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Abstract: Epilepsy is a chronic neurological condition characterized by recurrent seizures that
affects millions of people worldwide. Comprehension of the complex mechanisms underlying
epileptogenesis and seizure generation in temporal lobe epilepsy and other forms of epilepsy
cannot be fully acquired in clinical studies with humans. As a result, the use of appropriate animal
models is essential. Some of these models replicate the natural history of symptomatic focal
epilepsy with an initial epileptogenic insult, which is followed by an apparent latent period and
by a subsequent period of chronic spontaneous seizures. Seizures are a combination of electrical
and behavioral events that are able to induce chemical, molecular, and anatomic alterations. In
this review, we summarize the most frequently used models of chronic epilepsy and models
of acute seizures induced by chemoconvulsants, traumatic brain injury, and electrical or sound
stimuli. Genetic models of absence seizures and models of seizures and status epilepticus in
the immature brain were also examined. Major uses and limitations were highlighted, and
neuropathological, behavioral, and neurophysiological similarities and differences between
the model and the human equivalent were considered. The quest for seizure mechanisms can
provide insights into overall brain functions and consciousness, and animal models of epilepsy
will continue to promote the progress of both epilepsy and neurophysiology research.
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Introduction

Temporal lobe epilepsy (TLE) is the most common form of epilepsy in humans, in
which seizures spread to neighboring cortices and hippocampal neuron loss and other
neuropathological changes may take place.!? Comprehension of complex mechanisms
underlying epileptogenesis and seizure generation in TLE and other forms of epilepsy
cannot be fully acquired in clinical studies with humans. As a result, the use of appropri-
ate animal models is essential. In the present review, we summarize some of the most
frequently used rodent animal models of TLE and other epileptic disorders, highlighting
induction methods and manifestations as well as major uses and limitations.

Chemoconvulsants

Rodents with spontaneous recurrent seizures have been generated by using chemo-
convulsants, primarily pilocarpine and kainic acid.* Usually, these models intend to
mimic TLE, and therefore rodents must display a similar “clinical history” as the human
counterpart, including an initial precipitant injury afflicting the hippocampus and/or
the temporal lobe (eg, status epilepticus [SE]), a latent period between the injury and
the occurrence of spontaneous seizures, chronic manifestation of spontaneous seizures
(usually partial and tonic-clonic seizures), and histopathological changes deemed
characteristic of TLE.>*> Unfortunately, animal models of chronic epilepsy are not
widely used because of time constraints and costs.
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Kainic acid was one of the first compounds used to model
TLE in rodents.® It is an L-glutamate analog, the systemic
or intracerebral administration of which causes neuronal
depolarization and seizures, preferentially targeting the
hippocampus.’ Injected rodents show recurrent seizures,
usually secondarily generalized and of variable frequency,
with remarkable histopathological correlates of hippocampal
sclerosis.® Kainic acid has the advantage of causing habitually
hippocampus-restricted injuries, unlike pilocarpine, which
can also produce lesions in neocortical areas.® Neverthe-
less, extrahippocampal areas are also significantly compro-
mised in human TLE,’ making pilocarpine another useful
chemoconvulsant.

Pilocarpine is a muscarinic acetylcholine receptor ago-
nist. Systemic or intracerebral injection of pilocarpine causes
seizures that build up into a limbic SE.'*!"" Structural dam-
ages and subsequent development of spontaneous recurrent
seizures resemble those of human complex partial seizures. 2
In fact, antiepileptic drugs (AEDs) that are effective against
complex partial seizures in humans can also halt spontaneous
seizures in the pilocarpine model.! In addition, there are sev-
eral network and neurochemical similarities between human
TLE and the pilocarpine model. For instance, the subiculum
can generate interictal activity in both the human TLE'* and
the pilocarpine model.”® Neurotrophins are upregulated in
the hippocampus of mesial TLE patients,' as well as in the
hippocampus and neocortex of pilocarpine-treated rats.!”
Cognitive and memory deficits commonly found in TLE
patients'®!” are also present in pilocarpine-injected rats.?*?!

Other compounds such as pentylenetetrazol (PTZ),
strychnine, N-methyl-D,L-aspartate, tetanus toxin, and
penicillin are widely used as acute seizure models, and not
as animal models of epilepsy. The difference is that seizure
models may be useful for rapid screening of AED action,
but they do not necessarily result in chronic epilepsy, with
the exception of tetanus toxin,?* and probably of repeated
penicillin injections.”® Crude extract of the star fruit and its
active compound caramboxin are also potent chemoconvul-
sants and are capable of inducing SE,? but it remains to be
described whether they also result in later spontaneous recur-
rent seizures, as in chronic models. Compounds that trigger
seizures can be used on testing different AEDs that would
act on different seizure types. For instance, strychnine and
N-methyl-D,L-aspartate produce generalized tonic-clonic
seizures, as well as PTZ nonconvulsive absence or myoclonic
seizures.” Ethosuximide, trimethadione, valproate, and other
clinically efficacious drugs have been discovered by using
seizure models.?® However, drugs such as levetiracetam,

vigabatrin, and tiagabine, which act on mechanisms other
than sodium channel blockade, were discovered in models
that predict drug efficacy against partial seizures?’ (eg, those
seen in chronic TLE models or full electrical kindling).

In summary, face validity (the extent to which the animal
model reproduces the symptoms and phenotypes associated
with the human disease) of chemoconvulsants that result in
chronic epilepsy is relatively high, as they reproduce most of
neuropathological findings, as well as the behavioral, cogni-
tive, and psychiatric symptoms of TLE. However, none of
these models are completely clinically validated, as they are
not predictive of clinical response to all therapeutic strategies.
The choice of a given model should, therefore, rely on which
group of specific features one is aiming to study.

Chemoconvulsants in the immature brain
SE has a special propensity to develop in the immature brain,
with about 50% of the cases occurring in children younger
than 2 years old.>*® Clinical studies point out that 13%—74%
of children who suffered a convulsive SE developed epilep-
sy.? Furthermore, SE during development is often associated
with hippocampal injury and mesial temporal sclerosis, as
well neurological, cognitive, and behavioral impairments.
Thus, animal models of SE are important for investigating
whether SE can result in maladaptive neuronal reorganiza-
tion, epileptogenesis, and cognitive impairment.*

SE in the developing brain is modeled in immature
rodents (younger than 21 postnatal days [<P21]) mainly by
kainic acid and pilocarpine administration. Administration
protocol is similar to that used in adult rodents, except that
young ones have enhanced susceptibility to seizure induc-
tion, thus requiring smaller doses.?!*2 In both models, seizure
manifestation becomes more evident with age progression.’!
In addition, kainic acid excitotoxicity is higher in older
animals,? as are severity and duration of SE.*° In rats older
than P7, SE induced by pilocarpine or kainic acid ceases
exploratory activity, and animals develop scratching, body
tremors, chewing, clonic movements of the forelimbs,
and head bobbing before progressing into tonic and clonic
activity.*

Rodents submitted to SE during development show
minimal or no detectable cellular damage in adulthood.?**
However, studies on the acute and short-term effects of SE
indicate neuronal injury in the hippocampus, amygdala, and
mediodorsal nucleus of thalamus.’**” Mossy fiber sprouting
is also present in immature SE models using kainic acid and
pilocarpine, although young rats do not exhibit the prominent
reorganization that is typically observed in the adult ones.?**
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Recently, Kubova and Mare$*® showed that pilocarpine
induction of SE at P12 and P25 led to cognitive impairments
and that the magnitude of such impairments increased with
age. Interestingly, cognitive deficits correlated with the sever-
ity of tissue damage, but not with seizure parameters.

Multiple administrations of PTZ or flurothyl are also
used to mimic recurrent generalized tonic-clonic seizures in
immature rodents.?? Flurothyl is a volatile, fast-acting central
nervous system stimulant that causes seizures with myoclo-
nic jerks followed by forelimb clonus, wild running, loss of
posture, and severe tonic posturing.*? Recovery is very fast,
and the animals exhibit normal behavior within 30 minutes.
Seizures are commonly induced five times a day over the
course of 5-10 days (usually PO-P9) with intervals of at
least 2 hours.** In the PTZ model, seizures are commonly
induced by a single systemic administration, and PTZ can
even induce SE if given in a sufficient amount.’>* Seizure-
related behaviors are also age-dependent. Compared with
P18, P28, and adult rats, P10 animals injected with PTZ have
shorter latency to generalized tonic-clonic seizures.*!

No evident neuron loss is seen in rodents submitted to
flurothyl or PTZ recurrent seizures during development.*#
However, mossy fiber sprouting occurs in adult animals. 3443
Extratemporal areas can also be affected, including increased
prefrontal cortex thickness, synaptic plasticity alterations,
and decreased behavioral flexibility.**¢ These data indicate
substantial changes in prefrontal cortex function, which may
be an important substrate of cognitive deficits in humans with
a history of infant or juvenile seizures.* Rodents submitted to
early-life flurothyl recurrent seizures present with increased
seizure susceptibility when they are adults.***? However, as
a limitation of this model, adult animals do not present with
spontaneous seizures.

Electrical stimulation

Animal models of seizures induced by electrical stimulation
convey the advantage of reproducing epileptogenic features
in the intact brain with low mortality and high reproducibility.
Moreover, unlike chemical-induced seizures, postictal altera-
tions from electrical stimulation can be investigated when the
epileptogenic cause is no longer present. However, seizure
modeling by electrical stimulation does not provide cell-type
specificity in the brain. In addition, stimulation protocols can
be costly and laborious when used for chronic studies.?

Electroshock-induced seizures
Electroshock-induced seizures (ES) are among the most
studied models of electrical stimulation. Electroshock is

conveniently applied a single time and does not require the
stereotaxic implant of electrodes. It involves whole-brain
stimulation protocols (eg, 6 Hz in mice and 50-60 Hz in
rats) and may be divided into minimal ES and maximal
ES. Minimal ES are a putative model of myoclonic sei-
zures and can be induced with current stimulation through
corneal electrodes. In this case, the epileptiform activity is
usually more prominent in the forebrain and is associated
with minimal clonic behavioral seizures.*” Minimal ES may
become generalized if stimulation intensity is increased.*® In
turn, maximal ES induction has been useful when modeling
generalized tonic-clonic seizures. It is mostly associated
with hindbrain seizures and can be generated by auricular
stimulation at threshold current intensities.*” Maximal ES and
PTZ seizure models have been largely employed for AED
screening. However, AEDs that protect against partial and
nonconvulsive seizures in epileptic patients failed to do so in
the maximal ES and PTZ models, respectively.?® Therefore,
a battery of models is required during the development of
AEDs. ES models have also been employed to examine
modifications of intracellular cascades and/or posttransla-
tional modifications of proteins to clarify how epileptiform
activities relate to synaptic plasticity dysfunctions, cognitive
deficits, and psychiatric comorbidities.**>? For instance,
Tsankova et al®' demonstrated that chromatin remodeling
is involved in ES-induced regulation of c-fos and the brain-
derived neurotrophic factor (BDNF).

Afterdischarges

The single-evoked epileptic afterdischarges model (AD) is
another important approach to electrical stimulation. It is
induced in specific brain regions, resembling complex partial
seizures if applied into limbic structures and myoclonic sei-
zures if applied into the sensorimotor cortex. AD is useful for
investigating electrophysiological and behavioral correlates
of focally generated seizure-like patterns that often spread to
nonstimulated networks.>*** Electrographic properties of AD
largely depend on the brain region stimulated. For instance,
spike-and-wave patterns can be elicited by AD induction
either in the neocortex or mediodorsal thalamus. In contrast,
AD induction in limbic circuits produces fast spikes, large
delta waves, and/or sharp theta waves.**® The most common
target for electrically induced AD is the hippocampus.’*’
Once hippocampal AD ends, postictal refractoriness, which
precludes subsequent seizures, is often observed.>* This
period is followed by a pattern of low-amplitude and fast
oscillations (40-80 Hz), also defined as the AD termination
oscillation.*® Behavioral alterations induced by hippocampal
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AD include freezing during stimulus, wet dog shake at the
end or just after the stimulus, and hyperlocomotion and
stereotypies (eg, excessive grooming, rearing, and/or head
movements), along with the AD termination oscillations.**’
Some authors claim that AD experiments can probe underly-
ing mechanisms of the relationship between psychosis and
epilepsy (eg, postictal psychosis).’*® In fact, it has been
reported that hippocampal AD induction enhances gamma
oscillations in the nucleus accumbens and medial prefrontal
cortex and that such an effect is associated with hyperlocomo-
tion and stereotypies.*>*>61¢2 These alterations can be reversed
by treatment with the typical antipsychotic haloperidol.c!
As a consequence, hippocampal AD produces sensorimo-
tor gating deficits, measured by prepulse inhibition of the
acoustic startle 2 minutes after electrical stimulation.**! To
date, Osawa et al®® were the first group to report the benefit of
using optogenetics® to probe hippocampal AD. The authors
were able to overcome some technical limitations of the
electrical stimulation; namely, the inability to manipulate
the activity of specific groups of neurons and the unfeasibil-
ity of studying the spatial-temporal dynamics of neuronal
activity during stimulation because of contamination of the
electrophysiological recordings by electrical artifacts.®® In
addition to developing an electrical artifact-free model of AD,
the authors provide further understanding of the generation
and termination of seizure-like activity in the septo-temporal
axis of the hippocampus.

Kindling

At this time, kindling is the most studied model of electrical
stimulation. Kindling refers to a seizure-induced plasticity
phenomenon that occurs when repeated AD induction by
electrical stimulation in a specific brain region evokes a pro-
gressive enhancement of seizure susceptibility. Ultimately,
it culminates in emergence of spontaneous seizures and
the establishment of a permanent epileptic state.® Initially,
behavioral alterations during ADs resemble partial seizures
(classes 1-3),% which evolve into secondary generalization
(classes 4-5).97 Although a fully kindled state is established
after 90100 class 5 seizures,® it is also possible to induce
spontaneous behavioral seizures and focal hippocampal
injury by milder protocols, as demonstrated by the con-
tinuous perforant pathway stimulation protocol.”” Because
kindling produces a fairly robust and reproducible sequence
of molecular and cellular alterations in neural circuits, it has
been considered a potent tool for probing epileptogenesis
mechanisms.”®”! In this sense, there is a body of evidence
suggesting that kindling is not merely a chronic model of

epilepsy but, rather, a relevant neurobiological phenomenon
for understanding the consequences of poorly controlled
seizures.”” Unfortunately, kindling is a costly and time-
consuming procedure comprising long periods of handling
and stimulation procedures, not to mention the risk of losing
or damaging the chronic implants.*? These technical limita-
tions might explain the lack of studies on the chronic stage
of spontaneous seizures induced by kindling.

Regarding chronic models of epilepsy, it is noteworthy
that limbic kindling features are distinguished from models
of TLE induced by kainic acid or pilocarpine, which are
initiated by severe SE associated to prominent temporal and
extratemporal damage, in addition to the rapid emergence
of spontaneous recurrent seizures.” Instead, kindling pro-
duces subtle but cumulative neuronal loss and a number of
cellular alterations in brain circuits that eventually result in
spontaneous seizures.®® Therefore, despite being laborious,
kindling provides an opportunity to study the dynamics
of epileptogenic processes that are particularly relevant to
TLE.” Recently, Srivastava et al” took advantage of both
kindling and pharmacology approaches to develop a novel
experimental model of pharmacoresistant epilepsy. The
authors have demonstrated that even a single exposure to lam-
otrigine or carbamazepine 48 hours after kindling induction
leads to a decrease in the ability of these AEDs to attenuate
further evoked ADs.” Modeling pharmacoresistant epilepsies
is, indeed, critical to developing new AEDs.?® Another inter-
esting approach is the combination of genetic engineering
and electrophysiological models of seizures. For instance,
two recent studies with transgenic mice have provided direct
evidence that the development of kindling requires the
BDNF receptor tyrosine kinase B (TrkB) activation through
a specific phospholipase signaling.”*” Although the tyrosine
kinase B presence requirement for epileptogenesis has been
evaluated mostly in kindling models, we have recently shown
in human mesial TLE that increased hippocampal tyrosine
kinase B expression also has a prominent role in secondary
generalized seizures in addition to increased seizure fre-
quency and poor surgical outcome.” Taken together, these
findings point out the importance of combing the kindling
approach with cutting-edge tools to delimit novel targets
for the prevention of epileptogenesis and the treatment of
pharmacoresistant epilepsies.

Brain pathology

The developing human brain is at higher risk of develop-
ing seizures, particularly during the first month of life.”
In addition to possible insults associated with the birthing
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process, the immature brain has a predominance of excita-
tion over inhibition, which, on the one hand, is important
for synaptogenesis but, on the other hand, increases seizure
susceptibility.”” Animal models of seizures in the developing
brain provide a unique opportunity to study this enhanced
excitability during development. The main question is
whether seizures in this critical period disturb neuronal
circuit development and whether such disturbances promote
epileptogenesis and cognitive deficits later in life. We briefly
describe two of the models most used to investigate these
issues.

Hyperthermic seizures

Febrile seizures are frequent in early life, with a prevalence
of 2%-5% in children younger than 5 years.” Although
the majority of febrile seizures do not lead to sequelae, the
outcome of complex febrile seizures (defined as seizures
longer than 15 minutes with focal onset and possible
recurrence within 24 hours) is controversial.” Although
a small proportion of febrile seizure patients will develop
epilepsy, retrospective studies of patients with refractory
TLE indicate a history of febrile seizures in 20%-60%
of cases.® Interestingly, recent studies have shown that
patients with a history of febrile seizure display a differ-
ent and genetic profile when compared with those without
such a history.>®! Animal models of febrile seizure were
developed to investigate whether febrile seizures per se
induce neuronal damage leading to epileptogenesis, and
which mechanisms generate febrile seizures.*?> Usually,
P10-P12 rodent pups have their core temperature increased
to 40°C—42°C by hot air stream for 30 minutes, stimulat-
ing prolonged convulsions. These seizures are subtler than
those evoked by chemoconvulsants but are nevertheless
identifiable by sudden immobility, usually followed by
facial automatism and tonic body flexion.* Ictal electro-
encephalography (EEG) activity consists of spike-waves
and trains of spikes with increased amplitude in the hip-
pocampus, amygdala, and temporal cortex.?># Respiratory
alkalosis also seems to be a component of hyperthermic
seizures, as they can be mimicked by systemic bicarbonate.
Hyperthermic seizures are also abolished when alkalosis
is suppressed.®?

One of the main questions is whether prolonged febrile
seizures trigger mesial temporal lobe sclerosis and epilep-
togenesis. Indeed, rodent pups submitted to febrile seizures
present with spontaneous seizure in adulthood.® In addi-
tion, they show enhanced susceptibility to kainic acid®® and
enhanced long-term potentiation induction in adulthood.®

In particular, this proexcitatory condition does not involve
evident neuronal loss,*® which is different from what is seen
in human TLE. Another difference is that in the febrile sei-
zure model, seizures are induced by hyperthermia and not
by fever, as in the human condition, which may implicate
alternative mechanisms.

Neonatal hypoxia

Hypoxic encephalopathy is the most common cause of
neonatal seizure.’” These seizures can be prolonged and
refractory to conventional AEDs, and common sequelae
include neuromotor and neurocognitive deficits and epilepsy
development.®® The hypoxia rodent model was described
by Jensen et al,* who managed to replicate the unique
age-dependent neonatal susceptibility to hypoxia, refrac-
toriness to conventional AEDs, and long-term increases
of seizure susceptibility.?? In this model of global hypoxia,
rat pups (P10-P12) are exposed to graded global hypoxia
(7%—4% O,) for 15 minutes in a gas chamber. Younger (P5)
and adult (P60) animals do not undergo seizure in these
conditions.”

Rodents submitted to this hypoxia model develop
spontaneous seizures later in life, as well as mossy fiber
sprouting and long-term behavioral alterations, including
social deficits, memory impairments, and aggressiveness.’!*2
Despite the lack of early neuronal injury,’ hypoxia-induced
seizures promote hyperexcitability immediately after seizure
recovery, facilitating long-term potentiation induction and
generating longer ADs.* Increased excitability persists in the
adult hippocampus, suggesting that the epileptogenic effects
of hypoxia are mediated by permanent effects on excitability
and plasticity within hippocampal networks.**

Posttraumatic epilepsy

Traumatic brain injury (TBI) is one of the leading etiologies
for symptomatic epilepsies in adults. Indeed, posttraumatic
epilepsy (PTE) corresponds to 20% of all symptomatic
epilepsies and refers to the condition in which recurrent
spontaneous seizures occur more than 1 week after TBL.*
A clinical history similar to what occurs in post-SE TLE
takes place in post-TBI PTE (an initial precipitant injury,
a latent period, and chronic manifestation of spontaneous
seizures), although the exact mechanisms are still under
investigation. In addition, PTE models usually present
with long latent periods and low yield of epileptic animals.
Given the high heterogeneity of TBI in humans, TBI ani-
mal models are also diverse (there are focal models of TBI,
diffuse brain injury models, mixed models of focal and
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diffuse brain injury, combined injury models, experimental
models of coma, and models of repetitive concussive injury),
although none of them recapitulates completely the human
syndrome.*®

One of the most used strategies to simulate PTE is the
fluid percussion injury model (FPI). In this model, a single
episode of severe FPI is sufficient to cause PTE,””*® and
it may progress from frontal-parietal epilepsy to mesial
TLE with dual pathology, as frequently found in human
PTE.” Neuropathological correlates of mesial TLE such
as mossy fiber sprouting and hippocampal neuron loss
are also present in the FPI model of PTE.” Recently,
Shultz et al'® examined predictive imaging and behavioral
biomarkers for PTE in the FPI model, and the most repre-
sentative imaging correlate in the animals that developed
PTE was found in the ipsilateral hippocampus at 1 week
postinjury. However, it is unknown whether these findings
are related to epileptogenic processes. Modeling PTE is
laborious, and few studies have compared endophenotypes
between patients and animals with PTE or have focused on
testing the effects of candidate AED treatments.”® If there
is a true resemblance between post-SE TLE and post-TBI
TLE, such as similarities in natural history of symptomatic
epilepsy, neuropathological/neurochemical findings,”® and
presence of major depression as a shared risk factor,!?!192
corroboration depends on further comparisons between
these models. Such corroboration may result in improved
treatments of PTE.

Genetics

Audiogenic seizures
Audiogenic seizures (AS) are generalized seizures provoked
by high-intensity acoustic stimulation. Activation of auditory
pathways is crucial for AS development, and the inferior col-
liculus in the auditory midbrain plays a key role in audiogenic
seizure initiation, although other structures participate in AS
progression, 03104

The first audiogenic seizures were observed in the
early 1920s in Pavlov’s laboratory.!® Since then, several
audiogenic strains were created; for instance, Krushinsky-
Molodkina in Russia,'% Genetically Epilepsy-Prone Rat in
the United States,'”” P77PMC rats in China,'*® Wistar Albino
Glaxo/Rijwijk rats (WAG/R1ij) in the Netherlands,'” Wistar
Audiogenic Sensitive Rat in France,''® and Wistar Audio-
genic Rat (WAR) in Brazil.!!! In audiogenic susceptible
animals, a single acoustic stimulus triggers a reflex seizure
mimicking those seen in humans. It usually begins with
wild running, which progresses to a tonic-clonic phase.

Postictal events are also frequent. Despite similarities among
strains,'® behavioral features of audiogenic seizures are
strain-specific.

Moreover, acoustic stimulation can be applied to those
strains in a chronic intermittent protocol called audiogenic
kindling.!'? The audiogenic kindling protocol modifies the
behavior and the EEG expression of audiogenic-induced
seizures, recruiting limbic circuitries in audiogenic strains.!'?
In WARs, audiogenic kindling induces hippocampal

114 although mossy fiber sprouting and neuro-

neurogenesis,
degeneration were not found after more than 30 audiogenic
seizures. 14115

Audiogenic models of epilepsy have been used not only
for reflex epilepsy and TLE studies but also to characterize
comorbidities associated with the epilepsies. For example,
although the WAG/Rjj strain can be used as an audiogenic
seizure model, it is better known as a genetic model of
absence seizures.!'® Therefore, the WAG/Rj is useful to
study convulsive and nonconvulsive seizures in the same
animal. It has also been proposed that the WAG/Rij strain
is reliable for studying the comorbidity between absence
epilepsy and depression, as depressive-like symptoms
are present in this strain.'” In fact, major depression is a
common comorbidity in focal human epilepsies.''® Studies
with WARs are increasingly reinforcing that these rats can
also be used to study mood disorders of epilepsy, such as
pilocarpine-treated rats.!'” Behavioral experiments indicate
that naive WARs show anxiety-like behaviors.'”® Further-
more, WARSs have morphological and functional alterations
in the hypothalamic-pituitary-adrenal axis'?! that seem to be
related to changes in the autonomic control of the WAR’s
cardiovascular system.'?? Because of the endogenous stress,
hyperactivity of the hypothalamic-pituitary-adrenal axis,
higher blood pressure, and increased sympathetic tonus,
WARSs might also be useful to investigate events related to
sudden unexplained/unexpected death in epilepsy.

Limitations of the audiogenic seizure strains are the neces-
sity of a trigger to evoke audiogenic seizures and the lack of
spontaneous recurrent seizures. In contrast, advantages are
the specific trigger (sound stimulation) and substantial char-
acterization of behavioral, cellular, and molecular alterations
in both acute and chronic (kindling) protocols. In fact, acute
audiogenic seizures are good models of tonic-clonic seizures
with brainstem origin. The combination of seizure predisposi-
tion, which is typical of genetically developed strains, and the
possibility of chemically or electrically modulating seizures
potentiates the usefulness of these models in elucidating
epileptogenesis and its mechanisms.
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Absence seizure models

Generalized epilepsies (~20% of all epilepsy cases)'?* are
idiopathic, in that seizures spontaneously arise without
evident causes. Unlike those seen in the focal epilepsies,
idiopathic seizures have no discrete sites of initiation, as
paroxysms suddenly and bilaterally spread to multiple EEG
channels before rapidly vanishing from them.'** Indeed, the
etiology of idiopathic seizures is rather functional, given
that pathological correlates are not as evident as in focal
syndromes.

Absence seizures, especially those occurring in chil-
dren and juveniles, are the prototypical form of idio-
pathic seizures.'*® They are characterized by usually brief
(5-10 seconds), nonconvulsive episodes of behavioral arrest
and apparent unconsciousness, although minimal levels of
awareness might be retained.'*® Absence seizures produce
spike-and-wave discharges (SWD; ~3 Hz) manifested on the
normal EEG background as long as the behavioral activity
remains halted.'>>!” Similarities of SWD and sleep spindles,
in addition to the transformation from spindles to SWD in
cats injected with systemic penicillin (a GABA,, antagonist),
suggest a link between absence seizures and superficial stages
of sleep.'*® However, such a relationship is now uncertain, as
absence seizures are also frequent during wakefulness, previ-
ous hypotheses of shared GABA ,-dependent mechanisms
are no longer supported, and SWD generation depends on
thalamo-cortico-thalamic networks, whereas spindles are of
thalamic origin.'**!?

Given that SWD mechanisms remain elusive, animal
models are still crucial for investigating absence seizures.
Indeed, invasive recordings or excised tissues are hardly
accessible from patients, as they cannot be surgically
treated. The fact that acute insults are not major precipita-
tors of absence seizures, together with their strong heredi-
tary component, makes genetic models the most relevant
tools for experimental research. Mouse models include the
lethargic, tottering, leaner, and stargazer phenotypes,'*
whereas the main rat models are called Genetic Absence
Epilepsy in Rats from Strasbourg (GAERS) and WAG/
Rij."! Mouse models of absence epilepsy have monogenic
mutations affecting voltage-gated Ca** channels. In the soma
of thalamic relays, T-type Ca?* currents normally gener-
ate the burst firing that entrains thalamocortical networks
into slow oscillations, primarily during non-rapid-eye-
movement sleep.!*? In mutant mice, those burst generators
are more likely to engage neocortical pyramidal, dorsal
thalamic, and GABAergic reticular thalamic neurons into
aberrant SWD-like synchronization events.!*® Moreover,

net inhibition of thalamic relays, a situation that normally
activates T-type Ca?* currents, seems to be increased in tot-
tering and lethargic mice. In this case, presynaptic P/Q-type
Ca?" channels on inputs to thalamocortical cells might be
involved instead.'*

Mutation of P/Q-type Ca?" channels brings a disadvan-
tage to mouse models: alterations in neurotransmitter release
induce collateral defects such as cerebellar ataxia. Another
drawback of mouse models is that they offer monogenic
mutations, whereas the inheritance of absence epilepsy
among humans is believed to combine multiple genetic
anomalies.'?’ That is why the presumptively polygenic rat
models GAERS and WAG/Rij are known to better simulate
the human idiopathic epilepsies.!**!3* Similar to mouse mod-
els, both GAERS and WAG/Rij show higher expression and
function of T-type Ca*" channels, reinforcing the idea that
exaggerated burst firing in the dorsal thalamus contribute to
absence seizures.'”” However, GAERS and WAG/Rij muta-
tions are much more diverse, being age-dependent and/or
region-specific. Those include a subtle reduction of D1 and
D2 receptor densities in accumbal and striatal subregions,
reduction of glutamate transporters on neocortical glia and
neurons, increased expression of o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid subunits in the neocortex,
and increased tonic y-aminobutyric acid-ergic transmis-
sion on thalamocortical cells.!?”?* The complex profile of
disturbances is also accompanied by subtle morphometric
changes, the documentation of which is now increasing.
A diffusion tensor imaging study showed that either myeli-
nation or fiber density in the corpus callosum are decreased
to the extent that absence seizures recur in GAERS and
WAG/RIij."®s This suggests that structural modifications
do result from absence seizures, indicating that advanced
brain imaging will provide new ways to clinically monitor
the idiopathic epilepsies.

The high complexity of GAERS and WAG/Rij models
could represent a disadvantage; that is, difficult interpretation
of a diverse (and not fully known) genetic scenario. Never-
theless, both strains respond to drugs used to treat epileptic
patients,'** supporting their face validity. Furthermore, SWD
generalization in rats is similar to what was observed from
the cat penicillin model,'*® in addition to being consistent
with a human study that found phase locking between deep
thalamic paroxysms and SWD from the scalp EEG."*” By
considering the contribution of genetic models, special-
ized authors conclude that cortex and thalamus are equally
important in SWD generation,'** although limbic structures
contribute to that as well.'?
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Conclusion
Animal models of epilepsy include several tools, includ-
ing neurochemical agents, electrical stimulation protocols,
thermal or hypoxic insults, traumatic injuries, optogenetics,
and rodent strains with idiopathic or audiogenic-induced
seizures. Important features, uses, and limitations of the
models reviewed here are summarized in Table 1.
Chemoconvulsants allow for rapid investigation of epi-
leptogenic mechanisms and AED screening at the expense
of high mortality of subjects and high variability in the
frequency and severity of spontaneous seizures. Electrical
stimulation protocols are less harmful to subjects and offer
better control of seizures, but electrophysiological proce-
dures can be costly and time-consuming. Nonchemical and
nonelectrical insults might approximate clinical conditions
of developmental epilepsies, but inconsistencies in seizure
susceptibility depending on experimental procedures ham-
per comparisons between rodents and humans. Finally,
seizure-prone strains eliminate much of the artificiality of
experimentally induced seizures, but their genetic alterations
are not fully known, not to mention that sensorial triggers
are still needed to induce seizures in strains such as WARs.
Such a number of experimental options probably reflect
the diversity of seizure types in humans. Even focal syn-
dromes yield brain-wide alterations, thereby precipitating
cognitive and psychiatric disturbances. The quest for seizure
mechanisms can additionally provide insights into overall
brain functions and consciousness, and animal models will
continue to promote the progress of both epilepsy and neu-
rophysiology research.
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