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Abstract

Epilepsy is a chronic condition caused by an imbalance of normal excitatory and inhibitory forces
in the brain. Antiepileptic drug therapy has been directed primarily toward reducing excitability
through blockage of voltage-gated Na* or Ca2* channels, or increasing inhibition through
enhancement of y-aminobutyric acid currents. Prior to clinical studies, putative antiepileptic drugs
are screened in animals, usually rodents. Maximal electrical shock, pentylenetetrazol, and kindling
are typically used as non-mechanistic screens for antiseizure properties and the rotorod test for
assessing acute toxicity. While antiseizure drug screening has been successful in bringing drugs to
the market and improving our understanding of the pathophysiology of seizures, it should be
emphasized that the vast majority of drug screening occurs in mature male rodents and involves
models of seizures, not epilepsy. Effective drugs in acute seizures may not be effective in chronic
models of epilepsy. Seizure type, clinical and electroencephalographic phenotype, syndrome, and
etiology are often quite different in children with epilepsy than adults. Despite these age-related
unique features, drugs used in children are generally the same as used in adults. As awareness of the
unique features of seizures during development increases, it is anticipated that more drug screening
in the immature animal will occur.
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Introduction

All antiepileptic drugs (AEDs) are rigorously studied in animals, particularly rodents, before
they are given to patients. Understanding how drugs are screened in animals is useful to the
clinician, since the screening process is valuable in predicting the type of seizure in which the
drug would be efficacious, as well as determining the mechanism of the drug's antiseizure
action. Indeed, the dramatic discovery of the antiseizure properties of phenytoin was identified
by Merritt and Putnam in 1938 using the electroshock-induced seizure model [1].

Animal modeling is used to enhance knowledge in a number of important areas. Modeling
provides insight into fundamental neuronal mechanisms in epilepsy. Indeed, much of our
understanding of seizure mechanisms comes from animal studies. Animal models are used to
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design new therapies with evaluations of both efficacy and toxicity of putative AEDs. Long-
term consequences of seizures on learning, memory, and behavior can be studied using animal
models. Finally, animal models in epilepsy can be used to determine new diagnostic techniques
such as seizure prediction and detection.

Unfortunately, modeling in the developing animal has lagged far behind the adult animal.
While animal models have been used to understand the unique features of seizures and
epileptogenesis in the developing brain, there has been limited work in finding new therapeutic
agents for seizures beginning in childhood. While AEDs that work well in the adult for partial
and generalized seizures typically are effective in the developing animal, there are examples
of AEDs that are more or less effective in the developing brain than in the adult brain. In
addition, a major issue in pediatric AED development is the lack of efficacious and safe
treatment for the epileptic syndromes. Conditions such as West syndrome, Lennox-Gastaut
Syndrome, Dravet syndrome, Doose syndrome, Continuous Spike-Wave of Sleep, and Landau-
Kleffner have few effective treatment options. As will be discussed, the lack of animal models
has contributed to the delay in developing novel therapies.

Inthis review, basic pathophysiological mechanisms of seizures will be briefly reviewed which
will lay the groundwork for a description of AED effects in animal models. As will be shown,
a number of drug targets based on pathophysiological mechanisms of seizures have been
successfully exploited with AEDs. Animal models will then be discussed, with a particular
emphasis on models used in developing animals.

Mechanisms of Seizures

Epileptic seizures are characterized by hyperexcitability of central nervous system neurons.
When a sufficient number of neurons synchronously depolarize and generate action potentials,
a seizure begins. The location of the onset of the initial event and the propagation pattern of
the discharge determine the behavioral changes that occur. Seizures are classified into two
broad categories: (a) partial seizures (seizures beginning in a limited location in the brain) and
(b) generalized seizures (seizures that are bilaterally symmetrical and without focal onset)
[2]. The pathophysiological mechanisms of partial seizures and generalized seizures are
different, although the common endpoint, such as a generalized tonic-clonic seizure, can be
quite similar. Each seizure category will be briefly described.

Partial Seizures

The hallmark of partial seizures in the epileptic focus is the paroxysmal depolarization shift
which is a large and sustained depolarization of neurons [3,4]. During a paroxysmal
depolarization shift, the cell membrane near the soma undergoes a high voltage (10 to 15 mV)
and prolonged (100 to 200 msec) depolarization. This long depolarization has the effect of
generating a train of action potentials that are transmitted along the axon of the neuron. The
paroxysmal depolarization shift can be generated by enhancement of Na* or Ca?* currents
through voltage-gated channels or increased cation flow through a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) or N-methyl-D-aspartate (NMDA) ligand-gated
channels. The paroxysmal depolarization shift is followed by a large hyperpolarization which
serves to limit the duration of interictal paroxysms. This hyperpolarization is generated by
currents through ionic channels, including y-aminobutyric acid (GABA) and Ca2*-activated
K* channels. The paroxysmal depolarization shift corresponds to an interictal spike on the EEG
and the subsequent hyperpolarization would correspond to the slow wave following the spike
[4]. During a seizure, the epileptic neurons undergo a prolonged depolarization without a
following repolarization. This prolonged paroxysmal depolarization shift results in continuous
bursts of action potentials which propagate to other neurons. This recruitment of other neurons
results in an electroencephalographic and clinical seizure.
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While the paroxysmal depolarization shift has been useful in increasing our understanding of
cellular physiology in epilepsy, the paroxysmal depolarization shift is seen in only a limited
number of models. However, in virtually all animal models of epilepsy, there is a type of cellular
“burst” discharge. Presumably, it is this enhanced cell excitability, or decreased inhibition, and
synchrony that are responsible for both the “epileptic” EEG pattern and behavioral change.
While it is clear that seizures begin at the cellular level, epilepsy is a disorder of a network of
neurons that synchronously discharge together. The clinical phenotype of the seizure is
dependent upon where the seizure initiates and propagates.

Figure 1 and 2 depict the primary mechanisms of antiepileptic drug action at excitatory and
inhibitory synapses. In general, most antiepileptic drugs exert their action by attenuating
excitatory currents, typically inward cationic currents. Drugs such as phenytoin and
carbamazepine, felbamate, lamotrigine, topiramate, oxcarbazepine, valproate, and zonisamide
have been demonstrated to attenuate voltage-gated Na* channels in a use-dependent fashion
[5]. Levetiracetam, lamotrigine, phenobarbital, felbamate, and topiramate target high-voltage
Ca?* channels [5]. Felbamate has a dual action, blocking NMDA channels and enhancing
GABAergic effect [6]. Topiramate has been shown to attenuate non-NMDA (AMPA) and
kainate currents [7]. Gabapentin and pregabalin bind to the a2y subunit of the voltage-gated
Ca?* channel and modulate Ca2* currents [8]. Recently, another target of AEDs, the H-channel,
has been characterized. The H-channel (hyperpolarization induced, cyclic nucleotide gated),
has a high permeability to K* and tends to stabilize the membrane potential toward the resting
potential against both hyperpolarizing and depolarizing inputs. AEDs, such as lamotrigine
[9] and gabapentin [10] target the H-channels by increasing the hyperpolarization-activated
cation current.

The mechanism of action of levetiracetam is not entirely clear. However, the drug blocks N-
type Ca2* channels and reverses the inhibition by the negative allosteric modulators zinc and
beta-carbolines on neuronal GABA- and glycine-gated currents [11]. In addition, the drug binds
to a synaptic protein (SV2) [12]. How binding to a synaptic protein results in reduced
excitability (or enhanced inhibition) is not clear.

A large number of AEDs exert their effects through enhanced inhibition by augmenting GABA.
This is accomplished by the AED acting directly at the GABA, site allosterically influencing
the CI™ current (barbiturates, benzodiazepines, and felbamate), by antagonizing neuronal and
glial reuptake of GABA (tiagabine), or by interfering with the metabolic breakdown of GABA
(vigabatrin).

It is well recognized that the immature brain is more prone to seizures than the mature brain
[13]. The underlying mechanisms responsible for this increased excitability during this period
of life are not completely understood but are clearly age-dependent. In general, immature
neurons and networks tend to oscillate and this inherent property is one that will facilitate the
generation of pathological and pathogenic oscillations [14]. This is due to the higher input
resistance of immature neurons that facilitate the generation of action potentials and enhance
excitability. In addition, during the early postnatal period, at a time when the immature brain
is highly susceptible to seizures [15,16], GABA exerts paradoxical excitatory action in all
animal species and brain structures including primate in utero suggesting that this rule has been
preserved throughout evolution [17]. Immature neurons are enriched with a high intracellular
concentration of chloride leading to an efflux of chloride instead of an influx when GABA
receptors are activated [18,19]. The lack of efficient GABAergic inhibition enhances
excitability and may facilitate synchronicity [15,20]. The delayed maturation of postsynaptic
G protein mediated GABAg inhibition also contributes to increased brain excitability [21].
The prolonged NMDA-mediated excitatory postsynaptic currents (EPSCs) in immature versus
adult neurons will also promote the generation of network driven events [22].
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The depolarizing effect of GABA in the immature brain may explain the limited efficacy of
GABAEergic drugs such as phenobarbital in newborns [23,24]. The unique physiology of
excitatory and inhibitory neurotransmission in the developing brain is yet another powerful
reason why AED screening should be performed in developing rats.

Absence Seizures

The basic underlying mechanism in generalized absence epilepsies involves thalamocortical
circuitry and the generation of abnormal oscillatory rhythms in this neuronal network [25]. The
neuronal circuit responsible for the generation of the oscillatory thalamocortical burst-firing
observed during absence seizures. The circuit involved in thalamocortical burst-firing includes
cortical pyramidal neurons, thalamic relay neurons, and the thalamic reticular nucleus (TRN).
The principal synaptic connections of the thalamocortical circuit include glutamatergic fibers
between neocortical pyramidal cells and the TRN; GABAergic connections between cells of
the TRN which activate GABA, receptors; and GABAergic fibers from TRN neurons which
activate GABA and GABAGg receptors on thalamic relay neurons (Fig. 3). The TRN isina
position to profoundly influence the flow of information between the thalamus and cerebral
cortex. The TRN cells have rhythmic burst firing (oscillatory firing) during periods of sleep
and continuous single spike firing (tonic firing) during wakefulness.

The cellular events that underlie the ability of TRN neurons to shift between an oscillatory and
tonic firing mode are the low threshold (T) Ca2* spikes which are present in thalamocortical
and TRN neurons. These T-type CaZ* channels are involved in burst firing excitation and are
associated with the change from oscillatory to burst firing in thalamocortical cells. Mild
depolarization of these neurons is sufficient to activate these channels and to allow the influx
of extracellular Ca?* [26]. Further depolarization produced by Ca?* inflow will exceed the
threshold for firing a burst of action potentials. After T-channels are activated, they become
inactivated rather quickly, hence the name transient. De-inactivation of T-channels requires a
relatively lengthy hyperpolarization. GABAg receptor mediated hyperpolarization is a primary
factor in the de-inactivation of T-channels.

The abnormal oscillatory rhythms in absence seizures could be caused by abnormalities of the
T-type Ca2* channels or enhanced GABAg function. In some animal models of absence
seizures T-type Ca2* channels activation in the TRN differs significantly from control animals
[25,27]. These aberrant T-channels likely are the basis for absence seizures. In other models,
there has been an increase in GABAg receptors in thalamic and neocortical neuronal
populations compared to controls [28]. As would be predicted from the thalamocortical circuits
involved in absence seizures, in animal models of absences, GABARg agonists produce an
increase in seizure frequency while GABARg antagonists reduce seizure frequency [29,30].
Other neurotransmitter systems, i.e. serotonergic, noradrenergic, and cholinergic, can influence
the thalamocortical circuits and therefore influence absence seizure frequency. However, the
GABA system appears to be the critical system in the pathogenesis of absence seizures.

Recurrent collateral GABAergic fibers from the TRN neurons activate GABA receptors on
adjacent TRN neurons. Activating GABAA receptors in the TRN therefore results in an
inhibition of inhibitory output to the thalamic relay neurons. Because of the decreased
GABAg activation, there would be a reduced likelihood that Ca%* de-inactivation would occur.
This would result in decreased oscillatory firing. However, direct GABA and GABAg
activation of thalamic relay neurons would be expected to have detrimental effects, increasing
hyperpolarization and therefore increasing the likelihood of de-inactivation of the T-channels.

As would be expected from these animal findings are the clinical observations that three drugs
efficacious in the treatment of absence seizures, such as valproate, ethosuximide, and
trimethadione, suppress T-currents. In addition, there is some clinical evidence that vigabatrin,
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which increases endogenous GABA levels and thereby increases the activation of GABAg
receptors in the thalamic relay neurons, worsens absence seizures in patients. However,
clonazepam, which preferentially activates GABA levels in the TRN can be a highly effective
anti-absence drug [31].

Table 1 provides a summary of the major targets of the AEDs. It should be noted that multiple
mechanisms of action are likely for each AED.

Animal Screening

While in the past most AEDs were discovered fortuitously, more recently, AEDs have been
designed to target one of the receptors or neurotransmitter involved in the genesis of seizures
described above. Once a putative AED is identified, it is initially studied to determine whether
it will be effective in generalized or partial seizures [32].

The maximal electroshock (MES) test, the subcutaneous pentylenetetrazol (scPTZ) test, and
the electrical kindling model are the most commonly used models to evaluate potential new
AEDs [33-37]. In the MES test an electric current of fixed intensity and duration is applied via
ear-clips or corneal electrodes resulting in tonic extension of the hindlimbs. In the commonly
used corneal model, a 60 Hz alternating current (mice, 50 mA; rats 150 mA) is delivered for
0.2 seconds through corneal electrodes. The animals receive a corneal anesthetic prior to the
shock. Abolition of the hind limb tonic extensor component is taken as the end point for this
test. Tonic extension is considered abolished if the hind limbs are not fully extended at 180
degrees with the plane of the body. Absence of this component suggests that the putative AED
has the ability to prevent the spread of seizure discharge through neural tissue [32].

In the scPTZ test, a convulsive dose of PTZ is administered and the animal is observed for
clonic seizures. The test drug is evaluated for its ability to suppress the clonic seizure. In both
the MES and scPTZ, various doses of the test substance are evaluated.

The MES and scPTZ tests have markedly different pharmacological profiles [33]. The MES
test identifies agents with activity against generalized tonic-clonic seizures while the scPTZ
identifies compounds that are effective against absences and myoclonic seizures [38]. The MES
model has served to identify AEDs that are functionally similar to phenytoin. AEDs that have
a mechanism of action at the voltage-gated sodium channel are effective in this model [35].
The scPTZ model has proven to be a good predictor of clinical efficacy against generalized
spike-wave epilepsies of the absence type. Compounds that suppress Ca%* flux across T-type
channels, such as ethosuximide or valproate, as well as compounds that enhance GABA
receptor-mediated CI™ currents, such as the benzodiazepines are effective in this model.
However, there are a number of drugs that block PTZ-induced seizures but are not effective
against absence seizures, demonstrating one of the limitations of the model.

The MES and scPTZ tests have proven their value over decades of use. However, it has been
demonstrated that the tests are not sufficient to detect effective AEDs. For example,
levetiracetam is not effective in either the MES or scPTZ test but is highly effective in the
kindling model [32,39,40]. Levetiracetam has been found to be highly effective in the 6-Hz
seizure model. In this model, mice receive 32 mA, 6 Hz, stimulations delivered through corneal
electrodes to induce a complex partial seizure. Typically, the seizure is characterized by a
minimal clonic phase that is followed by stereotyped automatic behaviors [32]. Animals not
displaying this behavior are considered protected.

As shown in Table 2, there appears to be a reasonable correlation between results obtained
from the common animal tests and the anti-seizure profiles of AEDs. MES-induced tonic
extension seizures are blocked by AEDs such as carbamazepine and phenytoin, which are
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known to inhibit voltage-sensitive Na* channels, and by some drugs that enhance GABA-
mediated inhibition. scPTZ-induced clonic seizures are blocked by AEDs acting at the
GABA receptor (benzodiazepine, barbiturates, valproate) and by an agent that reduces T-type
Ca%*currents (ethosuximide). With the exception of ethosuximide, following full kindling,
evoked seizures are blocked or attenuated by most of the standard AEDs.

While the MES, scPTZ and kindling models are the best known antiseizure screening tests and
are typically the first studies done with a new compound, a variety of other tests are available
to further characterize the antiseizure effects of the compound. Chemically induced clonic
seizures can be induced in mice by subcutaneous picrotoxin and bicuculline. Bicuculline is a
GABA receptor blocker while picrotoxin blocks the chloride channel associated with the
GABA, receptor. In screening of potential anti-seizure drugs, the dosage of picrotoxin and
bicuculline produce convulsions in over 97% of non-treated animals. Drugs that block the
clonic seizures usually have an effect at the GABAA, receptor.

The y-hydroxybutyrate spike-and-wave model of absence seizures is used to evaluate AEDs
that may have an effect on absence seizures [41]. This model has behavioral and EEG features
similar to human absence seizures and shows pharmacologic specificity for anti-absence drugs
such as ethosuximide and trimethadione. Moreover, the absence seizures induced by these
agents are exacerbated by GABAergic agonists, a property unique to experimental absence
seizures. The model is useful in studying mechanisms of pathogenesis of absence seizures as
well as in screening for anti-absence seizure activity of potential antiepileptic drugs.

The kindling model is widely accepted as an excellent animal model for epileptogenesis
whereby recurrent electrical or chemical stimulations induce a progressive increase in seizure
intensity and duration. The model is useful in studying the mechanisms of epileptogenesis and
is ideal for studying molecules that may interfere with the epileptogenic process [42-44]. In
the fully kindled state the model is useful for identifying activity against partial seizures with
secondary generalization [45]. To measure antiepileptogenic properties, the compound can be
administered during kindling to determine if the rate of kindling or afterdischarge durations
are altered, while anticonvulsive properties of drugs can be measured by giving the compound
prior to a kindling stimulus in an animal previously fully kindled. Both techniques have been
used extensively to test compounds. [40,46-50].

While the models mentioned here are the most common, as shown in Tables 3 and 4, there are
a wide variety of models that have been studied. The models include a variety of
chemoconvulsant agents, electrical stimulation, spontaneous mutations, transgenic and
targeted gene knockout models of ion channels, transporters, and neurotransmission pathways,
hyperthermia, hypoxia, trauma, intracerebral vascular occlusion, and radiation. Drug testing
has been employed in some of the disorders listed.

Toxicity of AEDs

Early testing of AEDs also includes some measures of acute toxicity. Determining the toxicity
of putative AEDs is as important as determining efficacy. Screening tests usually assess motor
function initially. Cognitive testing is rarely done early in the course of AED testing due to
costs and time required. Commonly used tests for acute toxicity screening include the
following:

Rotorod Test

This is an easily performed test where the mouse or rat is placed on a rotating rod. The measure
is how long the rodent can remain on the rod. Rats that have toxicity will fall off the rod sooner
than non-toxic or control rats.
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Positional Sense Test

In this model the hind limbs of the rodent are slowly lowered over the edge of a table [32].
Normally the rats will quickly lift its leg back to a normal position. Neurological deficit is
indicated by the inability of the animal to correct rapidly such as an abnormal position of the
limb.

Gait and Posture Test

Signs of neurological damage include an irregular, ataxic gait, or abnormal body posture. A
number of standardized tests are available to quantify these deficits [51,52].

Antiseizure quantification is done by calculating the median effective dose that prevents
seizures in 50% of the animals (EDsg) in the MES, scPTZ, or 6 Hz kindling test and the median
toxic dose (TDsp) that causes impairment in the rotorod test. The protective index is the ratio
of the toxic dose to the effective dose (TDsg/EDsgg). Numbers below 1 would indicate that drug
has too much toxicity to be considered further. Ideally, AEDs should have high ratios with the
dose causing toxicity much higher than the dose that prevents seizures.

Developmental Animal Models

It is well recognized that seizure type, clinical and electroencephalographic phenotype,
syndrome, and etiology are often quite different in children than adults. The mechanisms
underlying seizures in the developing brain can be different than in the adult. Therapies that
may be effective in treating seizures in the adult brain may not be appropriate in the developing
brain. Likewise, AEDs may have age-related toxicity. The likelihood of lamotrigine-induced
rash [53], gabapentin-induced behavioral abnormalities [54,55], phenobarbital-induced
hyperactivity [56], and valproate-induced hepatotoxicity [57,58] are all more likely to occur
in children, than adults. Despite these age-related unique features of AEDs, the majority of
AEDs used in children are the same as used in adults.

There have been relatively few studies evaluating the effects of AEDs across ages. In most
cases, the AEDs used in adult models have been as effective in immature rats as adult rats. For
example, gabapentin suppresses motor seizures induced by scPTZ during both early postnatal
development as well as in adult rats [59]. Likewise, clobazam was found to be generally
effective across developmental ages in a model of cortical epileptic afterdischarges [60].
However, this is not always the case. Haugvicova et al. [61] found a marked effect of age in
response to vigabatrin in scPTZ-treated rats, with vigabatrin showing a greater effect in younger
rats than older rats. The lack of comparative studies of AED effect across ages severely limits
our ability to determine if AEDs have age-dependent effects in regard to efficacy and adverse
reactions.

In addition to a lack of studies of AEDs across ages, there has been a lack of drug development
in the epileptic encephalopathies. AEDs are typically screened in mature rats that have acute
seizures rather than epilepsy and the limited number of animal models for the severe epileptic
encephalopathies in children has also been a major hindrance in developing new AEDs [62].
An example of this situation is the case of vigabatrin where it has been shown that the drug is
quite successful in the treatment of infantile spasms [63]. This was not predicted by animal
models. Likewise, adrenocorticotrophin hormone (ACTH) has little role in treating seizures in
adults, but is quiet effective in the treatment of infantile spasms, an epilepsy syndrome confined
to children [63,64].

Fortunately, there are anumber of developmental animal models of seizures and epilepsy which

mimic childhood seizure conditions. Since these models have considerable potential for
screening new compounds they will be briefly reviewed here.
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Hypoxia-Induced Seizures

It has been observed that rats exposed to hypoxia have a clear age-dependence in susceptibility
to seizure activity. Most rats at postnatal (P) 10 will have seizures when exposed to hypoxia;
whereas, younger and older rats rarely have hypoxic-induced seizures. While it is not possible
to accurately equate ages in rats and humans, a P10 rat would be roughly equivalent to a full
term infant or toddler [65]. In this model, rats are exposed to global hypoxia while in an airtight
chamber. Nitrogen is infused into the chamber to create a graded hypoxia over 15 minutes.
The animals develop tonic-clonic head and trunk movements approximately 3-7 minutes into
the hypoxic period. These brief seizures occur repetitively and become progressively longer.
The EEG shows rapid spike activity that starts as low amplitude activity and gradually increases
in amplitude over 5-10 seconds.

The seizures are blocked by systemic administration of the AMPA receptor antagonist 6-
niytro-7-sulfamoylbenzo(f)quinoxaline-2,3-dione (NBQX). There is no antiseizure effect of
the NMDA receptor antagonists MK-801, GABA receptor agonists (lorazepam and
phenaobarbital) or the conventional AED phenytoin [66]. However, topiramate effectively
suppresses the acute seizures in a dose-related manner [67,68].

Experimental Febrile Seizures

Prolonged febrile seizures have been modeled by hyperthermia [69-72]. In this model, rat pups
at P10 are placed in a 3 liter jar and their core temperature increased using a regulated stream
of heated air. Seizures are generated by maintaining hyperthermia (40-42 °C) for 30 minutes.
This procedure typically results in seizures by 24 minutes. The seizures caused by the
hyperthermia are limbic in semiology and involve the hippocampal formation [70]. Seizures
consist of arrest of heat-induced hyperkinesis followed by facial automatisms, often followed
by body flexion. These behavioral events correlate with electrographic hippocampal seizures
[70,71,73].

The seizures induce transient neuronal injury but no cell death [71,74]. T2-weighted signal
changes have been found in the hippocampus following the hyperthermic seizures [75]. The
prolonged experimental febrile seizures cause profound and enduring alterations in the
expression of several channel genes [73,76]. Following the febrile seizure, there is enhanced
long-term hippocampal excitability [70] with spontaneous seizures and interictal epileptiform
activity in a proportion of the rats [72]. The features of the model replicate the human condition
quite well.

Hyperthermic seizures are prevented by phenobarbital, valproate, and the benzodiazepines but
not by phenytoin [77,78]. While hyperthermic seizures mimic human febrile seizures in
response to AEDs and long-term sequelae, it is important to note that the mechanisms
responsible for seizures in a child with endogenous fever is likely to be different from seizures
induced by raising temperatures through exogenous means. Nevertheless, this model has been
shown to be highly valuable.

Recurrent seizures

The volatile agent flurothyl (bis-2, 2, 2-triflurothyl ether) is a potent and rapidly acting central
nervous system stimulant that produces seizures within minutes of exposure [79]. Because of
its reliability and reproducibility, it is frequently used to induce recurrent seizures in young
animals. Serial administration of flurothyl models recurrent generalized tonic-clonic seizures
[80].

The typical way that flurothyl is administered is through inhalation. Rats are placed in a plastic
container that allows them to turn, rear, and move about and liquid flurothyl is administered
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via a pump at a constant rate onto filter paper suspended in the center of the container where
it evaporates. When inducing recurrent seizures, rats are exposed to flurothyl until tonic
extension of both the forelimbs and hind limbs is observed. The animals are then quickly
removed from the chamber and allowed to recover in room air. Because the seizures end within
30 seconds of placing the animals in room air, the investigator has control of the duration and
severity of the seizures. For example, by maintaining the animal in the testing chamber with
continuous administration of flurothyl, status epilepticus can be elicited [81]. For the purpose
of recurrent seizures, the rats are usually removed from the chamber once the tonic phase
begins.

There are age-related differences in the clinical features of flurothyl-induced seizures [82].
Gatt and colleagues [83] administered flurothyl to rats at postnatal days 5, 10, 20, 30, and 70
and monitored both behavioral and EEG changes. In all age groups flurothyl inhalation initially
resulted in agitation with increased exploring of the testing chamber. Swimming movements
were prominent in P5 pups, followed by abrupt onset of tonus. Clonic seizures were not fully
developed before P10. Behavioral features of the seizures did not change after P20 and
consisted of myoclonic jerks followed by forelimb clonus, wild running, loss of posture and
severe tonic posturing. Urinary and fecal incontinence and salivation were common.

Recurrent flurothyl seizures during the first two weeks of life result in no discernible cell loss
[84-86]. However, when the animals are studied as adults, there is extensive synaptic
reorganization of the axons and terminals of the dentate granule cells, the so-called mossy
fibers [86,87]. The sprouting of mossy fibers occurs in both the molecular region of the dentate
granule cells as well as the CA3 hippocampal subfield.

Recurrent flurothyl seizures during early development can alter the formation of new neurons.
McCabe et al. [88] studied the extent of neurogenesis in the granule cell layer of the dentate
gyrus over multiple time points following a series of 25 flurothyl-induced seizures administered
between PO and P4. Rats with neonatal seizures had a significant reduction in the number of
the thymidine analog 5-bromo-2’-deoxyuridine-5-monophosphate- (BrdU) labeled cells in the
dentate gyrus and hilus compared to the control groups when the animals were sacrificed either
36 hours or two weeks after the BrdU injections. The reduction in BrdU-labeled cells continued
for six days following the last seizure. BrdU-labeled cells largely co-localized with the neuronal
marker neuron-specific nuclear protein and rarely co-localized with the glial cell marker glial
fibrillary acidic protein (GFAP), providing evidence that a very large percentage of the newly
formed cells were neurons. Immature rats subjected to a single seizure did not differ from
controls in number of BrdU-labeled cells. In comparison, adult rats undergoing a series of 25
flurothyl-induced seizures had a significant increase in neurogenesis compared to controls.
This study indicates that following recurrent seizures in the neonatal rat, there is a reduction
in newly born granule cells. These seizure-induced decreases in neurogenesis is consistent with
prior studies by Wasterlain and colleagues [89-91] who concluded that recurrent neonatal
seizures, while not causing cell death, resulted in reduced cell number.

Following neonatal seizures there is impairment of visual spatial memory in the Morris water
maze with rats subjected to recurrent flurothyl seizures during the neonatal period requiring
longer times to find the platform than controls [84,86,87,92,93]. This impairment occurs when
the rats are tested either during adolescence or when fully mature. Recurrent seizures are critical
in causing the cognitive impairment. When only a single flurothyl seizure is induced at P6, no
impairment in water maze performance occurs [93]. Animals subjected to recurrent flurothyl
seizures between P15-20 also have been shown to have impairment of auditory discrimination
[92].
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Recurrent flurothyl seizures in immature rats do not lead to spontaneous recurrent seizures.
However, animals subjected to multiple flurothyl-induced seizures demonstrate a kindling
phenomenon with a decreased latency to forelimb clonus 84. In addition, recurrent flurothyl
seizures are associated with a reduced seizure threshold when examined at an older age [86,
94].

The basis for the reduced seizure threshold following recurrent flurothyl seizures has been
addressed using in vitro recordings [95,96]. Rats that experience neonatal seizures have
decreases in the amplitude of spontaneous inhibitory postsynaptic currents in CA3 [96]. In
addition, intracellular recordings of CA1 and CA3 pyramidal neurons from neonatal flurothyl-
induced seizures revealed impairment in spike frequency adaptation. In addition, the after-
hyperpolarizing potentials following a spike train were markedly reduced when compared with
controls. In contrast, no significant alterations in the firing properties of CA3 pyramidal
neurons were found. It was concluded that neonatal seizures lead to persistent changes in
intrinsic membrane properties of CA1 pyramidal neurons. These alterations are consistent with
an increase in neuronal excitability and may contribute to the behavioral deficit and
epileptogenic predisposition observed in rats that experienced repeated neonatal seizures. In
addition, rats that experienced neonatal seizures have a reduction in the amplitude of
spontaneous inhibitory postsynaptic currents [96].

While the model has been widely used to assess the effects of convulsive seizures during
development, AEDs have not been extensively studied in this model. In unpublished work
from our laboratory we found that gabapentin was effective against flurothyl-induced seizures
across ages.

Absence seizures

Although there are a number of genetic and pharmacologically-induced models of absence
seizures, most of the animals start having seizures when they are adults. One exception is the
AY-9944 model. In this model, AY-9944 is given to rat pups. AY-9944 inhibits the reduction
of 7-dehydrocholesterol to cholesterol [97-100]. For reasons that are not entirely clear, the rats
begin having atypical absences during preadolescence [98]. Behaviorally, atypical absence
seizures in the AY-9944 model are more complex than typical absence seizures with a gradual
onset and offset of the seizures. In addition, the EEG is not time-locked with the ictal behavior.
The absences are atypical in that they have a slower frequency of spike-wave than in animals
with typical absences, involve hippocampal structures more than typical absences, and are
associated with cognitive impairment [97]. Of significant interest is the finding that GABAg
antagonists improve the cognitive deficits in these animals without having a discernible effect
on the spike-wave activity [101].

The seizures in the model are blocked or attenuated by ethosuximide, benzodiazepines, and
valproic acid and are worsened by phenytoin or carbamazepine [97].

Infantile Spasms

The development of effective therapies for infantile spasms has been significantly hindered by
the lack of adequate animal models [62]. Fortunately, there is now more interest in developing
animal models of infantile spasms [102].

The clinical phenotype of infantile spasms can be modeled by the administration of NMDA to
rat pups [103-105]. These NMDA-induced seizures resembled clinical spasms with onset of
spasm-like activity in immature rats, occurrence of spasms in clusters, and an EEG which
resembled hypsarhythmia. In addition, rats with NMDA-induced flexion seizures have
impaired cognition when studied in adulthood [106]. However, the pharmacological response
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of the spasm-like behavior differed from children with infantile spasms in that the rats did not
respond to glucocorticoids [103].

Recently, the model was altered by Velisek and colleagues [105], who reasoned that since
infantile spasms may be secondary to disorders of the hypothalamic-pituitary-adrenal system
[107], alteration of the adrenal brain axis may predispose the immature brain to spasms. Since
prenatal administration of a glucocorticoid can impair brain hypothalamic-pituitary-adrenal
function [108], the authors administered betamethasone to pregnant rats. They then gave the
offspring NMDA at P15. The rats developed spasm-like behavior with associated high-
amplitude discharges followed by an attenuation of the EEG or a high-amplitude discharge
followed by a rhythmic afterdischarge. Importantly, ACTH significantly increased the latency
to onset of the spasms. While the model does not totally mimic the human condition [109], the
model has considerable potential for screening AEDs.

Conclusions

Animal models have taught us much about the pathophysiology of seizures and have been
critical in getting a large number of safe and effective AEDs to the market. While children
have benefited enormously from these drugs, screening of putative AEDs rarely includes
immature animals. Early screening of putative AEDs in developing animals may allow
investigators to find drugs that have an age-specific effect. Current AED screening is useful
in evaluating drugs that work in partial and generalized seizures but do not identify drugs that
work in specific pediatric syndromes such as the epileptic encephalopathies. Unfortunately,
including developing animals in early stages of drug testing will increase costs and time without
a guarantee that novel compounds that work in children will be identified. Fortunately,
investigators have now developed animal models of hypoxia-induced seizures, febrile seizures,
infantile spasms, and recurrent generalized tonic-clonic seizures and it is anticipated that these
models will spur the study of new therapies.
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Figure 1.

Excitatory pre- and postsynaptic neurons. AEDs may modify Na* or Ca?* channels or work
at the postsynaptic NMDA or non-NMDA receptor.
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Figure 2.

Inhibitory pre- and postsynaptic neurons. AEDs can enhance GABAp effect by increasing the
frequency or duration of the channel opening. Levetiracetam can displace Zn%*, which reduces
CI- currents, from the GABA, . Vigabatrin inhibits GABA-transaminase thereby increasing
intracellular GABA. Tiagabine inhibits the uptake of GABA from the synaptic cleft which
increases extracellular GABA.
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Figure 3.

Circuitry of absence seizures. The cortex, thalamic reticular nucleus, and thalamic relay cells
are the primary cell types involved in absence seizures. Enhanced inhibition through primary
GABAg receptors in the thalamic relay serve to de-inactivate T-type CaZ* channels and allow
burst firing which result in absence seizures. The output of the reticular thalamic nucleus is
inhibitory and serves to hyperpolarize the thalamic relay nucleus neurons.
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Table 3

Animal models of seizures — acquired.

Electrical

Maximal Electrical Shock

Self-Sustaining Status Epilepticus

Kindling
Chemoconvulsant
Pentylenetetrazol (high dose)
Bicuculline
Picrotoxin
Kainic Acid
Pilocarpine
Flurothyl

Chemo-non-convulsive

y-hydroxybutyrate
Penicillin

THIP

PTZ (low dose)
AY-9944

MAM-AY (Double hit)

Hyperthermia
Experimental febrile seizures

Chemical Kindling
Pentylenetetrazol
Beta Carboline
Picrotoxin
Bicuculline
Cocaine
Lidocaine
Hypoxia
Hypoxic-induced seizures

Focally injected convulsants

Alumina gel

Tetanus toxin

Cepahalosporins

Iron

Sodium penicillin
Trauma

Fluid-percussion brain injury
Stroke

Vascular occlusion
Radiation

In utero radiation model
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Table 4
Animal Models of Seizures — Genetic.
Spontaneous Single-Locus Mouse Mutants Spontaneous Seizures and Developmental Disruption
Spike-wave Flathead rat
Tottering Tish rat
Lethargic OtxI-/- mouse
Ducky P35-/- mouse
Stargazer Models of Absence Inbred
SWE Genetic Absence Epilepsy Rats from Strasbourg (GAERS)
Mocha2j Wistar Albino Glaxo/Rijswijk (WAG/RIij)
Coloboma Transgenic and targeted gene knockout models of
Convulsions AKv1.1a - K* channel transgene
Dilute lethal Gabbrl
Jimpy Gabbr3
Jittery Gad2
Megencephaly Glral
Quaking Hcn2
Staggerer Htr2c
Torpid Kcnal
Varitint waddler Kcene2
Wabbler-lethal Kcng2
Weaver Scnlb
Writher Scn2a
Convulsions evoked by sensory stimuli Slc9al
Frings Slcl2a5
Lurcher
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