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Abstract

The kainic acid model of temporal lobe epilepsy has greatly contributed to the understanding of
the molecular, cellular and pharmacological mechanisms underlying epileptogenesis and
ictogenesis. This model presents with neuropathological and electroencephalographic features that
are seen in patients with temporal lobe epilepsy. It is also characterized by a latent period that
follows the initial precipitating injury (i.e., status epilepticus) until the appearance of recurrent
seizures, as observed in the human condition. Finally, the kainic acid model can be reproduced in a
variety of species using either systemic, intrahippocampal or intra-amygdaloid administrations. In
this review, we describe the various methodological procedures and evaluate their differences with
respect to the behavioral, electroencephalographic and neuropathological correlates. In addition,
we compare the kainic acid model with other animal models of temporal lobe epilepsy such as the
pilocarpine and the kindling model. We conclude that the kainic acid model is a reliable tool for
understanding temporal lobe epilepsy, provided that the differences existing between
methodological procedures are taken into account.
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1. Introduction

According to the World Health Organization, epilepsy is the most prevalent neurological
disorder, with a prevalence of over 50 million and an incidence of 2.4 million per year.
Partial epileptic disorders represent 60% of these cases, with temporal lobe epilepsy (TLE)
being the most common type. Symptoms in TLE consist of partial seizures that originate
from the hippocampus, entorhinal cortex or amygdala many years after an initial brain insult
such as status epilepticus (SE), encephalitis or febrile convulsions. Many antiepileptic drugs
are currently available to control or to reduce seizure occurrence, but approximately one

"Corresponding author at: Montreal Neurological Institute, 3801 University Street, Montréal, QC, Canada H3A 2B4. Tel.: +1 514 998
6790; fax: +1 514 398 8106. massimo.avoli@mcgill.ca (M. Avoli).

Conflicts of interest
None of the authors has any conflict of interest to disclose.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Lévesque and Avoli

Page 2

third of patients are refractory to medication, making TLE one of the most refractory form
of partial epilepsy in adults (Engel et al., 2012). In such patients, surgical resection of the
epileptic tissue remains the only therapeutic alternative. However, the seizure onset zone and
possible post-surgical neurological deficits must be assessed with multiple and costly tests
including pre-surgical invasive procedures such as intracranial EEG recordings.

Patients with TLE typically show hippocampal sclerosis, characterized by selective neuronal
loss in the CA1/CA3 region of the hippocampus and the hilus, along with granule cell
dispersion and aberrant mossy fiber sprouting in the molecular layer of the dentate gyrus
(Berkovic et al., 1991; Buckmaster, 2012; Gloor, 1997; Jackson et al., 1990; Thorn, 1997).
Removing the sclerotic hippocampus will reduce seizure occurrence but still approximately
30% of patients are not seizure-free after surgery because of insufficient resection of the
epileptic tissue. Indeed, it was hypothesized that TLE may involve a broad
extrahippocampal, or even extratemporal, network (Bartolomei et al., 2008; Harroud et al.,
2012; Najm et al., 2013; Spencer, 2002; Spencer and Spencer, 1994) since performing a total
resection of the hippocampus is more effective in controlling seizures compared to a
lobectomy restricted to only the anterior part of the temporal lobe (Wyler et al., 1995).
Finally, in some patients, the seizure onset zone cannot be clearly identified and thus they
become poor candidates for surgical treatment.

Taken together, these clinical findings put further emphasis on the need to use experimental
models of TLE to replicate the histopathological, electroencephalographic and behavioral
features encountered in this neurological disorder in order to answer many unresolved
questions; these include the localization and extent of the seizure onset zone as well as the
mechanisms underlying epileptogenesis. The identification of the seizure onset zone is
especially important for the surgical treatment of TLE while understanding epileptogenesis
is crucial for establishing the evolution of this epileptic disorder since “seizures may beget
seizures”, by inducing additional neuronal damage or aberrant synaptogenesis (Ben-Ari et
al., 2008).

Although there is no experimental model that reproduces all the features of TLE, some
models have been extensively used over the past decades because of their high level of
similarity with human epilepsy. One of these is the kainic acid (KA) model, that was
originally discovered by Ben-Ari (Ben-Ari and Lagowska, 1978; Ben-Avri et al., 1979a). In
these initial studies, they showed that intra-amydaloid injections of KA induce behavioral
seizures and produce neuropathological lesions that are similar to those occurring in patients
with TLE (/.e., neuronal degeneration in the CA3 region of the dorsal hippocampus).

In this paper, we will review the results obtained from /n vivo studies in which KA was
administered intracerebrally or systemically. For each method, we will summarize their
associated behavioral, electroencephalographic and neuropathological features. In addition,
we will compare the epileptogenic properties of KA following intracerebral or systemic
injection as well as the influence of the age of the animals on both KA-induced seizures and
associated neuropathological changes. Finally, we will compare the KA model to two other
models of TLE, namely the pilocarpine model and the kindling model.
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2. Kainic acid

KA is a cyclic analog of L-glutamate and an agonist of ionotropic KA receptors. It was
isolated and extracted in the early 1950s, from a red algae (Digenea simplex) found in
tropical and sub-tropical waters (Murakami et al., 1953). It was named digenic acid but this
term was later changed to KA in order to avoid confusion with the other derivatives of
Digenea (Nadler, 1979). KA was first meant to be used as an ascaricide to eradicate
ascariasis, a disease caused by the parasitic worm Ascaris lumbricoides. However, it was
later found that it induced in rats prolonged excitatory responses in cortical neurons
following microiontophoretic application (Shinozaki and Konishi, 1970). It became thus
clear that KA could be used as a potent analog of glutamate, and that it could induce robust
depolarizations and eventually cell death, a central phenomenon to TLE (Bloss and Hunter,
2010; Vincent and Mulle, 2009). This opened the path to the identification of new glutamate
receptor subtypes, a better characterization of glutamatergic structures and pathways, and
eventually the development of a new animal model of temporal lobe epilepsy characterized
by a latent period followed by refractory spontaneous seizures, as in human TLE (Ben-Avri,
1985; Ben-Ari and Cossart, 2000; Nadler, 1981). The use of KA also led to a better
understanding of various neurodegenerative disorders such as Parkinson’s disease (Meredith
et al., 2009), Huntington’s disease (Coyle and Schwarcz, 1976; Coyle et al., 1977),
Alzheimer’s disease (Hynd et al., 2004), amyotrophic lateral sclerosis (Redler and
Dokholyan, 2012) and multiple sclerosis (Pitt et al., 2000). These neurological conditions,
will, however, not be discussed in this review.

2.1. Kainic acid receptors

During the past thirty years, many studies have successfully mapped the localization of KA
receptors (KARs). They can be found at different levels of expression in the amygdala
(Rogawski et al., 2003), entorhinal cortex (Patel et al., 1986), basal ganglia (Jin and Smith,
2011) and cerebellum (Wisden and Seeburg, 1993). They are also highly expressed in the
hippocampus where they are located both presynaptically and postsynaptically (Bloss and
Hunter, 2010). KA1 subunits (actually known as GluK4, according to the International
Union of Basic Science and Clinical Pharmacology Database (IUPHAR-DB)) (Sharman et
al., 2013) are highly expressed in CA3 pyramidal cells but only weakly expressed in CAl
pyramidal cells (Bahn et al., 1994; Werner et al., 1991; Wisden and Seeburg, 1993). KA2
(GluK5) subunits are instead highly expressed in both CA1 and CA3 pyramidal cells (Bahn
et al., 1994; Wisden and Seeburg, 1993). Therefore, the high affinity of KAl and KA2
receptors to glutamate and their high rates of expression in the CA3 region of the
hippocampus render this region highly susceptible to the excitotoxic damage induced by KA
and often makes the hippocampus the seizure onset zone in this model (Ben-Ari and Cossart,
2000; Lévesque et al., 2009; Lothman et al., 1981). More specifically, the ictogenic
properties of CA3 and, more generally, its capacity to generate synchronized activities
following KA administration may be attributed to the activation of pyramidal neurons via the
high-affinity KARs in the mossy fiber synaptic region that correspond to the stratum
lucidum (Ben-Ari and Cossart, 2000).
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Other KAR subunits (such as the GIuR5 and GIuR6 subunits or GluK1 and GIluK2,
respectively) also contribute to the excitatory action of KA; GIuR6 are highly expressed in
CA3 pyramidal cells (Bahn et al., 1994) while GIuR5 are highly expressed in GABAergic
interneurons in both CA1 and CA3 subfields (Bloss and Hunter, 2010). In line with this view
it has been shown that ablation of the GIUR5 subunit in knock-out (KO) mice makes the
hippocampus more susceptible to the epileptogenic action of KA whereas the ablation of
GIuR6 subunits prevents the induction of epileptiform bursts by KA in vitro (Fisahn et al.,
2004). GluR6 KO mice are also less susceptible to generate seizures following systemic
administration of KA (Mulle et al., 1998). Moreover, the overexpression of GIuR6 in the rat
hippocampus by injection of a viral vector (HSVGIURG6) induce seizures and modify over
time and at a distance from the injection site the electrophysiological phenotype of CA1
pyramidal cells, making them hyperexcitable to synaptic stimulation (Telfeian et al., 2000).
In epileptic patients, GIUR5 and GIuUR6 mMRNA levels were shown to decrease as a
consequence of seizures (Mathern et al., 1998) but recent studies found upregulation of
GIluR5 mRNA levels in the hippocampus, but not in the neocortex, of patients with TLE
compared to controls (Li et al., 2010).

It should also be emphasized that, although previous studies established the involvement of
NMDA and AMPA receptors in mossy fiber sprouting observed in histological samples from
the brain of epileptic patients and epileptic animals (Babb et al., 1996; Okazaki et al., 1999;
Ying et al., 1998), recent studies suggest that KARs significantly contribute to this
phenomenon. Mossy fiber sprouting in epileptic patients is correlated to an increase of
GIuR5 upregulation (Li et al., 2010), and such up-regulation even precedes mossy fiber
sprouting in KA-treated rats (Bernard et al., 1999). These data suggest that KARs could be
highly involved in the generation of epileptiform activity recorded from these new and
functionally aberrant synapses. Accordingly, in these epileptic animals, synchronized
network-driven activities in the dentate gyrus can be inhibited by pharmacological blockade
of KA receptors (Epsztein et al., 2005).

3. Intracerebral administration of KA

One of the first studies showing an effect of KA on hippocampal neurons was published by
Nadler et al. (1978). These experiments demonstrated that intraventricular injections of KA
(0.5 nmol) in Sprague—Dawley rats caused one to three days after treatment pyramidal cell
degeneration in CA3 at the rostral pole of the hippocampus whereas higher doses (0.8 pug)
induced neuronal loss in more caudal regions of the hippocampus. Doses that were higher
than 0.8 g induced neurodegeneration in CA1 and CA2. Subsequent studies by Ben-Ari and
colleagues (Ben-Ari and Lagowska, 1978; Ben-Avri et al., 1979a, 1980a, 1980b; Tremblay et
al., 1983) showed that similar patterns of hippocampal neurodegeneration along with
behavioral seizures could be induced by intra-amygdaloid administration of KA. Cepeda et
al. (1982) reported later that intra-amygdaloid injections of KA in baboons could induce
bilateral hippocampal lesions and status epilepticus (SE). These findings thus suggested that
intracerebral injections of KA in the hippocampus or amygdala could represent a model of
temporal lobe epilepsy since it reproduced the typical histopathological changes seen in
epileptic patients (Ben-Avri et al., 1979a; Nadler, 1979).
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3.1. Behavioral manifestations

The acute behavioral manifestations that follow the intracerebral administration of KA are
similar to those observed following systemic injection of pilocarpine, another commonly
used model of epilepsy (Curia et al., 2008). In rats, intrahippocampal administration of KA
at doses ranging between 0.4 and 2.0 pg is usually effective in inducing a convulsive SE
after 5-60 min following the injection (Bragin et al., 1999, 2000, 2004, 2009; Carriero et al.,
2012; Raedt et al., 2009). Acute seizures are characterized by immobility followed by facial
clonus (stage 1 according to (Racine, 1972), masticatory movements and head nodding
(stage 2), wet-dog shakes, unilateral or bilateral forelimb clonus (stage 4) and rearing and
falling (stage 5)) (Mouri et al., 2008; Pernot et al., 2011; Raedt et al., 2009). In contrast, in
guinea pigs, intrahippocampal administrations of KA induce non-convulsive seizures
(Carriero et al., 2012).

Acute seizures induced by intra-amygdaloid injections of KA (0.4-2 pg) in rats are
characterized by similar symptoms to those observed following intrahippocampal injections
(Ben-Avri et al., 1979a; Gurbanova et al., 2008), but additional symptoms such as salivation
and exophthalmos can occur (Ben-Ari et al., 1980b; Gurbanova et al., 2008). In monkeys,
however, intracerebral administration of KA (0.5-10 ug/ul of saline) in the hippocampus or
in the amygdala does not produce generalized seizures but it is associated to focal seizures
accompanied with movement arrests and oral automatisms (sniffing, chewing, facial
movements, deviation of the eyes or contraversive head turning) (Menini et al., 1980). These
behavioral differences have been attributed to the independence between limbic and
neocortical circuits in the monkey brain (Menini et al., 1980).

3.2. Electroencephalographic features

Intrahippocampal administration of KA induces epileptiform discharges that become visible
on hippocampal recordings within 10 min after the injection (Cavalheiro et al., 1982; Raedt
et al., 2009). Before seizures occurrence, EEG changes (paroxysmal bursts, interictal spikes,
gamma oscillations (30-50 Hz)) are seen in the injected hippocampus (French et al., 1982;
Jinde et al., 2009; Medvedev et al., 2000). This is followed by the occurrence of seizures that
start in the hippocampus (Bragin et al., 2009; Carriero et al., 2012; Mathern et al., 1993)
(Fig. 1). These seizures may then propagate to the ipsilateral amygdala (Akaike et al., 2001),
and eventually to the contralateral amygdala, hippocampus and frontal cortex (Leite et al.,
1996; Longo and Mello, 1999; Riban et al., 2002; Tanaka et al., 1982).

A similar pattern of propagation occurs following intra-amygdaloid injections of KA.
Accordingly, early studies have shown that epileptiform activity initiates in the amygdala
(the site of injection) and then propagates to the cortex, ipsilateral hippocampus,
contralateral amygdala and contralateral hippocampus (Ben-Ari et al., 1979a, 1980b). Intra-
amygdaloid injection of KA in dogs induces similar results since a secondary seizure focus,
in the contralateral amygdala or in the hippocampus, is observed (Hasegawa et al., 2002).
These results suggest, as it was proposed initially by Ben-Avi et al. (1981), that the
hippocampal formation plays a major role in the onset and propagation of KA-induced
epileptiform activity even if the administration of KA is performed at sites that are distant
from the hippocampus.
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3.3. Neuropathological changes

The hippocampus is highly susceptible to neuropathological changes following local
administration of KA, even when it is not the injection site (Ben-Ari and Cossart, 2000)
(Table 1). For instance, intraventricular administration of KA preferentially destroys the
CA3 and CA4 regions of the hippocampus but leaves the CA1 region and the dentate gyrus
almost intact (Lancaster and Wheal, 1982; Nadler and Cuthbertson, 1980) (Fig. 2A and B).
However, there is a substantial loss of parvalbumin- and somatostatin-expressing
GABAergic interneurons in CAl (Best et al., 1993, 1994; Morin et al., 1998). This loss is
especially marked in the stratus oriens of CAL, which may result in a reduction in the
efficacy of feedback inhibition on pyramidal cells (Lacaille et al., 1987; Maccaferri and
McBain, 1995; Morin et al., 1998) and possibly the development of a chronic epileptic state
in this model.

Using unilateral intrahippocampal administration of KA produces nearly identical results. In
the ipsilateral side to injection, there is CA3 pyramidal cell loss, even if KA injections are
performed in distal sites (such as CA1), further suggesting that neuronal damage in CA3 is
caused by the propagation of ictal activity to this region (Cavalheiro et al., 1982; Magloczky
and Freund, 1993; Théorét et al., 1988). A loss of GABAergic interneurons is nonetheless
occurring in the dentate gyrus and CA1, with a selective loss of parvalbumin and calbindin-
D28k immunoreactive interneurons (Bouilleret et al., 2000). Overtime, there is a near
complete degeneration of the hippocampus with enlargement of the granule cell layer of the
dentate gyrus, 2 weeks to one month after intrahippocampal administration of KA
(Bouilleret et al., 1999; Davenport et al., 1990). Interestingly, transection of the hippocampal
mossy fibers and combined lesions of the entorhinal cortex and mossy fibers protect the
CA3/CAA4 regions from KA-induced damage, presumably by preventing the spread of ictal
activity to these regions (Nadler and Cuthbertson, 1980; Okazaki and Nadler, 1988) (Fig. 2C
and D).

Using intra-amygdaloid administration of KA, Ben-Avri et al. (1980b) found that early after
injection, neuronal loss occurs at the injection site and in the ipsilateral dorsal CA3 region.
Successive studies have shown that pyramidal cells of the ipsilateral hippocampal CA3/CA4
region are especially vulnerable to KA compared to CAL, in the early post-treatment phase
(up to 48 h) (Araki et al., 2002; Cavalheiro et al., 1982; Kasugai et al., 2007; Lancaster and
Wheal, 1984; Mouri et al., 2008; Represa et al., 1987; Shinoda et al., 2004) (Table 1). On the
other hand, damage in the contralateral hippocampus and extrahippocampal structures, such
as the thalamus, the contralateral amygdala, the cingulate cortex and the neocortex occur
after a prolonged survival (7.e., 4 days) (Ben-Avri et al., 1980a). Lesions outside the amygdala
were however not attributed to the toxin itself but to the SE it induces (Ben-Ari, 1985; Ben-
Ari et al., 1979b), since administration of diazepam before the KA administration in the
amygdala did not modulate the extent of lesions at the site of injection but prevented distant
hippocampal damage (Ben-Ari et al., 1978). These results have led to the hypothesis that,
lesions occurring at sites that are distal from the injection site (such as the hippocampus)
result from the propagation of seizure activity. This hypothesis was supported by the ability
of transection of the perforant path to diminish the behavioral impact of intra-amygdaloid
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injections of KA and to reduce the extent of damage in the hippocampus and
extrahippocampal regions (Ben-Avri et al., 1980a).

Berger et al. (1989) also reported that intra-amygdaloid injections of KA do not necessarily
lead to histopathological changes in the hippocampus and extrahippocampal regions,
provided that there is no SE. Finally, it was shown that low doses (0.4 pg) of KA are
associated to focal amygdaloid seizures and damage in the CA3a region of the hippocampus
whereas high doses (1.6 pg) induce a generalized SE that is associated to degeneration of the
entire CA3/CA4 region (Ben-Ari et al., 1980a). Therefore, the pathological changes in
regions that are distal from the injection site depend on the propagation of epileptic activity
to these regions and not the toxin itself.

3.4. Epileptogenesis

Administration of KA in the hippocampus leads to the occurrence of spontaneous seizures
between 5 days to one month after SE (Carriero et al., 2012; Cavalheiro et al., 1982; Gouder
et al., 2003; Gréticke et al., 2008; Raedt et al., 2009; Riban et al., 2002; Tanaka et al., 1982;
White et al., 2010) (Table 1). However, before the onset of the first spontaneous seizure and
within one week after SE, abnormalities in the EEG of KA-treated rodents occur. Interictal
spikes can be recorded from the ipsilateral and contralateral hippocampus, as well as in
regions outside of the hippocampus (Bragin et al., 1999; Leite et al., 1996). Later, recurrent
spontaneous seizures occur; they usually start from the injected hippocampus and propagate
to the contralateral hippocampus and other cortical regions (Leite et al., 1996). There are,
however, inter-species differences regarding the behavioral symptoms associated to the
spontaneous recurrent seizures that should be taken into account: in mice and guinea pigs,
seizures are always non-convulsive whereas in rats they are non-convulsive in the early
phase of the chronic period but become convulsive during the late phase (Bouilleret et al.,
1999; Bragin et al., 1999; Li et al., 2012).

Besides interictal spikes, altered patterns of rhythmicity occur in the KA model during the
latent phase. For instance, there is a complete disappearance of the theta rhythm in the
hippocampus ipsilateral to the site of injection in KA-treated mice (Riban et al., 2002),
which could be related to changes in the synaptic properties of stratum oriens-lacunosum-
moleculare (O-LM) interneurons. These neurons are known to receive excitatory
glutamatergic inputs that are mediated by KA receptors (Dugladze et al., 2007) and they are
known to contribute to the generation of hippocampal theta rhythms (Buzsaki, 2002; Goldin
et al., 2007; Klausberger et al., 2003).

Oscillations in the gamma frequency range (30-80 Hz) are also present during the chronic
period in the KA model, and Bragin et al. (2005) have reported that they precede the
occurrence of spontaneous seizures, especially those characterized by low-voltage fast onset.
In vitro, gamma activity occurs in the CA3 region of the hippocampus of chronic epileptic
mice after a unilateral hippocampal injection of KA and the discharge frequency of dendrite-
inhibiting OLM interneurons changes from the theta to the gamma frequency band in these
epileptic mice (Dugladze et al., 2007). It was therefore proposed that these changes in
rhythmogenesis reflected the altered firing properties of these interneurons. In brain slices
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from non-epileptic animals, high-amplitude gamma oscillations in CA3 can also be induced
acutely by bath application of KA (Hajos et al., 2000; Lu et al., 2011).

Intra-amygdaloid injections of KA in the amygdala produce results that are similar to those
observed following intrahippocampal administrations. The latent period lasts approximately
10-40 days (Gurbanova et al., 2008; Li et al., 2008; Mouri et al., 2008; Tanaka et al., 1985)
(Table 1). Regarding the behavioral symptoms associated to seizures, there is also a
difference between species since spontaneous non-convulsive seizures occur in mice (Li et
al., 2008, 2012) whereas spontaneous convulsive seizures occur in rats (Gurbanova et al.,
2008). Spontaneous seizures may originate from different sites, but their onset is usually
located in the injected amygdala or in the ipsilateral hippocampus. In their initial studies,
Tanaka et al. (1985) reported that seizures originate from the amygdala ipsilateral to the side
of injection, approximately 14-20 days after SE, while after 3060 days, seizure onset zones
are located in both the ipsilateral and contralateral amygdala. However, further studies have
shown that spontaneous seizures originate from the CA3 region of the hippocampus (Li et
al., 2008). Later, using the same protocol, these authors identified two independent foci of
seizure onset, one located in the amygdala and the other in the ipsilateral CA3 region of the
hippocampus, which is characterized by prominent and acute cell loss (Li et al., 2012).
These results further support the hypothesis that regions (for instance the CA3) that are
distal from the site of injection are more likely to become seizure onset zones because of a
reorganization of neural networks induced by SE. Moreover, it has been reported that a
pronounced loss of inhibition characterizes CA1 within 4 weeks after SE; these findings
have been interpreted to reflect the CA3 damage leading to loss of inputs on CAl
interneurons (Ashwood and Wheal, 1986; Ashwood et al., 1986; Cornish and Wheal, 1989;
Franck and Schwartzkroin, 1985; Meier et al., 1992).

4. Systemic administration of KA

4.1. Behavioral manifestations

The main advantage of using systemic administrations of KA compared to intracerebral
administrations are that many animals can be injected at one time and it does not require
from the experimenter to perform surgical procedures, which therefore eliminates post-
surgical complications that could affect the animal’s health or damage to the brain tissue
made by the cannula. However, its main disadvantages are that one has no control on the
bio-availability of KA in the brain and some animals may require multiple systemic
injections before SE (2005). Possible bias may thus be introduced when comparing animals
that have undergone SE after one injection to animals that in which multiple injections of
KA were performed.

The mortality rate following systemic administration of KA in rats is between 5 and 30%
(Friedman et al., 1994; Hellier and Dudek, 1999; Hellier et al., 1998; Sharma et al., 2008;
Sperk et al., 1983; Williams et al., 2006) (Table 1). Single injections in the range of 6-15
mg/kg produce SE but using multiple doses of 5 mg/kg/h until the occurrence of SE can
reduce the mortality rate (Sharma et al., 2007). Moreover, Hellier and Dudek (2005)
suggested that a full (5 mg/kg) or a half dose (2.5 mg/kg) of KA should be administered
depending on the severity of the behavioral symptoms induced by the initial injection.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2016 May 24.
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According to several investigators, SE occurs approximately 1 h after injection in 93% of
animals, and it can be stopped with a combination of diazepam (20 mg/kg) and ketamine (50
mg/kg) (Giorgi et al., 2005; Sharma et al., 2008; Stafstrom et al., 1992; Tabb et al., 2007).
During this time-period, KA-treated animals show automatisms and a catatonic posture that
often progresses to myoclonic twitching of the head, forelimbs and rearlimbs (Friedman et
al., 1994; Sperk et al., 1983; Strain and Tasker, 1991). Typically, before and after SE, KA-
treated rats also develop wet-dog shakes (Velisek et al., 1992). Interestingly, the decrease in
occurrence of wet-dog shakes is associated to an increase of seizure occurrence (/.e., time-
periods during which there is a low occurrence of wet-dog shakes are characterized by high
seizure occurrence) (Ben-Ari et al., 1981; Collins et al., 1980).

4.2. Electroencephalographic features

Epileptiform EEG patterns occur during the first 30 min following the systemic
administration of KA (i.p., i.v. or s.c.). Ben-Atri et al. (1981) first described in the entorhinal
cortex of KA-treated rats interictal spikes that were associated to the occurrence of wet-dog
shakes. Ictal discharges then appeared in the CA3 region and in the amygdala, followed by
propagation to the thalamus, the CA1 region and the frontal cortex. These ictal discharges
were, however, observed only on the EEG signal and were not associated to any clinical
signs, besides wet-dog shakes. Similar results have been obtained by Lothman et al. (1981),
who found that epileptiform activity first occurs in the hippocampus following a systemic
injection of KA in rats, without any detectable clinical symptoms. Besides interictal spikes,
hippocampal EEG activity in these experiments was characterized by rhythmic patterns in
the gamma frequency range (25-30 Hz). Medvedev et al. (2000) have later confirmed this
phenomenon in the KA model and found that the EEG recorded from the hippocampus is
characterized by runs of gamma oscillations (30-40 Hz) followed by sporadic spikes before
the occurrence of clinical signs. Lévesque et al. (2009) have also reported hippocampal
gamma oscillations during seizure activity acutely induced by KA, and showed that the
hippocampus was often the seizure onset zone (Fig. 3). Overall, these results suggest that, as
with the intracerebral administration of KA, the hippocampus occupies a central role in the
onset of seizures in this model (Ben-Ari and Cossart, 2000; Ben-Avi et al., 1981).

4.3. Neuropathological changes

Lesions induced by the systemic administration of KA are similar to those seen following
intracerebral administration (Schwob et al., 1980), although the extent of neuronal damage is
greater. Following systemic injection, there is a loss of pyramidal cells in the CA1, CA3 and
CA4 regions of the hippocampus (Haas et al., 2001; Kar et al., 1997; Suarez et al., 2012) but
parvalbumin-positive interneurons are also highly sensitive to KA, since they degenerate in
the CAL region, the entorhinal cortex and the subiculum (Best et al., 1993, 1994; Drexel et
al., 2011). Interestingly, interneurons in the stratum oriens-alveus of CAl can be damaged
by KA in the absence of damage to pyramidal cells, especially in young animals (P20)
(Renaud et al., 2002; Sanon et al., 2005). In the amygdala, the density of GABAergic
interneurons are also significantly reduced in the basolateral part (Fritsch et al., 2009;
Tuunanen et al., 1996), with somatostatin-expressing interneurons being mainly affected
(Tuunanen et al., 1996).
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Systemic injections also induce neuronal loss bilaterally and in extra-temporal regions.
Neurodegeneration in layer 111 of the entorhinal cortex, proximal subiculum, claustrum,
thalamus, caudate putamen and the cerebral cortex occur within a 24 h period after SE
(Drexel et al., 2012). Animals surviving longer time periods (more than 48 h) after SE show
bilateral gliosis, brain edema or shrinkage of nerve cells in the piriform and entorhinal
cortices, olfactory bulb, substantia nigra, thalamus and mesencephalon, and cell layer
dispersion in the dentate gyrus (Ben-Avri et al., 1980a) (Table 1). Interestingly, these
neuropathological changes mainly occur in animals presenting robust convulsions during SE
(Sperk et al., 1985), thus supporting the view that damage in extrahippocampal regions is not
caused by the toxin itself but depends on the propagation of epileptiform activity.

4.4. Epileptogenesis

In 60-80% of animals that survive the systemic administration of KA, non-convulsive
seizures occur 10-30 days after treatment (Chauviere et al., 2012; Cherubini et al., 1983;
Drexel et al., 2012; Lado, 2006; Sharma et al., 2008; White et al., 2010; Williams et al.,
2006) (Table 1). The occurrence of non-convulsive seizures in the early phase of the latent
period puts further emphasis on the need to perform EEG monitoring following KA
treatment since the estimation of the duration of the latent period can differ substantially
between animals that are only video-monitored and those that are implanted for EEG
recordings. For instance, according to Hellier et al. (1998), who studied only the behavior
and thus the occurrence of convulsive seizures, the latent period was estimated to be 77 + 38
days. In contrast, when EEG-video monitoring recordings were performed, the latent period
lasted approximately 14 days (Lado, 2006; Williams et al., 2009).

Similar to what was reported following intracerebral application of KA, systemic injections
induce a latent period characterized by interictal spikes. Interestingly, in animals that
develop chronic epilepsy, rates of occurrence of interictal spikes during the latent period are
higher compared to rats that do not become epileptic, and epileptic rats are more likely to
show clusters of interictal spikes, suggesting that in the KA model, these events are markers
of pathological network activity in limbic networks (White et al., 2010). A recent study by
Chauviére et al. (2012) has identified two distinct types of interictal spikes during the latent
period: one that is characterized by a spike followed by a long-lasting wave (type 1) and a
second one with a spike but no wave (type 2). These authors have found that the occurrence
of type 1 spikes decreases during the latent period whereas the occurrence of type 2 spikes
increases, reaching their minimum/maximum values just before the onset of the chronic
period. These results further suggest that in the KA model the pattern of interictal spikes
occurring during the latent period may reflect underlying epileptogenic mechanisms.

5. Age specificity

It is known that brains in young animals are hyperexcitable when compared to adults. For
instance, Holmes and Thompson (1988) showed that young rats (P12) exhibit more severe
SE following intraperitoneal injection of KA compared to adult animals (P27). This
difference could not be explained by the degree of damage induced by SE since no
histological lesions were found in the two groups. Moreover, animals in both groups
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developed spontaneous seizures. Stafstrom et al. (1992) have also reported an effect of age
on the latency between the intracerebral administration of KA in the hippocampus and the
onset of SE: younger rats (P5-P10) showed a SE after a shorter time-period compared to
older rats (P20-P60). Golden et al. (1995) later obtained similar findings using systemic
subcutaneous injections of KA and found that rats aged from P35-40 showed a shorter
latency to SE compared to older rats (P70-90). Finally, Mikati et al. (2003) reported higher
mortality rates in P15 rats compared to P35 rats following 5-15 mg/kg of KA administered
intraperitoneally.

When older animals are compared, P33-37 rats are more resistant to KA than P90 rats
(Albala et al., 1984). Similar results have been obtained by Sarkisian et al. (1997) who
showed that P20 rats have a longer latency to acute seizure onset and lower mortality rates
following repetitive systemic intraperitoneal injections of KA compared to older rats (P60).
Dawson and Wallace (1992) also observed significantly more acute seizures and more severe
symptoms in aged Long—Evans female rats (30-month old) compared to younger ones (6-
month old) following intraperitoneal injections of KA. These results are similar to those
obtained by Wozniak et al. (1991) who showed that rats aged from 12 to 13 months and
from 22 to 25 months were more sensitive to KA compared to rats aged from 5 to 6 months.
All together, these studies suggest that KA age specificity shows a U pattern, with young (up
to P15) and old rats (from P60 and older) being more sensitive to KA (shorter latency to SE
and more severe seizures) compared to rats aged from approximately P20 to P60.

Many hypotheses have been formulated to explain these age-related differences. However,
the mechanisms underlying this phenomenon remain unclear. For instance, both
depolarizing effects of GABA and intense synaptogenesis have been proposed to contribute
to the high susceptibility to seizures in immature brains (Ben-Ari, 2002; Ben-Ari and
Holmes, 2005; Ben-Avri et al., 1989). Due to high intracellular concentrations of chloride, the
immature brain is more prone to seizures because GABA can exert an excitatory and
depolarizing action on neurons (Ben-Ari, 2002; Ben-Ari et al., 2007; Cherubini et al., 1991;
Kahle et al., 2008). Thus, in the event of environmental insults, congenital abnormalities or
genetic factors, brain excitability is enhanced and seizures are more likely to occur in young
subjects (Ben-Ari et al., 2007; Dzhala and Staley, 2003; Khazipov et al., 2004). However,
both enhanced excitability and seizure occurrence are not necessarily associated to neuronal
damage, as seen in mature brains. For instance, the administration of KA in animals at an
early age (less than 3 weeks of age) induces severe tonic—clonic seizures but leaves the brain
almost intact (Nitecka et al., 1984). This phenomenon was attributed to the delayed
maturation of the dentate gyrus and of the mossy fibers, and the lack of inputs from the
entorhinal cortex to the hippocampus since ictal activity is unable to propagate along mossy
fibers and to reach the CA3 region of the hippocampus (Nitecka et al., 1984).

However, even though seizures do not cause damage in early age, they interfere with brain
development, by inducing long-term alterations in GABAergic synapses. This aspect has
been documented through abnormal GABAergic signaling (Bortolato et al., 2010). More
precisely, in young rats, epileptiform activity induced by KA in one hippocampus would be
able to produce a secondary mirror focus contralaterally, possibly through the intracellular
accumulation of chloride and a shift in the reversal potential of GABA in distal brain regions
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(Dzhala et al., 2012; Khalilov et al., 2003). The existence of a secondary mirror focus could
contribute to the development of a chronic epileptic state.

6. Comparison with other animal models of mesial temporal lobe epilepsy

6.1. The pilocarpine model

The electroencephalographic features and the neuropathological alterations seen in
pilocarpine-treated animals are similar to what is reported with KA. Following pilocarpine
intrahippocampal administration, the first epileptiform discharge occurs in the hippocampus
and there is mossy fiber sprouting in the inner molecular layer of the dentate gyrus (Furtado
et al., 2002). With systemic administration of pilocarpine, more extensive lesions are
observed since there are morphological changes in the thalamus, substantia nigra, dentate
hilus, cerebral cortex, olfactory cortices and the amygdala (Rose Priel et al., 1996). This has
been considered as one of the drawback of the pilocarpine model (Sloviter, 2005), but one
has to consider that (1) systemic KA also induces massive damage in extrahippocampal
regions and (2) patients with TLE also show neuronal damage outside of the hippocampus
(Davis et al., 2002). Finally, following systemic injections of pilocarpine, the hippocampus
is often the onset zone as in the KA model (Arida et al., 1999; Bortel et al., 2010; Cavalheiro
et al., 1991; Curia et al., 2008; Goffin et al., 2007; Lévesque et al., 2011, 2012; Turski et al.,
1983).

Pilocarpine treatment is also associated with enhanced permeability of the blood-brain
barrier, and such an effect was proposed to contribute to the generation of SE following
pilocarpine injection (Marchi et al., 2007). Recent studies have indeed shown that in the
isolated guinea-pig brain preparation, arterial perfusion of pilocarpine induces epileptiform
activity only when it is co-administered with compounds that enhance blood-brain barrier
permeability, such as bradykinin or histamine (Uva et al., 2008). In contrast, when
administered alone, at concentrations that normally cause SE /n vivo, it is not sufficient to
induce epileptiform activity (Uva et al., 2008). Similar to pilocarpine, KA can enhance the
permeability of the blood brain barrier. This phenomenon was initially reported in a study by
Zucker et al. (1983), who discovered that animals experiencing severe limbic seizures
present with enhanced permeability of the blood bran barrier in limbic regions between 2
and 24 h after SE. Further studies have however shown that the permeability of the blood
brain barrier can be observed within 1 h after its administration and before the occurrence of
SE (Saija et al., 1992). The increased permeability of the blood brain barrier would lead to
an enhanced release of glutamate in the hippocampus that would eventually favor seizure
occurrence (Pont et al., 1995). Thus, in both models, the opening of the blood brain barrier
may be perceived as a precipitating factor in inducing acute seizures (Marchi et al., 2011).

Finally, the main advantage of the pilocarpine model over the KA model is its reliability. We
have observed that almost all rats injected with 380 mg/kg, i.p. of pilocarpine (and that
survive the initial SE) will develop spontaneous seizures, independently of the duration of
the SE (from 30 min to 2 h) (Bortel et al., 2010; Lévesque et al., 2011). Few injections are
also necessary, since if a single initial dose of pilocarpine does not induce seizures after 30
min, usually one or two additional half doses (190 mg/kg, i.p.) can be given, which thus
requires approximately a maximum of 4 h from the initial injection to the end of SE. In the
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KA model, animals often need to experience a SE of more than 3 h in order to show
spontaneous seizures and as already stated, multiple injections at one hour interval may be
necessary to induce a SE, which could make the duration of the experiment last between 6
and 8 h (2005) (Hellier et al., 1998).

6.2. Electrical kindling

Repetitive electrical stimulation protocols repeated over several days can induce a chronic
permanent hyperexcitable state that can be associated to spontaneous seizures. This
procedure is known as kindling (Goddard et al., 1969). One of the main advantage of
kindling over the KA model is that a specific region of the brain can be targeted and the
parameters can be easily manipulated by the experimenter (Raol and Brooks-Kayal, 2012).
Ictogenesis is thus partially controlled, along with neural networks that may be involved in
seizure generation as multiple sites can be stimulated simultaneously (McNamara, 1984).
However, compared to both the KA and pilocarpine models, lesions are often not visible
(Raol and Brooks-Kayal, 2012; Sharma et al., 2007). In fact, when damage is observed
following kindling, it occurs in animals who survive multiple stage 5 seizures and it is
characterized by decreased neuronal densities in CA1, CA3, entorhinal cortex and
endopiriform nucleus (Cavazos et al., 1994). However, kindling is not associated to
hippocampal sclerosis, lesions do not resemble those seen in MTLE and spontaneous
seizures rarely occur, which casts doubt on the validity of this model (Sharma et al., 2007).
The kindling method is also time-consuming, since each animal has to go under repetitive
electrical stimulation sessions.

7. Conclusive remarks

After three decades of active epilepsy research, the KA model is still one of the most widely
used animal models of TLE. It has allowed investigators to study ictogenesis and
epileptogenesis from single neurons to networks, and results obtained do support the
hypothesis that epilepsy results from a complex interaction between aberrant network
activity and morphological changes. In this paper, we have reviewed evidence supporting the
view that the KA model is a highly isomorphic model of the human disease, independently
of the method of the administration. The intracerebral and systemic procedures yield similar
results in terms of latency to SE, behavioral symptoms, duration of the latent period and
electroencephalographic features of the latent and chronic periods. The main difference lies
in the extent of neuropathological damage that is induced by each route of administration,
with the intracerebral administration producing unilateral temporal lobe lesions as observed
in humans with TLE (Engel, 1996; Sloviter, 2005). The choice of either one or the other
method will thus depend on the questions that need to be answered: intracerebral
administration of KA may be used to investigate the effect of epileptiform activities in
circumscribed pathological networks and the effect of seizures on surrounding and
presumably healthy tissue, whereas systemic administration should be employed to study the
selective vulnerability of multiple brain regions to the agent and to the occurrence of a more
widespread epileptic disease. We have also highlighted the differences that exist between
species and age specificity related to this model. Further studies are needed to understand
the discrepancies between the behavioral symptoms that are specific to each species and why
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the age of the animal affects the ability of KA to induce seizures. However, as it was
suggested, the answer may lie in the different patterns of connectivity and the effect of age
on the organization of neural networks.

In conclusion, the KA model has provided a better understanding of the processes
underlying TLE and may have contributed to the development of more efficient targeted
therapeutic drugs. It is likely that with the advent of new technologies — which are providing
a more in-depth look at the molecular, neurophysiological and neuroanatomical aspects — the
KA model will remain a widely used animal model of TLE.
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(A) EEG depth recordings acquired with single wires of two micro-wire bundles implanted
in the CAS3 region of the hippocampus ipsilateral and contralateral to the site of KA
intrahippocampal (CA3) injection (0.4 uM/0.2 pL) in a Long Evans rat. Each micro-wire
contains 4 wires (channels 1-4). This seizure occurred approximately 6 h after the
intracerebral administration of KA. (B) Onset of the seizure is shown on an expanded time

scale. Note that ictal activity starts in the ipsilateral CA3 region of the hippocampus (arrow).
Courtesy of Dr. K. Moxon and Ms S. Karunakaran.
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Fig. 2.
Lesions in the hippocampus following intraventricular administration of KA. (A)

Histological sample from the hippocampus following 3.75 nmol (0.8 pg) of KA. Note the
neuronal loss in CA3 and CA4 and the preservation of CA1 and dentate gyrus. (B) Sample
from the hippocampus following 0.47 nmol (0.1 pg) of KA. Note the almost complete
degeneration of CA2, CA3 and CA4 and again the preservation of CA1 and dentate gyrus.
(C) Sample showing the preservation of the CA3/CA4 regions of the hippocampus following
an intraventricular administration of KA 3 days after transection of the mossy fibers. (D)
Sample showing the preservation of CA3/CA4 regions from KA after combined lesions of
the mossy fibers and entorhinal cortex.

Courtesy of Dr. J. Victor Nadler.
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Frequency (Hz)
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Fig. 3.
(A) EEG depth recordings performed in a Sprague—Dawley rat showing a seizure recorded

simultaneously in the amygdala, hippocampus and neocortex approximately 2 h after
systemic administration of KA (6 mg/kg, i.p.). Gamma oscillations (30-80 Hz) (white
rectangles) occurs in the CAl and CA3 regions of the hippocampus. (B) Onset of the seizure
is shown on an expanded time scale. Note that the seizure starts in the CA3 region (arrow).
Courtesy of Dr. Lionel Carmant.
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