic state and is believed to
reproduce features of human temporal lobe epilepsy, including the latent period. To the
contrary, the data presented in Chapter 4 of this dissertation indicate that the commonly
accepted notion that animals are in a “pre-epileptic” or “non-epileptic” state for an
extended period after prolonged convulsive SE, and that they then become “epileptic”
because a delayed secondary epileptogenic process has gradually matured (Bragin et al.,
2000; Stables et al., 2003), is no longer tenable. The results of three recent studies in
pilocarpine-treated rats (Raol et al., 2006; Goffin et al., 2007; Jung et al., 2007), and data
from continuous behavioral observation of pilocarpine-treated rats reported in Chapter 3
of this dissertation, indicate that the pilocarpine model of epileptogenesis exhibits a latent
period too short to accommodate delayed secondary epileptogenic mechanisms. The
finding that electrically stimulated rats, like pilocarpine-treated rats, exhibited
spontaneous clinical epilepsy without delay after initial injury demonstrates that the
minimal latency to clinical epilepsy after convulsive SE is not model-specific or related
to the presence of residual chemoconvulsant, but is an immediate consequence of
prolonged convulsive SE per se.
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When a confirmed latent period exists, is the latent period a truly silent period, or only
clinically silent?
To account for latent periods of different durations observed in human patients of
TLE (French et al., 1993), it was originally proposed that these differences might be
related to the extent of neuronal injury (Sloviter, 1994). Therefore, to test this hypothesis,
an animal model involving a less-injurious stimulation paradigm was developed.
Experiments presented in Chapter 5 of this dissertation demonstrate that a confirmed
latent period to clinical seizures reliably follows less severe neuron loss. Importantly,
although there is a delay before generalized behavioral seizures begin, this latent period is
not a silent, “pre-epileptic” period. Spontaneous hippocampal population spikes, field
EPSPs, and early epileptiform discharges were observed soon after neuronal injury, and
these events continued and persisted even after the animal was spontaneously epileptic. If
epileptogenesis was the result of a slow secondary mechanism, then presumably, the
dentate granule cells would be silent over the first few weeks following injury, and
electrographic epileptiform events would only begin after the secondary process becomes
established. That, however, was not the case in these experiments; all 24-hour stimulated
animals monitored continuously exhibited no silent period. Instead, continuous depth
recording directly from the hippocampal granule cell layers revealed that the process of
hippocampal epileptogenesis is coincident with neuronal injury or other early changes.
Thus, the latent period, when it exists, is not an indication of epileptogenesis, but rather,
it apparently represents the time required for focal electrographic seizure discharges to
develop into clinically observable motor seizures.
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Hippocampal-onset epileptogenesis
Both animal models developed during the course of this research exhibited
spontaneous hippocampal-onset seizures, indicating directly confirmed hippocampal
epileptogenesis, and shared several similar electrophysiological features detectable
through the use of hippocampal depth recording. The principal finding from all
experiments presented in this dissertation is that continuous monitoring via bilateral
granule cell layer recording electrodes in awake animals revealed that the onset of
spontaneous granule cell epileptiform discharges, i.e. confirmed hippocampal
epileptogenesis after hippocampal injury, was bilaterally synchronous and coincident
with the initial insult and the acute neurodegenerative phase, rather than with an
hypothesized delayed secondary process. Dentate granule cells in awake rats poststimulation generated spontaneous population spikes (“fast ripples;” Bragin et al., 2002)
and full epileptiform granule cell discharges shortly after stimulation-induced neuronal
injury, and these epileptiform discharges preceded each and every spontaneous
behavioral seizure in all rats that exhibited Stage 3-5 epileptic seizures. Thus, many of the
abnormal granule cell population events observed in hippocampal slices from chronically
epileptic chemoconvulsant-treated rats, and attributed to the reactive synaptic
reorganization (Tauck and Nadler, 1985; Wuarin and Dudek, 1996) triggered by hilar
mossy cell degeneration (Jiao and Nadler, 2007), are unlikely to be causally related to
any delayed secondary process. Stafstrom and colleagues reached a similar conclusion
when they noted that spontaneous seizures began in kainate-treated rats before synaptic
reorganization (Stafstrom et al., 1992). The close temporal association between initial
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hippocampal neuron loss, granule cell hyperexcitability, and directly recorded
hippocampal granule cell seizure discharges in awake epileptic animals is consistent with
the hypothesis that hippocampal principal cell hyperexcitability is an immediate network
defect caused by the initial neuron loss (Sloviter, 1987; 1991b, 1994), or other rapid
changes (Brooks-Kayal et al., 1998; Goodkin et al., 2005). Perhaps most importantly, the
granule cell-onset seizures that were detected by electrodes placed directly within the
granule cell layers were undetectable by simultaneous EEG electrodes placed only a few
millimeters above the hippocampus. Thus, EEG recording does not detect focal
epileptogenic network behavior, apparently because epileptiform discharges have both
positive and negative components that summate arithmetically, causing these biphasic
electrical events to cancel out.

Possible role of the entorhinal cortex in epileptogenesis
Although spontaneous granule cell epileptiform discharges always occurred
before, or coincident with, the spontaneous behavioral seizure-onsets, these hippocampal
events could have been triggered by discharges originating from within the damaged
entorhinal cortex (Schwob et al., 1980; Du et al., 1993; 1995; de Guzman et al., 2008), or
other brain nuclei (Spencer and Spencer, 1994; Cohen et al., 2002), and may not have
arisen de novo from within the dentate gyrus. The early appearance of spontaneous field
potentials and population spikes virtually identical to the potentials evoked by perforant
pathway stimulation is consistent with a seizure origin in the entorhinal cortex, although
the ultimate seizure source is unknown. Regardless of the site of seizure origin, the
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results from both electrical stimulation-based animal models presented in this dissertation
demonstrate that immediate granule cell hyperexcitability and spontaneous granule cell
seizure discharges were associated with a common pathology - acute hilar neuron injury
in the dentate gyrus and in layers III-V of the entorhinal cortex.
A discussion of the possible role of the entorhinal cortex in the development of
temporal lobe epilepsy is warranted. Layer II entorhinal neurons, which form the main
excitatory input to the dentate granule cells have been shown to be hyperexcitable
following status epilepticus (Kobayashi et al., 2003), presumably as a consequence of cell
loss in the adjacent layers III and V or other closely related nuclei (Du et al., 1995;
Schwarcz et al., 2000; Kumar and Buckmaster, 2006). Recent studies in normal animals
have shown that entorhinal layer II neurons constitute a system of “grid” cells that form
an environment-independent spatial coordinate system (Hafting et al., 2005; Sargolini et
al., 2006). These “grid” cells normally discharge strictly independently in a spatial
environment, and exhibit discrete inhibitory surrounds (Hafting et al., 2005). Apparently,
the independent firing patterns of entorhinal layer II (EC2) grid cells constitute a
universal map of the spatial environment, and these “grid” cells feed this information to
their target cells in the dentate gyrus (van Strien et al., 2009). We predict that the
pathology reliably produced in the entorhinal cortex layers III and V by prolonged
perforant pathway stimulation or status epilepticus reduces the size of the grid cell
inhibitory surround and decreases the location-based specificity of layer II neuron
discharges. Therefore, hyperexcitability may occur in entorhinal layer II neurons as a
result of the loss of layer III and layer V neurons, which normally influence layer II
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pyramidal neurons (Quilichini et al., 2010). Loss of layer II neuronal inhibition would be
predicted to cause entorhinal layer II pyramidal cells to coalesce functionally, to disrupt
the “grid” function that establishes normal spatial memory, and to generate abnormal
synchronous discharges that propagate directly to the granule cell layers. Therefore, we
would predict that after extensive stimulation-induced injury of hilar neurons and
entorhinal layer III and V cells, entorhinal layer II “grid” cells should lose their inhibitory
surrounds and their spatial separation immediately, and begin to generate synchronous
discharges. These discharges, in turn, would invade the disinhibted dentate gyrus to
cause the spontaneous granule cell layer depolarizations, population spikes (apparent
biomarkers of imminent epileptiform discharges), and epileptiform discharges
consistently observed in awake rats prior to each granule cell-onset seizure. Changes in
the GABAergic projection from entorhinal cortex to hippocampus (Germroth et al., 1989)
might also affect hippocampal excitability.
The extraordinarily synchronous discharges that arose spontaneously from the
granule cell layers in both hippocampi suggest an origin in one entorhinal cortex, via
ipsilateral and contralateral excitatory projections (Sloviter, 1983), or in both cortices
simultaneously. The network mechanism that synchronizes both hippocampi in vivo
cannot be inferred from the data presented here, but the bilateral synchronicity of each
and every spontaneous granule cell discharge is evidence that such a mechanism exists.
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Limitations of interpretation
Several problems of interpretation were addressed in the experimental design. The
main issues from previous studies on the latency to hippocampal epileptogenesis and
clinical epilepsy include the following. First, non-continuous video monitoring produces
an inherently inaccurate estimate of the latent period. Second, the use of
chemoconvulsants makes any estimation of the latent period uncertain because of the
possible effects of the circulating excitatory substances used to initiate convulsive SE (i.e.
kainate or pilocarpine). Third, the use of EEG recording, which cannot identify the
structures generating the spontaneous discharges, and low sampling rates typical of EEG
recording, which cannot differentiate between low and higher frequency events, makes it
difficult to determine whether hippocampal neurons are involved, or whether high
amplitude events are true, high-frequency “epileptiform” discharges (Harvey and
Sloviter, 2005; Figure 5.5 in this dissertation). The use of electrical stimulation to induce
SE, continuous (24/7) video recording starting immediately after SE, and depth recording
from the dentate granule cell layers at a sampling rate of 10 kHz avoided these three
issues entirely.
However, other factors that can confound interpretation were not eliminated in
this study. First, the use of bilateral electrical stimulation introduced the issue of the
possible role of permanently implanted electrodes. Although abnormal granule cell
physiology and epileptic seizures were not observed in chronically-implanted sham
controls, the presence of electrodes could have had some additive or synergistic effect in
the stimulated, epileptic animals. This issue is addressed to some degree by the
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observation that animals that lost their electrode assembly after stimulation still became
epileptic in the post-stimulation period, but this does not eliminate the issue of electrodes
being present before and during convulsive SE, or during 24 hour-long stimulation under
urethane-sedation, or the direct damage being present following loss of the electrode
assembly. Second, it was noted that the latency to granule cell-onset epilepsy was
associated with extensive hilar neuron loss. Although this is consistent with the
hypothesis that mossy cell loss is the cause of the granule cell hyperexcitability (Sloviter,
1987; 1991b; 1994), this is only a correlation, and the granule cell epileptogenesis
observed in both electrical stimulation-based animal models may also be correlated with
all other pathology, and any other unmeasured early changes, such as altered receptors,
gliosis, and other cellular changes.

What explains the widespread notion of an extended latent period in animal models of
TLE?
The enduring notion of a seizure-free, “pre-epileptic” period of several weeks
duration after convulsive SE in rats may be attributed to the way the discovery of
spontaneous seizures in kainate-treated rats was first reported, and how it has been
reinforced by sporadic behavioral monitoring methods that unavoidably overestimated
the duration of the latent period. In one of the earliest descriptions of spontaneous
seizures after convulsive SE, Pisa and colleagues (1980) reported seeing epileptic
seizures 35-77 days post-SE. However, these authors only started their behavioral
observations on day 35, presumably because they were addressing the issue of whether,
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not when, spontaneous seizures develop. Regardless, the notion of the post-SE latent
period as an extended silent period of at least several weeks duration became the primary
rationale for proposing that delayed secondary events are likely epileptogenic
mechanisms (Tauck and Nadler, 1985; Parent et al., 1997; Chang and Lowenstein, 2003).
Although this view has been repeatedly reinforced by studies that used sporadic
monitoring methods (Cavalheiro et al., 1982; Nissinen et al., 2000; Glien et al., 2001;
Brandt et al., 2003; Kobayashi and Buckmaster, 2003), recent studies using continuous
monitoring of pilocarpine-treated rats have consistently detected latent periods of less
than one week (Raol et al., 2006; Goffin et al., 2007). In addition, a recent study reported
that pilocarpine-induced SE that lasted for only one hour also resulted in spontaneous
seizures during the first week post-SE (Jung et al., 2007). Data from pilocarpine-treated
rats presented in Chapter 3 of this dissertation are identical to those of these three recent
studies, and data from stimulated animals presented in Chapter 4 of this dissertation
demonstrate that early seizures after SE are not model-dependent or related to the
presence of residual chemoconvulsant.
Although 3 hours of confirmed hippocampal epileptiform discharging and
convulsive SE was reliably associated with a minimal latency to the onset of spontaneous
epileptic seizures, we do not deny that injured animals can exhibit an extended period
before behavioral seizures begin, as some studies that have used continuous video
observation have reported (Bertram and Cornett, 1993; Gorter et al., 2001; Nissinen et al.,
2001; Hamani and Mello, 2002; Mazarati et al., 2002; Riban et al., 2002; van Vliet et al.,
2004; D’Ambrosio et al., 2005; El-Hassar et al., 2007), and as we found in one stimulated
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rat that was continuously monitored following 3 hours of status epilepticus. Several
factors undoubtedly explain why some rats do not exhibit spontaneous behavioral
seizures in the first days after convulsive SE-induced injury. First, damage to the piriform
cortex and related structures can be so severe after chemoconvulsant-induced SE
(Schwob et al., 1980; Nissinen et al., 2001; Hamani and Mello, 2002; Harvey and
Sloviter, 2005; Sloviter, 2005; Niessen et al., 2005) that clinical seizure expression may
be blocked by the loss of this critical link in the serial seizure circuit, at least until
connections can be re-established, or seizure spread re-routed (McIntyre and Gilby,
2007). Second, the results from 24-hour perforant pathway stimulation in urethanesedated rats show that remarkably subtle damage to hilar neurons of the dorsal
hippocampus, entorhinal cortex, amygdala, and the lateral septum resulted in a confirmed
latent period before spontaneous behavioral seizures were observed. The uniformly
minimal latencies observed in status epilepticus animal models may simply be due to the
bilaterally extensive neuron loss that is reliably observed. Thus, latent periods, when they
occur, may simply reflect limited or unilateral brain damage (Gorter et al., 2001; Brandt
et al., 2003) in more variable animal models, which keeps focal discharges subclinical for
an extended period of time. Observations from 24-hour stimulated rats demonstrate that
brief spontaneous granule cell discharges are behaviorally associated with minimal Stage
1-2 behaviors suggest that subtle brain damage, or a lack of brain damage in particular
brain nuclei, results in an extended period of focal seizures (Mazarati et al., 2002) that
has been mistaken for a seizure-free, “pre-epileptic” latent period.
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The finding that hippocampal epileptogenesis and clinical epilepsy developed
rapidly after stimulation-induced neuronal injury suggests that the epileptogenic process
may have two main constituent mechanisms, depending on the severity or location of
initial injury: 1) initial neuron loss (Sloviter, 1991b; 1994) and other acute changes
(Brooks-Kayal et al., 1998; Goodkin et al., 2005) that are sufficient to cause clinical
epilepsy without a delayed secondary mechanism, and; 2) a “kindling” process (Goddard
et al., 1969; Bertram, 2007) that may occur after injury in less severely damaged animals,
which does not reflect epileptogenesis, but rather a process of seizure “maturation.” Early
clinical seizure expression after extensive injury may be the result of damage to all brain
regions that normally serve as serial barriers to the clinical expression of focal seizure
activity. According to this hypothesis, the presence of a prolonged seizure-free latent
period in less severely damaged rats, and in many human patients, may reflect the time
needed for initially subclinical epileptic discharges (Mazarati et al., 2002; Bragin et al.,
2004) to “kindle” (increase in duration) and then recruit nuclei not damaged by the initial
insult (Cavalheiro et al., 1991; Bertram and Cornett, 1993; 1994). Therefore, data
obtained from this dissertation suggest that the latent period may be directly related, and
inversely proportional, to the extent of initial neuron loss in the brain regions involved in
seizure initiation, spread, and clinical expression. Other delayed secondary mechanisms
triggered by neuron loss or injury could certainly play pathophysiological roles in models
that exhibit a verified latent period, but the hypothesized roles of synaptic reorganization,
neurogenesis, and other delayed secondary processes need to be studied in models first
shown to exhibit a “pre-epileptic” state after injury, as well as granule cell-onset seizures.
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Regardless, our data primarily indicate that hippocampal epileptogenesis occurs rapidly
after prolonged convulsive SE, and is coincident with initial cell loss or other rapid
effects.

Animal models and the problematic concept of the latent period in human epilepsy
The clear causal relationship between a known injury (e.g. traumatic brain injury
in a previously normal person) in some patients, and the often delayed emergence of
clinical epileptic seizures, led to the concept of the “latent” period as the time interval
during which a slowly progressing epileptogenic process “ripens” (Earle et al., 1953).
However, the notion that the latent period is a reliable indicator of the duration of the
epileptogenic mechanism in humans is problematic, in part, because the latent period can
be very short (French et al., 1993; Wieser, 2004; Mikaeloff et al., 2006) or extremely
long (French et al., 1993; Lhatoo et al., 2001). It is difficult to conceive of a metabolic or
structural process that takes 30 years to mature, and impractical to study it. Importantly,
many early insults are remembered events that may or may not have played any causal
epileptogenic role. For example, cases of extremely long latent periods (>30 years) have
been calculated as the period between childhood febrile seizures and the subsequent
appearance of afebrile epilepsy (French et al., 1993; Lhatoo et al., 2001). If the early
febrile seizures were the cause of the later epileptic state, it might be reasonable to
consider the interval between the two events to be a “latent” period, and perhaps to
conclude that a slow process lasting for years or decades had finally matured. However, if
both the childhood febrile seizures and the epilepsy were two separate results of a pre-
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existing abnormality, then the interval between the two events cannot be considered a
“latent” period, because the first event did not cause the second (Grünewald, 2002).
Importantly, some patients exhibit little or no latent period between a known injury and
epilepsy (Wieser, 2004), indicating that epileptogenesis can occur rapidly, particularly
after prolonged convulsive SE (Mikaeloff et al., 2006).
Although it is conceivable that latent periods of different durations could reflect
different mechanisms that progress at different rates, the stereotypical clinical similarities
among patients with acquired TLE (French et al., 1993; Engel, 1996) suggest a common
underlying network defect, at least as a logical starting point for generating testable
hypotheses. It has been previously hypothesized that the latent period is inversely
proportional to the extent of dentate hilar mossy cell loss throughout the longitudinal axis
of the hippocampal dentate gyrus (Sloviter, 1994) because mossy cells are hypothesized
to constitute an inhibitory neuron-activating system that maintains granule cell inhibition
throughout the dentate gyrus (Zappone and Sloviter, 2004). Based on the findings
presented in this dissertation that extensive bilateral hilar neuron loss throughout the
dorsal and ventral dentate gyrus was associated with minimal latency to hippocampal
epileptogenesis, and the recent report that bilateral hippocampal sclerosis in patients was
associated with no apparent latent period in human patients that survived prolonged
convulsive SE (Mikaeloff et al., 2006), we hypothesize that the presence of a latent
period, when one occurs in patients, may be related to the asymmetrical hippocampal
injury exhibited by many MTLE patients with hippocampal sclerosis (Margerison and
Corsellis, 1966; Bruton, 1988; Jackson et al., 2004). That is, disproportionate initial
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damage to one hippocampus may cause focal, initially subclinical seizures that do not
spread to cause clinical seizures until the undamaged or less damaged contralateral
hippocampus can be recruited by the unilateral hippocampal seizure focus. If the
undamaged or less damaged hippocampus is initially a barrier to the spread of seizure
activity, as indicated by the relative resistance of the undamaged hippocampus to
kindling (McIntyre et al., 1999; McIntyre and Gilby, 2007), the latent period may simply
be a time-consuming process in which a unilateral seizure focus gradually overcomes the
resistance to seizure spread in structures that initially retain the capacity to resist the
recruitment process. Although exactly how initially focal network defects become
clinically obvious motor disorders remains a subject of speculation, and more studies in
an animal model such as that involving 24-hour perforant pathway stimulation under
urethane sedation (which more closely resembles the limited pathology and
pathophysiology of human temporal lobe epilepsy, and exhibits a confirmed latent
period), are needed if epileptogenic mechanisms other than initial neuron loss are to be
identified, and if neuroprotective and anti-epileptogenic treatments are to be developed.

Conclusions: Redefining the term “epileptogenesis”
The role of specific pathologies and the primary epileptogenic mechanism has
been a topic of continuous debate in the field of epilepsy research. One of the main points
of this dissertation was to examine the time course of epileptogenesis to determine which
pathology, if any, could possibly be inferred to be a primary epileptogenic mechanism. Is
epileptogenesis the result of an immediate network defect caused by neuronal injury? Or
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is epileptogenesis due to the completion of a slower secondary mechanism triggered by
an initial injury, such as mossy fiber sprouting? The data presented in this dissertation
provide the first direct evidence that epileptogenesis is a rapid process coincident with
neuronal injury or other immediate factors. Widespread neuronal injury results in
immediate clinical epilepsy, while limited neuronal injury is associated with a latent
period to clinical seizures, during which focal electrographic epileptiform events occur.
Thus, a latent period, when it exists, is not the latency to epileptogenesis, but rather a
process of epileptic “maturation” or seizure spread that culminates in the development of
clinically obvious generalized seizures. These findings require a redefinition of the term
“epileptogenesis” and a reconsideration of the role that epileptogenesis plays within the
larger state called epilepsy.
The word genesis literally means “birth,” and the term epileptogenesis therefore
means the birth of epilepsy. Thus, we propose that the process of epileptogenesis is
complete when the first electrographic epileptiform discharge that produces a focal
seizure occurs. At a minimum, the process is complete when the brain is changed in such
a way such that the first spontaneous epileptiform discharge and focal seizure is
imminent. The data presented here also have additional clinical implications. First, the
reliance on when the first motor seizure occurs as an indication that the epileptogenic
process has just occurred appears unwarranted. The epileptogenic process (the birth of
epilepsy) is clearly complete long before the occurrence of clinically obvious motor
seizures, and therefore may necessitate earlier intervention to effectively prevent the start
of the progressive disorder. Second, the use of EEG recording may be a misleading
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indicator of the latent period because it not only misses abnormal hippocampal granule
cell activity, but also leads to the interference that a silent period exists. Although it may
not be feasible to perform depth recording monitoring in all human patients, the results of
these studies suggest that more careful observation of abnormal focal behaviors may be
necessary. Third, since epileptogenesis is associated with immediate network deficits,
aggressive treatment immediately after a known brain injury to prevent additional
delayed neuron loss, or the development of an anti-kindling compound to prevent further
seizure progression, may be the most effective forms of anti-epileptogenic therapy.
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