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SUMMARY

Objective: Kainic acid (KA) is a potent glutamate analog that is used to induce neu-

rodegeneration and model temporal lobe epilepsy (TLE) in rodents. KA reliably

induces severe, prolonged seizures, that is, convulsive status epilepticus (cSE), which is

typically fatal without pharmacologic intervention. Although the use of KA to model

human epilepsy has proven unquestionably valuable for >30 years, significant variabil-

ity and mortality continue to confound results. These issues are probably the conse-

quence of cSE, an all-or-nothing response that is inherently capricious and

uncontrollable. The relevance of cSE to the human condition is dubious, however, as

most patients with epilepsy never experienced it. We sought to develop a simple,

KA-based animalmodel of TLE that avoids cSE and its confounds.

Methods: Adult, male Sprague-Dawley rats received coincident subcutaneous injec-

tions of KA (5 mg) and lorazepam (0.25 mg), approximately 15.0 and 0.75 mg/kg,

respectively. Continuous video–electroencephalography (EEG) was used to monitor

acute seizure activity and detect spontaneous seizures. Immunocytochemistry, Flu-

oro-Jade B staining, and Timm staining were used to characterize both acute and

chronic neuropathology.

Results: Acutely, focal hippocampal seizures were induced, which began after about

30 min and were self-terminating after a few hours. Widespread hippocampal neu-

rodegeneration was detected after 4 days. Spontaneous, focal hippocampal seizures

began after an average of 12 days in all animals. Classic hippocampal sclerosis and

mossy fiber sprouting characterized the long-term neuropathology. Morbidity and

mortality rates were both 0%.

Significance: We show here that the effects of systemic KA can be limited to the hip-

pocampus simply with coadministration of a benzodiazepine at a low dose. This means

that lorazepam can block convulsive seizures without truly stopping seizure activity.

This novel, cSE-free animal model reliably mimics the defining characteristics of

acquired mesial TLE: hippocampal sclerosis and spontaneous hippocampal-onset sei-

zures after a prolonged seizure-free period, without significant morbidity, mortality,

or nonresponders.
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Key Points
• Simultaneous administration of kainic acid and loraze-
pam reliably models TLE with hippocampal sclerosis
in rats

• Spontaneous, hippocampal seizures arise in this model
after 10–15 days

• Lorazepam can block cSE without stopping electro-
graphic seizures

Epilepsy is a chronic neurologic condition that is charac-
terized by recurrent, unprovoked seizures.1 It is the most
common neurologic disorder, affecting approximately 1%
of the world population (approximately 65 million), with
~2.4 million new diagnoses annually.2–4 Temporal lobe epi-
lepsy (TLE), where seizures originate in the temporal lobe,
is the most common epilepsy syndrome, is often refractory
to treatment, and is thought to be caused by a brain insult.3

TLE is characterized by pronounced hippocampal atrophy
and limited extrahippocampal damage,3,5 as well as seizures
that originate in the hippocampus and/or closely related
structures.6

Kainic acid (KA) is a glutamate analog that is used to
induce acute seizures and neurodegeneration, and to model
human TLE in animals, most commonly rodents.7 KA was
first isolated from red algae (Digenea simplex) found in
tropical and subtropical waters.8 It evokes seizures through
activation of kainate receptors, a type of ionotropic gluta-
mate receptor, and also through activation of AMPA recep-
tors, for which it is a partial agonist.9 The original KA
model of epilepsy was developed by Ben-Ari and col-
leagues.10,11 In these initial studies, intraamygdaloid injec-
tions of KA were found to induce behavioral seizures and
neurodegeneration in the dorsal hippocampus, primarily in
the CA3 region. Since then, several KA-based models of
epilepsy have been developed (Table 1). The crux of these
models is the induction of a period of severe, prolonged sei-
zures, that is, convulsive status epilepticus (cSE), which is
typically fatal without pharmacologic intervention.12 Vari-
ous protocols have been developed with the goal of reducing
variability and mortality without preventing cSE and later
epilepsy, such as repeated low doses, which have been
somewhat successful13 (Table 1).

Despite the value of KA-based epilepsy models, which
have unequivocally contributed greatly to our understand-
ing of epilepsy, substantial drawbacks persist: high mortal-
ity (up to 50%), variable neuropathology, erratic latency to
spontaneous epilepsy (first seizures can occur weeks apart
in age-matched animals that received identical treatment),
and nonresponders (up to 50% of surviving animals never
exhibit spontaneous seizures).7,12 Rather than attempt to
incrementally increase either the reliability or survivability
of cSE, we approached the problem from a different angle.

Our aim was to develop a simple, robust animal model of
acquired TLE, based on KA, which closely and reliably
mimics the human condition, while avoiding cSE and its
complications. Herein we introduce a novel method, which
comprises a single dose of KA administered concurrently
with a single low-dose of lorazepam—a benzodiazepine that
is a first-line treatment for cSE14—to adult Sprague-Dawley
rats.

Methods
Animals

Male Sprague-Dawley rats (Harlan-Winkelmann,
Borchen, Germany), weighing approximately 330 g (range
318–344 g), were treated in accordance with the guidelines
of the European community (EUVD 86/609/EEC). All
experiments were approved by the local regulation authority
(Regierungspr€asidium Gießen). Rats were housed in an
on-site animal facility (21–25°C; 31–47% humidity) under
a 12:12 light/dark cycle with ad libitum access to food and
water.

Kainate + lorazepam administration
Single subcutaneous injections of 5 mg (equivalent to

14.5–15.7 mg/kg, depending on animal weight) kainic acid
monohydrate (K0250, 10 mg/ml in phosphate-buffered sal-
ine; Sigma-Aldrich, Germany) and 0.25–1.5 mg (approxi-
mately 0.75–4.5 mg/kg) lorazepam (2 mg/ml; Pfizer,
Germany) were administered under isoflurane sedation.
Rats were placed in an acrylic box containing 5% isoflurane
in oxygen until sedation was achieved (15–30 s), then
removed and placed on a clean table where the injections
were given. If electrodes and/or electroencephalography
(EEG) transmitters were implanted (see below), injections
were given after a recovery period of at least 4 days. Fol-
lowing injections, rats were housed in clear acrylic boxes
allowing free movement and visual observation.

Seizure monitoring (continuous video-EEG)
EEG data were acquired via either (1) recording elec-

trodes with tips located in the dentate gyrus (approximate
coordinates 2 mm lateral, 3 mm caudal to bregma, and
3.5 mm below the brain surface) or (2) screws with tips on
the brain surface. Reference ground was always a screw
located caudal and medial to the recording site and was not
dorsal to the hippocampus. Electrodes and ground screws
were connected to miniature wireless transmitters (FT20;
Data Sciences International, U.S.A.) that were implanted
subcutaneously on the animal’s flank. All surgeries were
performed in a stereotaxic apparatus (David Kopf) under
isoflurane anesthesia (3–5% in oxygen). Spontaneous activ-
ity was recorded continuously (24/7) and stored digitally
and automatically in 3-h epochs using LabChart 7 software
(ADInstruments, New Zealand) as described previ-
ously.15,16 All files were evaluated by at least two
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experienced reviewers; at least one reviewer was blinded to
the treatment. Recordings were assessed visually, and all
events with amplitudes obviously larger than baseline were
analyzed. Simultaneous video monitoring used Edimax
IC-7110W infrared cameras (Taiwan). Video files were
captured at 15 frames/s and time-stamped for integration
with the EEG data using SecuritySpy surveillance software
(Ben Software, United Kingdom) and stored digitally.
Seizures were scored according to the Racine scale.17

Perfusion fixation
Rats received an overdose of ketamine (>100 mg/kg,

i.p.) and xylazine (10 mg/kg, i.p.) and were then perfused
through the aorta with 0.9% saline for 90 s to remove
intravascular blood. This was followed by 8 min of aortal
perfusion with paraformaldehyde (4%) in 0.1 M phosphate
buffer (pH 7.4). Brains were immediately removed from the

skull and placed in 4% paraformaldehyde solution for at
least 48 h before being sectioned (30 lm) on a freezing
microtome.

Fluorescence and light microscopy
Nissl staining, Fluoro-Jade B staining, Timm staining,

and neuronal nuclear antigen (NeuN) immunocytochem-
istry were performed on the resultant sections as described
previously.15 Images were acquired with a DMI6000B
microscope equipped with a DCF360FX camera (Leica,
Germany). Figures were made with Photoshop CS6 soft-
ware (Adobe, U.S.A.), which was used to optimize contrast
and brightness, but not to change the image content.

Quantification of neurodegeneration
Fluoro-Jade B–positive neurons were counted in match-

ing Fluoro-Jade B–stained sections from the dorsal

Table 1. Common kainic acid (KA)-based epilepsymodels

Model Advantages Disadvantages References

Intracerebral KA

Intrahippocampal Induces severe hippocampal

sclerosis and spontaneous seizures

Causes convulsive SE that requires pharmacologic

termination (e.g., benzodiazepine, ketamine)

Hippocampal injury is variable; extensive damage

to extrahippocampal regions

High nonresponder rate

Highly variable seizure rate

Elaborate and costly implementation

Results tend to be unique to each lab

24–28

Intraamygdaloid Induces mild hippocampal sclerosis

and spontaneous seizures

Low nonresponder rate

Causes convulsive SE that requires

pharmacologic termination

(e.g., benzodiazepine, ketamine)

Hippocampal injury is variable; extensive

damage to extrahippocampal regions

(dose dependent)

Mortality � 55%

Elaborate and costly implementation

Results tend to be unique to the lab

29–36

Systemic KA injection

Intraperitoneal or

subcutaneous

Single injection

No surgical procedures

No brain damage, e.g., from cannulas

High throughput

Low costs (no expensive laboratory

equipment is necessary, e.g., stereotaxic)

Induces hippocampal sclerosis and

spontaneous seizures

No control over bioavailability of KA in the brain

Amount of KA varies between animals

Causes convulsive SE that needs to

be terminated medically (diazepam, ketamine)

If SE is successfully induced, massive

extrahippocampal neuron loss occurs

as well as extensive bilateral gliosis, brain

edema and neuron loss in the piriform

and entorhinal cortices, olfactory bulb,

substantia nigra, thalamus, and mesencephalon

High variability in neuropathology

Up to 30%mortality

Nonresponders: 20–40% of surviving animals

30,37–43

Intraperitoneal

Multiple low-dose

injections

No surgical procedures

No brain damage, e.g., from cannulas

Low nonresponder rate

Medium throughput

Low costs (no expensive laboratory

equipment is necessary, e.g., stereotaxic)

Induces hippocampal sclerosis and

spontaneous seizures

No control over bioavailability of KA in the brain

Amount of KA varies between animals

Doses are given over several hours

and the amount of KA has to be

tailored to each animal, which requires

close monitoring

Mortality � 15%

13,46
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hippocampus (one section per animal) using the Count Tool
in Adobe Photoshop CS6.

Quantification of hippocampal area
The area of five matching, nonadjacent NeuN-immunos-

tained or Nissl-stained sections from throughout the dorsal
hippocampus was measured using the Adobe Photoshop
CS6 Extended Measurement feature to calculate the area
bounded by an irregular border, as described previously.9

Values were obtained for the entire hippocampus (excluding
the fimbria), dentate gyrus, and cornu ammonis. Group
means were compared using Student’s t-test.

Quantification of mossy fiber sprouting, that is, Timm
staining

Five Timm-stained sections, equally distributed through-
out the dorsal hippocampus, were evaluated using the
Adobe Photoshop CS6 Histogram feature, which calculates
the mean gray value for a selected area. Color images were
converted to grayscale and inverted. The mean gray values
for 64 pixel2 squares in the intermolecular layer were
recorded and averaged. Background was calculated from a
cell-free area in stratum radiatum and subtracted from the
intermolecular layer values. Group means were compared
using Student’s t-test.

Results
Smaller lorazepam doses increase hippocampal
neurodegeneration

Various doses of lorazepam were evaluated
(0.25–1.5 mg/animal; approximately 0.75–4.5 mg/kg),
whereas the KA dose was kept constant (5 mg/animal;
equivalent to 14.5–15.7 mg/kg, depending on weight)
(n ≥ 4 per group, n = 33 total). These doses of lorazepam
are far below what is typically used to terminate experimen-
tal SE in rodents (6–8 mg/kg). Although acute hippocampal
seizures were induced by KA at lorazepam doses of 1 mg
(n = 8) and 1.5 mg/animal (n = 5), neither neurodegenera-
tion nor later spontaneous seizures was detected. Animals
that received less lorazepam had more neurodegeneration
and vice versa (Fig. 1). By systematically reducing the
lorazepam dose, we found the optimal amount to be
0.25 mg/animal (approximately 0.75 mg/kg). An average of
565.4 � (standard deviation) 43.7 Fluoro-Jade B–positive
neurons were counted in dorsal hippocampus sections from
animals that were sacrificed 4 days after receiving 5 mg
KA and 0.25 mg lorazepam (n = 8), compared with
0.0 � 0.0 in animals that received 5 mg KA and 1.0 mg
lorazepam (n = 8). Broken down into hippocampal
subfields, the mean values were 255.4 � 31.7 for CA1,
273.0 � 29.1 for CA3, and 37 � 7.7 for the hilus. During
the 24 h immediately following KA and lorazepam admin-
istration, as determined by continuous video-EEG moni-
toring, not a single animal in any group exhibited any

convulsive seizures, let alone cSE (n = 33 total). At no time
did any animal exhibit signs of morbidity; the survival rate
was 100%.

Low-dose lorazepam blocks kainate-induced convulsive
seizures, but not hippocampal seizure activity

Following simultaneous, subcutaneous administration of
5 mg KA and 0.25 mg lorazepam (n = 8), aberrant electro-
graphic activity was detected within minutes and the first
hippocampal seizures after 30–40 min, as determined with
electrodes located in the dorsal dentate gyrus. Epileptiform
discharging of hippocampal granule cells (Fig. 2) persisted
for at least 3 h in all animals, with an average of
3.3 � 0.4 h. During the treatment, seizure behavior was
limited to occasional wet dog shakes, which were observed
in some, but not all, rats. As seizures were self-terminating,
no additional lorazepam was administered. On the 3 days
following treatment, animals appeared and behaved nor-
mally. None presented with any sign of morbidity, for
example, ≥10% weight loss, jumpiness, or reduced mobil-
ity. Consequently, none required palliative care. Animals
that received 5 mg KA and 1.0 mg lorazepam exhibited an
average of 12 � 7 min of hippocampal seizures (n = 5).

Spontaneous hippocampal seizures arise after a discrete
latent period

Continuous video-EEG monitoring revealed the first
spontaneous seizures, which were nonconvulsive, to occur
an average of 12.1 days after administration of 5 mg KA
and 0.25 mg lorazepam (n = 5; range 10–15 days)
(Fig. 3A, video). Spontaneous seizures were detected in all
animals, were typically 45–60 s long (Fig. 2A), and
occurred at a frequency of 7.8 per animal per day during the
first two weeks of spontaneous epilepsy (Fig. 3B). Seventy-
two percent of seizures occurred during the light phase
(6:00 a.m. to 5:59 p.m.) (Fig. 3C). Intracerebral recordings
obtained from the dentate gyrus demonstrated hippocampal
involvement, for example, epileptiform discharging of gran-
ule cells (Fig. 2B). The corresponding, time-stamped video
files revealed no overt seizure-like behavior, rather only
freezing/staring. Later spontaneous seizures (≥3 weeks
post-treatment) also included behavioral manifestation, for
example, mastication and forepaw clonus, corresponding to
stages 3–5 on the Racine scale17 (Videos S1 and S2). No
spontaneous seizures were detected in any rats that received
5 mg KA and 1.0 mg lorazepam (n = 4, 4 weeks continu-
ous video-EEGmonitoring).

Neuropathology resembles (refractory) mesial TLE with
hippocampal sclerosis

Hippocampal neuropathology in this model closely
mimics that seen in a subset of patients with mesial
TLE whose seizures are refractory to drug treatment
(International League Against Epilepsy [ILAE] Type I18).
In fact, ILAE Type I is the most common TLE pathology.
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Acutely, following administration of 5 mg KA and
0.25 mg lorazepam, pyramidal neurons in areas CA3 and
CA1 were virtually wiped out, as were many neurons in
the dentate hilus (Fig. 1B). Long-term histology
(≥2 months) revealed hallmarks of mesial TLE, such as
classic hippocampal sclerosis (Figs. 1D and 4A) and
mossy fiber sprouting (Figs. 1F and 4B). Compared with
control samples, atrophy was pronounced in the hippocam-
pus overall (�40.0 � 9.6% mm2), specifically the hip-
pocampus proper (�74.3 � 7.6% mm2), whereas the
dentate gyrus was enlarged by at least 34% in three of four
samples (all n’s = 4, all p-values ≤ 0.01). Although the
thickness of the granule cell layer was consistently
enlarged (124.7 � 25.0% of control), a phenomenon
called “granule dispersion,” this expansion does not seem
to drive the overall enlargement seen in the molecular
layer (Fig. 1D).

Discussion
The present results demonstrate that a single dose of KA

administered concurrently with a low dose of lorazepam can
be used to dependably reproduce fundamental characteris-
tics of acquired human TLE in rats, while avoiding cSE and
its associated problems, for example, significant variability
and mortality. The protocol is simple. Animals receive sin-
gle, simultaneous, subcutaneous injections of KA and lora-
zepam and require no additional treatment or care. This is
unlike cSE-based models that often require multiple injec-
tions and/or substantial palliative care.7,12 The former is an
effort to maximize the number of animals that experience
cSE and the latter to reduce mortality. The present results
suggest that the crux of animal models should not be the
induction of cSE, but rather of prolonged electrographic sei-
zure activity, since seizures do not always have a significant

A D G

B E H

C F I

Figure 1.

Acute and chronic hippocampal neuropathology after systemic, concurrent administration of 5 mg kainate (KA) and lorazepam at either

1 or 1/4 mg. (A) Fluoro-Jade B (FJB) staining, (B) NeuN immunoreactivity, and (C) Timm staining in the dorsal hippocampus from an

untreated control rat, demonstrating normal neuroanatomy. (D) FJB staining 4 days posttreatment (1 mg lorazepam) showing no appar-

ent neurodegeneration. (E) NeuN-immunostaining 10 weeks posttreatment (1 mg lorazepam) exhibiting apparently normal neu-

roanatomy. (F) Timm staining 10 weeks posttreatment (1 mg lorazepam) confirms normal granule cell efferents, that is, lack of mossy

fiber sprouting. (G) FJB staining 4 days posttreatment (1/4 mg lorazepam) showing widespread neurodegeneration in the dentate hilus,

CA3, and CA1. (H) NeuN-immunostaining 10 weeks posttreatment (1/4 mg lorazepam) reveals extensive neuron loss in the dentate

hilus, CA3, and CA1, that is, classic hippocampal sclerosis. (I) Timm staining 10 weeks posttreatment (1/4 mg lorazepam), demonstrating

aberrant reorganization of granule cell axons, that is, mossy fiber sprouting. Scale bar: 200 lm.

Epilepsia ILAE
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behavioral component. In fact, human status epilepticus is
often nonconvulsive.19 Along these lines, terminating SE,
both in the laboratory and clinic, requires both adequate
treatment and EEG confirmation that seizures have stopped.
We have shown here that an “inadequate” dose of loraze-
pam can block cSE, but not acute hippocampal seizures,
neurodegeneration, or epileptogenesis.

A comparison to the present study is the repeated low-
dose KA model, which was thoroughly characterized by
Williams et al.20 Although that model is apparently robust
and reliable, the one presented here has some clear advan-
tages; the first is simplicity. Repeated administration
requires constant attention for several hours, each animal
needs individualized treatment, and much care must be

taken to ensure that animals are not overdosed. Because our
approach is based on a single administration of KA, which
was effective in all animals, no additional attention is neces-
sary, and there is no need to titrate dosing for each individ-
ual animal. This ease of use, coupled with a lack of
significant variability, should facilitate the present model’s
implementation in experimental epilepsy studies.

The second advantage is a lack of cSE, which is actually
the crux of the low-dose model. Essentially, repeated doses
of KA are given until cSE is induced, which is then allowed
to persist for 3 h. Animals that survive cSE often require
significant care posttreatment. A recovery period of
several days is common, during which time animals may
not eat or drink normally. The present model avoids cSE

Figure 2.

Hippocampal seizures, kainate-induced and spontaneous, recorded from the dentate gyrus in freely moving Sprague-Dawley rats. (A)

Fifty-eight seconds of activity, recorded 44 min after kainate and lorazepam administration (5 mg and 1/4 mg, respectively). (B) Eight

hundred milliseconds extract from panelA, demonstrating epileptiform discharging of hippocampal granule cells. (C) A rat’s first sponta-

neous (focal) seizure 10 days post-kainate (5 mg) and lorazepam (1/4 mg) administration (see also Video S1). Trace represents 58 s of

spontaneous activity. (D) Eight hundred milliseconds extract from panelC, showing epileptiform discharging of hippocampal granule cells.

Behavior during the spontaneous seizure was limited to staring; a few wet dog shakes were seen after the EEG signal returned to baseline.

Calibration bar: 2 mV in all panels; 4 s in PanelsA andC, 55 msec in PanelsB andD; sampling rate 2 kHz.

Epilepsia ILAE
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and its confounds, for example, morbidity and mortality,
nevertheless inducing hippocampal seizures lasting 3–4 h.
Presumably because cSE is avoided, animals do not require
any palliative care.

That later spontaneous seizures, but not the first, were
convulsive, could be indicative of progressing neuronal net-
work reorganization, for example, mossy fiber sprouting,
which takes weeks or months to complete.15,16,21 Such reor-
ganization could provide an aberrant pathway through
which early “sequestered” seizure activity can exit the hip-
pocampus and propagate to other brain regions. This might
explain why, despite the fact that all seizures involved gran-
ule cell discharging, only later seizures generalized.

Finally, there is an urgent need to implement novel mod-
els of epilepsy in order to (1) reveal new and different tar-
gets for intervention and (2) discover treatments that exploit
these novel mechanisms. Despite the advantages of newer
antiseizure drugs in the management of epilepsy, such as
fewer adverse drug interactions or hypersensitivity

reactions,22,23 their efficacy and tolerability has not
improved much over the last 25 years.23 Consequently,
~30% of patients with epilepsy do not respond satisfactorily
to drug therapy, a figure that has also not budged during this
time.23 One reason for this persistent problem is that, with
very few exceptions, the same animal models have discov-
ered all antiseizure drugs.23 Therefore, we propose to
include novel animal models in the drug-screening reper-
toire, in an effort to discover substances targeting novel
epileptogenic and ictogenic mechanisms. The present
model could be of particular use in drug discovery efforts
focused on refractory TLE. Although the pronounced hip-
pocampal sclerosis exhibited by this model is seen in but a
minority of patients with TLE, this pattern of injury is
strongly correlated with drug-refractory epilepsy.

In summary, the present results demonstrate that a single
dose of KA administered concurrently with a low dose of
lorazepam can be used to dependably reproduce fundamen-
tal characteristics of acquired mesial TLE in rats, while

Figure 3.

Characteristics of spontaneous

seizures after systemic, concurrent

administration of 5 mg kainate and

1/4 mg lorazepam. (A) Latency from

treatment to the first spontaneous

seizure as determined by continuous

video-EEG recording with electrodes

located in the dorsal dentate gyrus.

The mean time to epilepsy was

12.1 � (standard deviation) 1.7 days.

(B) Frequency of spontaneous

seizures. Animals exhibited an

average of 7.8 � 5.1 seizures per day

during the first 2 weeks of

spontaneous epilepsy.

(C) Distribution of seizures during

the day (6:00–17:59) and night
(18:00–5:59). A majority of seizures

(72%) occurred during the day.

(D) Seizure behavior. All

spontaneous seizures that occurred

during the first 2 weeks

posttreatment were nonconvulsive.

Starting at week 3, convulsive motor

seizures were seen. Data are

presented as mean � SEM; stages in

(B) are according to the Racine

scale,17 n’s = 5.
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avoiding cSE and its inherent problems. The main features
of the “KaL model” are the following: a simple protocol,
acute hippocampal seizures that persist for 3–4 h and are
self-terminating, substantial hippocampal neurodegenera-
tion, spontaneous hippocampal seizures after a 10–15 day
seizure-free period, and a lack of both morbidity and mortal-
ity. Due to this model’s reliability and ease of use, it is
expected to prove useful in studies on mechanisms of epilep-
togenesis (the development of epilepsy) and ictogenesis
(manifestation of individual, spontaneous seizures), as well
as drug discovery efforts focused on refractory epilepsy.
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