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Abstract
We have previously demonstrated that cyclothiazide (CTZ) is a potent convulsant drug inducing
robust epileptiform activity in hippocampal neurons both in vitro and in vivo. Here we further
establish an animal model for CTZ-induced behavioral seizures in freely moving rats.
Microinjection of CTZ into left ventricle dose-dependently induced robust seizure behaviors
within three hours after administration. At doses of 0.75 μmol, CTZ induced Racine score IV-V
seizure behaviors in 71% (n=14) of the rats tested. In addition, CTZ also induced epileptiform
EEG activity accompanying behavioral seizures. The convulsant action of CTZ on both behavior
and EEG was blocked by pre-treatment with clinical anticonvulsant drug diazepam (n=5). In
conclusion, our results demonstrate that CTZ is capable of inducing behavioural seizures in intact
animals. Since CTZ acts on both GABAergic and glutamatergic systems, this new animal epilepsy
model will be useful for anticonvulsant drug testing and general epilepsy research.
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Introduction
Epilepsy is a chronic neurological disorder that affects approximately 1% of the population
globally (Browne & Holmes, 2001). Common features of epilepsy include the manifestation
of recurrent seizures due to abnormally synchronized hyperexcitatory activity (Prince and
Connors, 1986). Several animal epilepsy models have been developed, including chemical
models using pilocarpine and kainic acid (KA) (Nadler et al.,1978; Ben-Ari & Lagowska,
1978; Truski et al., 1983, 1984). However, human epilepsy is a complex syndrome with a
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variety of causes, and it is important to develop diversified animal models to fully
understand the cellular mechanisms of epilepsy.

Cyclothiazide (CTZ) not only blocks AMPA receptor desensitization (Patneau et al.1993;
Trussell et al. 1993; Yamada & Tang, 1993; Zorumski et al. 1993; Barnes-Davies &
Forsythe, 1995; Mennerick& Zorumski, 1995), but also inhibits GABAA receptors (Deng &
Chen, 2003). By enhancing excitatory glutamatergic neurotransmission (Diamond & Jahr,
1995; Bellingham & Walmsley, 1999; Ishikawa & Takahashi, 2001) and suppressing
inhibitory GABAergic neurotransmission (Deng & Chen, 2003), CTZ has been shown to be
a potent convulsant drug (Qi et al., 2006). Furthermore, the BDNF-TrkB receptor signaling
pathway appears to mediate the CTZ-induced epileptiform activity (Wang et al., 2009).
However, whether CTZ can act as a convulsant to establish a useful behavioral seizure
model is still not explored.

In this study, we report that microinjection of CTZ into the lateral ventricle induced typical
seizure behaviors in freely moving rats. Accompanying the seizure behaviors, we found that
electroencephalograph (EEG) recording also showed robust epileptiform activities within
three hours of drug injection. Thus, CTZ-induced animal epilepsy model is potentially
useful for epilepsy research, especially in unraveling the mechanisms relating to
glutamatergic and GABAergic neurotransmission during epileptogenesis.

Results
CTZ dose-dependently induced seizure behaviors in rats

All the behavioral experiments were performed on freely moving rats at least 5 days after
initial cannula implantation surgery. After surgery recovery, CTZ (0.25 μmol in 5 μL
DMSO, once per day for consecutive 1-3 days) or DMSO alone (5 μL, once per day for 3
consecutive days) was slowly injected into the left ventricle via pre-implanted cannula in a 5
- 10 min time window. Consistent with our hypothesis, CTZ induced typical seizure
behaviors in the majority of rats tested and in a dose-dependent manner (Table 1,
Supplemental movie 1). Ranging from 10 to 30 minutes after CTZ injection, animals
displayed abnormal behaviors such as rotation, salivating, eye blinking, and ear moving,
followed by progressing to generalized seizures such as head nodding, unilateral forelimb
clonus, rearing with bilateral forelimb clonus, rearing and falling, corresponding to Racine
score II to V (Fig 1). All the animals in control group treated with DMSO didn't show such
apparent seizure behaviors, except 2 out of 8 animals exhibiting facial automatisms (Racine
I). All animals didn't exhibit exophthalmus after CTZ or DMSO i.c.v. injection.

CTZ-induced seizure behaviors were dose-dependent. Higher doses of CTZ induced higher
Racine behavior grade (Fig. 1 and Table 1). None of the seizure behaviors at Racine grade II
or above were observed in DMSO control group (n=8), and only 1 rat in 0.25 μmol group
(n=5) had Racine grade III behavior (20%). In contrast, in 0.5 μmol (n=4) drug testing
group, CTZ induced Racine grade III, IV, and V behaviors in 50%, 25%, and 0%,
respectively; and in 0.75 μmol (n=14) group, CTZ induced Racine grade III, IV, and V
behaviors in 14%, 29%, and 43%, respectively (Fig 1). The seizure score, calculated
according to Racine behavioral grade (see the method section and Zhao et al., 2008),
showed a dose-dependent increase after CTZ administration. CTZ at medium and high doses
induced seizure score of 2.5±0.9 (n=4, 0.5 μmol) and 3.9±0.4 (n=14, 0.75 μmol),
respectively. The score of 0.75 μmol group was significantly higher (P<0.001) than that of
DMSO control group (seizure score of 0.3±0.2, n=8) (Table 1, Fig 1).

In addition to inducing seizures in higher percentage of tested rats, high doses of CTZ also
induced longer duration and more frequent seizure behaviors during our 3-hour testing
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period. Quantitative analysis revealed that CTZ dose-dependently increased both the seizure
number and seizure duration (Table 1 and Fig 2). On average, CTZ at 0.75 μmol dose
(n=14) induced Racine grade III behavior 6.9±2.4 times and Racine grade IV-V behavior
3.0±0.8 times in 3 hrs, significantly higher than that of DMSO group (0 times for either
grade III or grade IV-V, n=8; P<0.02 and P<0.005, respectively). Furthermore, seizure
duration for Racine grade III and IV-V behavior induced by CTZ at 0.75 μmol dose (n=14)
were 63.2±28.6 and 83.5±36.8 seconds, respectively, also significantly longer than that of
DMSO control group (n=8, P<0.05).

CTZ induced robust epileptiform EEG activity in freely moving rats
In addition to the observation of seizure behavior induced by CTZ, we also studied the EEG
response following high dose of CTZ injection in freely moving rats. CTZ (0.25 μmol, i.c.v.,
once per day for 3 consecutive days) induced epileptiform EEG activity associated with
typical seizure behaviors (Fig 3). During behavioral seizures, EEG displayed high amplitude
bursting activities which were never observed before CTZ injection (Fig 3A). In fact, CTZ
induced several distinct discharge forms of EEG (Fig 4). DMSO alone did not change the
EEG discharges. However, CTZ injection led to epileptiform activities including isolated
spikes or sharp waves (interictal discharges), HAFDs, and continuous spikes with high
amplitude (ictal discharges) (Fig 4).

CTZ at 0.75 μmol (n=4) induced epileptiform EEG activities with an average seizure
numbers of 83.0±14.6, HAFD numbers of 6.8±1.4, and HAFD duration of 145.3±74.3 s, all
significantly more than those from the DMSO group (0 for each component; n=4, P<0.015,
P<0.02, and P<0.015, respectively) (Fig 5). The convulsive EEG score of 3.8±0.3 in CTZ
group was also significantly higher than that of the DMSO control group (0, P<0.005),
which was consistent with the seizure behaviors of animals. In addition, the episodes of
HAFDs and continuous spikes with high amplitude were highly coincident with the
behavioral seizures with Racine grade III or more (Fig 3).

Effects of diazepam on CTZ-induced seizure activity
In a separate group of rats (n=5), CTZ (0.25 μmol for 3 consecutive days, total dose of 0.75
μmol) was injected after a pre-injection of diazepam each day to study whether CTZ-
induced seizure could be inhibited by a clinical anticonvulsant drug. Diazepam (10 mg kg-1,
i.p.) administered 10 min before CTZ injection prevented the convulsant action of CTZ,
with only 1 rat showing a short duration of Racine III behavior in 5 rats tested (20% rats to
Racine III), significantly less than that of CTZ alone (86% rats showed Racine III or above
seizure behaviors, n=14, P<0.05) (Fig 1). The seizure score in diazepam-pretreated animals
was significantly reduced from 3.9±0.4 (n=14, CTZ) to 0.6±0.6 (n=5, diazepam+CTZ)
(P<0.005). Therefore, result indicates that GABA system is involved in CTZ induced
seizure activities, as previously demonstrated by in vitro electrophysiological experiments
(Deng and Chen 2003; Qi et al., 2006).

Discussion
In this study, we report a new animal epilepsy model induced by intraventricular
administration of CTZ. Our results demonstrate that, in freely moving rats, CTZ dose-
dependently induces typical seizure behaviors, which are associated with typical
epileptiform EEG.

CTZ enhances excitatory glutamatergic neurotransmission (Diamond & Jahr, 1995;
Bellingham &Walmsley, 1999; Ishikawa & Takahashi, 2001) and suppresses inhibitory
GABAergic neurotransmission (Deng & Chen, 2003), resulting into a one-way tilt toward

Kong et al. Page 3

Brain Res. Author manuscript; available in PMC 2011 October 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hyperexcitation. Our recent electrophysiological studies demonstrated that CTZ can induce
epileptiform activity in rat hippocampal neurons both in vitro and in vivo (Qi et al. 2006,
Wang et al., 2009), leading us to hypothesize that CTZ is capable of inducing behavioral
seizures in animals. Indeed, we found that CTZ is a potent convulsant to elicit seizure
behaviors such as facial automatisms, WDS, forelimb clonus, rearing and falling. Such
behavioral seizures induced by CTZ may be due to a significant tilt of the balance between
excitation and inhibition after CTZ's dual effects on both excitatory and inhibitory
neurotransmission (Deng & Chen, 2003).

In current experiments, animals received CTZ at 3 different regimes: 0.25 μmol injection for
either once, twice, or three times. In our initial testing experiments, rats received a single
bolus injection (slowly) of either 0.5 or 1 μmol CTZ exhibited running, jumping, and
generalized tonic-clonic seizure with very short latency after CTZ injection, and led to
animal death within 1 hour (n=4). When we reduced the CTZ dose to a single injection of
0.25 μmol, it only induced low Racine score seizure behaviors. However, after repeated
CTZ administration at the same dose (0.25 μmol) next day or the day after, high Racine
score behaviors were observed. We found that after 3 consecutive administration of CTZ at
0.25 μmol (total of 0.75 μmol), 86% of the rats showed Racine score III and above
behaviors and 71% of rats had Racine score IV and V behaviors. Interestingly, with this
experimental regime, CTZ did not induce any animal death during our 3-day experimental
period, even though the majority of the rats had Racine score IV or V behavior. This
phenomenon may suggest that our CTZ-induced seizure animal model has advantage over
other classical chemical-induced animal models, such as KA, PTZ, and pilocarpine models,
which all showed high mortality (Ben-Ari & Lagowska,1978; Kebriaeezadeh, 2008; Nadler
et al., 1978; Truski, 1983, 1984; Zhao et al., 2008). This is consistent with our previous in
vitro study showing that CTZ almost induced no cell death in cultured hippocampal neurons
but KA induced a significant cell death (Qi et al., 2006). The low mortality in comparison to
the other models makes it more suitable for seizure research and anticonvulsant drug test.

The CTZ-elicited seizure model had dose-dependent characteristics. Low-dose CTZ (0.25
μmol) did not elicit apparent behavioral seizure while high dose (0.75 μmol) induced animal
limbic motor seizures and generalized seizures, together with epileptiform
electroencephalographic activity. In a number of animals, we also administered with 1 μmol
CTZ (0.25 μmol in 4 consecutive days) and found that 6 out of 8 animals were fully kindled
(score IV or V), similar to the 0.75 μmol dose. Thus, the injection of 0.25 μmol CTZ for 3-
times is a suitable administration regime for establishing behavioral seizure models.

In previous studies, CTZ administered either by microinjection into the area tempestas
(Fornai et al., 2005) or by microdialysis into dorsal hippocampi (Fedele, 1997) failed to
induce seizures, except some “wet dog shakes” in the later study. The simple explanation for
the discrepancy is the dose of CTZ used and the route injected. In our current study, a single
injection of 0.25 μmol into the left ventricle is equivalent to a concentration of 100 μM in
cerebral fluid (~2 ml), much higher than the dose of 1.2 nmol CTZ used for microinjection.
The high concentration of CTZ in the cerebral fluid will certainly affect many more brain
regions than that of low dose and local microinjection. Thus, it is not surprise that our
current experimental regime revealed the true nature of CTZ as a potent convulsant for
inducing seizure behaviors predicated from our previous electrophysiological studies (Qi et
al., 2006, Wang et al., 2009). Many brain areas could be affected by the i.c.v. injection of
the CTZ, and our dye injection experiments indeed revealed that the drug was diffused to a
wide range of brain structures surrounding the whole ventricles. Thus it is difficult to
pinpoint - the original site(s) where seizure is induced by CTZ in the current study.
However, our previous in vivo electrophysiological results have demonstrated that CTZ
microinjected into the left lateral ventricle, similar to current experimental regime, induced
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progressive epileptiform activities in hippocampal CA1 neurons (Qi et al., 2006; Wang et
al., 2009) and the first epileptic sign (double population spike peaks) could be observed as
early as 6 min after CTZ injection (Qi et al., 2006). Thus we hypothesize that the initiation
site of the CTZ-induced seizure is within hippocampus. However, we cannot rule out the
possibility of other brain regions contributing to the seizure behaviors observed in this study,
which will be further studied using multiple electrophysiological techniques in freely
moving animals.

As a newly developed animal seizure model, CTZ model is different from and has advantage
over other chemical-induced seizure animal models, besides mortality mentioned above.
CTZ acts as a neuromodulator and concurrently affects both glutamatergic and GABAergic
neurotransmission systems to induce seizures (Patneau et al.1993; Trussell et al. 1993;
Yamada & Tang, 1993; Zorumski et al. 1993; Barnes-Davies & Forsythe, 1995; Mennerick
& Zorumski, 1995; Deng & Chen, 2003). In contrast, kainic acid and ibotenic acid induce
seizures as glutamate receptor agonists, and PTZ (pentylenetetrazole) elicits seizures as an
antagonist of GABAA receptors. Thus, CTZ model seems to be more versatile in regulating
neural network activities and useful for identifying new therapeutic approaches for epilepsy.

In conclusion, CTZ is a potent convulsant capable of inducing animal epilepsy with typical
seizure behaviors and epileptiform EEG activities. This new animal seizure model, due to its
modulation of both glutamatergic and GABAergic transmission, may shed new light in the
research of epilepsy pathogenesis and help screening new antiepileptic drugs.

Experimental Procedure
Animals

The behavioral and electroencephalographic experiments were performed on male Sprague
Dawley rats weighing 250-280g (supplied by Research Institute of Surgery, Chinese Third
Military Medical University, Congqing, China). All animals were maintained in an air-
conditioned room with controlled temperature at 23±1°C under a light/dark cycle with lights
on from 7:00 am to 7:00 pm and given food and water ad libitum. They were housed
separately in plastic cages. All experiments were carried out under the approval of the
Institutional Committees of Laboratory Animals, Chongqing Technology and Business
University and Fudan University, and in accordance with Chinese governmental regulation.

Surgery
CTZ cannot pass through blood-brain barrier. Thus, our studies were carried out by intra-
ventricle injection of CTZ. The animals were anaesthetized with sodium pentobarbital (60
mg kg-1, i.p.) and mounted in a stereotaxic apparatus with body temperature maintained at
37°C with a Harvard homeothermic blanket. Scalp was removed and skull was exposed. A
little bur hole was made, and the tip of the guide cannula (22GA) was placed into left lateral
ventricle (AP -0.3 mm, ML 1.3 mm, DP 4.0 mm) (Qi et al., 2006, Wang et al., 2009) . Two
other bur holes were drilled and little screws fitted, with one screw serving as recording
electrode in left skull above the hippocampus (AP -3.8 mm and ML 2.0 mm) and the other
as reference electrode above the forehead. Two screws were then connected to a connector-
plug with wires for later connecting to recording leads. The guide cannula, screws and
connector-plug were then affixed to the skull with dental acrylic. After surgery, animals
were allowed to recover for at least 5 days before the experiments.

Measurement of seizure behavior and EEG
Canula-implanted animals were randomly divided into following experimental groups:
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DMSO group: 5 μl DMSO (i.c.v.), one injection per day for three consecutive days

CTZ group 1 (low dose): 0.25 μmol (i.c.v.), one injection

CTZ group 2 (middle dose): 0.25 μmol (i.c.v.) for one injection per day, two
consecutive days

CTZ group 3 (high dose): 0.25 μmol (i.c.v.) for one injection per day, three consecutive
days.

Diazepam + CTZ group: 10 mg Kg-1 (i.p.) diazepam + 0.25 μmol (i.c.v.) CTZ for one
injection per day, three consecutive days.

All behavioral tests were carried out between 2:00 pm and 7:00 pm. The animals were first
placed in a plastic cage and acclimatized for at least half an hour before experiments. Before
and after drug injection, behaviors were continuously monitored for a period of 1 and 3
hours with video recording, respectively.

Behavioral seizures of all rats were scored using 5-graded Racine Score system as
previously defined (Racine, 1972). Briefly, Racine score I, facial clonus; score II, head
nodding; score III, unilateral forelimb clonus; score IV, rearing with bilateral forelimb
clonus; score V, rearing and falling (loss of postural control). The assessment of the severity
was based on the latency, seizure duration, seizure number, and seizure score in the 3 hours
recording period immediately after CTZ or DMSO administration. A seizure episode was
defined as the time window from the beginning of seizure onset to the recovery from the
seizure. The seizure score in an animal was calculated based on the maximal behavioral
seizure grade observed (Bai et al., 2006, Zhao et al., 2008). Behavioral seizure of grade IV
and V are considered to represent kindled motor seizures as previously reported by Lothman
and Williamson (1994).

For EEG recordings, electrophysiological signals were amplified (x1000) and filtered
(0-50Hz) using NeuroLog system (Digitimer Ltd, Heartford Shire, UK), digitized with CED
Micro 1401 (Cambridge Electronic Design, Cambridge, UK) and recorded in a personal
computer using Spike 2 software (version 6.0, Cambridge Electronic Design, Cambridge,
UK). An electrographic spontaneous seizure was defined as a high-frequency (>5 Hz) high-
amplitude (twice larger than baseline) discharge (HAFDs) that lasted for at least 5 sec with
frequency of at least 8 Hz and amplitude of at least two times higher than the baseline EEG
(Pitkänen et al., 2005, Zhao et al., 2008). The convulsive EEG was divided into four stages:
(1) spike or sharp wave, (2) poly spike or wave discharge, (3) continuous spike or spike-and-
wave complex (< 15 s), and (4) continuous spike with high amplitude (> 15 s) (Takechi et
al., 2008). The electrographic seizure was assessed by counting the number and duration of
HAFDs and spontaneous seizures, and EEG scores. The presence of high-voltage EEG
seizure activity was used as a seizure marker (Marcelo et al., 2005).

Histology
Similar to previously published work from our lab (Wang et al., 2009), Pontamine Sky Blue
(2% in 1M sodium acetate,1 μl) was injected through the pre-implanted cannula, at the end
of some experiments, to verify the cannula tip position before the animal was sacrificed. The
brain was then removed and coronal section was made at the level where the cannula was
inserted. In all cases examined (n=9), the cannula tips were all in the left lateral ventricle
and the Pontamine Sky Blue traces were spread all over the ventricles with most staining
around the left side lateral ventricle wall (supplemental Figure S1).
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Statistical analysis
All data were presented as mean±S.E.M (standard error of the mean). Comparison between
multiple groups was executed with NPar Tests (Kruskal-Wallis H test). Comparison
between the CTZ group and the other group was executed with Man-Whitney U test. Results
were considered significant at P<0.05.

Drugs
Cyclothiazide was purchased from Tocris (Bristol, UK) and dissolved in DMSO in two
concentrations of 1 M and 0.2 M for i.c.v. injection; Diazepam was supplied by the Huashan
hospital (Fudan University, Shanghai) and dissolved in normal saline in 10 mg ml-1
concentration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dose-dependent effect of CTZ in inducing seizure behaviors in freely moving rats
Bar histograms showing (A) the percentage of rats had Racine score I - V behavior and (B)
the behavioral seizure score of the animals in DMSO control (n=8), CTZ at 0.25 μmol
(n=5), 0.5 μmol (n=4) and 0.75 μmol (n=14), as well as CTZ (0.75μmol) after diazepam (10
mg kg-1, n=5) groups. ** P<0.005 compared to the control group; ## P<0.005 compared to
the CTZ at 0.75 μmol group.
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Fig 2. Behavioral characterization of seizures elicited by CTZ in freely moving rats
Bar histograms showing the group data of CTZ-induced seizure in freely moving rats on (A)
seizure numbers, and (B) seizure duration. * P<0.05, **P<0.005 compared to DMSO
control group.
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Fig. 3. Representative traces showing epileptiform EEG activities associated with behavioral
seizures in a freely moving rat
Traces showing the original EEG recordings (A) before and (B) after CTZ injection in one
anaesthetized rat. Part of the top traces taken from indicated area were expanded to illustrate
the detail (middle and bottom traces). Seizure behavior-associated epileptiform EEG activity
was marked with bar on top of the traces.
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Fig. 4. Representative example of epileptiform EEG patterns elicited by CTZ
(A) Control EEG recording; (B) EEG recording after DMSO administration; (C-E) EEG
recording after CTZ administration: (C) spike or sharp wave (indicated by arrows), (D)
HAFDs, (E) continuous spikes with high amplitude (> 15 s).
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Fig. 5. Typical electroencephalographic characteristics of seizures elicited by CTZ
Bar histograms showing the group data of DMSO control and CTZ-induced (0.75 μmol,
n=8) epileptiform EEG components of (A) spontaneous seizure number, (B) HAFDs
number, (C) HAFDs duration, (D) EEG score. *P<0.05, **P<0.005 compared to the DMSO
control group.
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