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BACKGROUND AND PURPOSE
Status epilepticus is increasingly associated with cardiac injury in both clinical and animal studies. The current study examined
ECG activity for up to 48 h following kainic acid (KA) seizure induction and compared the potential of atenolol and clonidine
to attenuate this cardiac pathology.

EXPERIMENTAL APPROACH
Sprague-Dawley rats (male, 300–350 g) were implanted with ECG and electrocorticogram electrodes to allow simultaneous
telemetric recordings of cardiac and cortical responses during and after KA-induced seizures. Animals were randomized into
saline controls, and saline vehicle-, clonidine- or atenolol-pretreated KA groups.

KEY RESULTS
KA administration in the saline-pretreated group produced an immediate bradycardic response (maximal decrease of 28 ±
6%), coinciding with low-level seizure activity. As high-level seizure behaviours and EEG spiking increased, tachycardia also
developed, with a maximum heart rate increase of 38 ± 7% coinciding with QTc prolongation and T wave elevation. Both
clonidine and atenolol pretreatment attenuated seizure activity and reduced KA-induced changes in heart rate, QTc interval
and T wave amplitude observed during both bradycardic and tachycardic phases in saline-pretreated KA animals. Clonidine,
however, failed to reduce the power of EEG frequencies. Atenolol and to a lesser extent clonidine attenuated the cardiac
hypercontraction band necrosis, inflammatory infiltration, and oedema at 48 h after KA, relative to the saline-KA group.

CONCLUSIONS AND IMPLICATIONS
Severe seizure activity in this model was clearly associated with altered ECG activity and cardiac pathology. We suggest that
modulation of sympathetic activity by atenolol provides a promising cardioprotective approach in status epilepticus.

Abbreviations
b.p.m., beats per minute; HR, heart rate; KA, kainic acid; PSD, power spectral density; SE, status epilepticus; WDS, wet
dog shakes
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Introduction
Seizure activity has been increasingly associated with changes
in autonomic function, particularly on the cardiorespiratory
system, leading to cardiac arrhythmias, apnoea and hypoxia
(Jansen and Lagae, 2010). Symptoms of increased autonomic
activation frequently occur during seizures, with tachycardia
[>100 beats per minute (b.p.m.)] reported in the majority of
clinical seizure presentations (Provini et al., 1999; Opherk
et al., 2002; Surges et al., 2009). Electrocardiographic (ECG)
abnormalities have been recorded in 35% of seizures (Nei
et al., 2000; Surges et al., 2009), with potentially fatal changes
occurring in 6–13% of seizures (Opherk et al., 2002; Devinsky,
2004). Such features as tachycardia and QTc prolongation are
well-known risk factors of sudden cardiac death (Zipes and
Wellens, 1998).

Status epilepticus (SE) is defined as a period of 5 minutes
or more of continuous clinical and/or electrographic seizure
or recurrent seizure activity without recovery (Walker, 2005;
Brophy et al., 2012). Patients with SE have a higher mortal-
ity rate (21–33%) than epileptics, with death occurring
within 30 days of the initial convulsant activity (Logroscino
et al., 2005). Death often occurs in the absence of convul-
sant activity and is believed to be due to an imbalance in
autonomic function, which results in altered cardiac control
and electrical instability, increasing the risk of lethal cardiac
arrhythmias (Metcalf et al., 2009b; Nguyen-Michel et al.,
2014).

Death following SE may result as a consequence of uncon-
trolled tachycardia leading to malignant ventricular tachyar-
rhythmias (Nei et al., 2000; Jansen and Lagae, 2010).
Tachycardia is most commonly reported following general-
ized tonic-clonic convulsions (Terndrup et al., 1994; Metcalf
et al., 2009a,b; Jansen and Lagae, 2010). Tachycardia reduces
coronary blood flow, increases cardiac oxygen demand
and predisposes the left ventricle to ischaemic damage,
arrhythmogenesis and deterioration of cardiac function. Ictal
bradycardia (<40 b.p.m.) is rarely reported, occurring in fewer
than 2% of seizures (Nei et al., 2000; Leutmezer et al., 2003)
and is more prevalent in seizures of temporal or left sided
origin (Locatelli et al., 1999; Devinsky, 2004). Bradycardia
leading to asystole lasting more than 10 s may impose severe
systemic and cerebral hypoxemia (Surges et al., 2009;
Nguyen-Michel et al., 2014) and therefore should not be dis-
missed as a contributor to seizure-related sudden cardiac
death.

Systemic administration of high doses (10–12 mg·kg−1)
of kainic acid (KA), an analogue of glutamate, produces
strong and sustained seizure activity (Sakamoto et al., 2008;
Read et al., 2014). Systemic administration of KA has been
widely used as an animal model of temporal lobe epilepsy
(Ben-Ari and Cossart, 2000; Sarkisian, 2001; Loscher, 2011).
Seizures are induced in the hippocampus, corresponding to
focalized low-level seizure behaviours such as tremors and
salivation. As generalized seizures develop, animals display
escalating behavioural responses such as wet dog shakes,
forelimb clonus and eventually tonic-clonic convulsions
(Dernovsek and Sket, 1998; Sawant et al., 2010). We have
previously demonstrated that KA administration in a rodent
model results in significant cortical and cardiac electro-
graphic changes, in conjunction with the development of
left ventricular perivascular and interstitial fibrosis, and
myocyte vacuolization (Read et al., 2014). Earlier work
with another similar seizurogenic agent, domoic acid, has
also shown that seizure induction results in residual
cardio haemodynamic and histological damage indicative
of cardiomyopathy at 7 and 14 days after seizure
(Vranyac-Tramoundanas et al., 2011).

Current clinical interventions in the treatment of seizure
generally fail to address the cardiac repercussions of seizure.
Furthermore, clinical evidence gained using tissue Doppler
imaging has shown that the use of current anti-epileptic
medications such as carbamazepine and valproate may be
associated with subclinical levels of left ventricular injury
(Kibar et al., 2014). Recent animal-based studies (Bealer et al.,
2010; Little and Bealer, 2012; Read et al., 2014) have exam-
ined the protective effects of sympatholytic agents in cardiac
responses. Atenolol, a hydrophilic β1 adrenoceptor antagonist
with no reported central activity, acts directly on the heart to
block the effect of sympathetic stimulation on β1 adrenocep-
tors (de Lange et al., 1994; Smith and Teitler, 1999). Cloni-
dine, an agonist of pre- and post-synaptic α2 adrenoceptors
and imidazoline receptors, has been shown to reduce
noradrenaline and adrenaline release and to increase vagal
activity, thereby simultaneously producing sympatholytic
and parasympathomimetic effects (Matsukawa et al., 1995;
Azevedo et al., 1999; Toader et al., 2008). As previously
reported by our group, chronic administration of clonidine
reduces seizure behaviours and provides cardioprotection
(Read et al., 2014). The potential prophylactic effects of
atenolol or clonidine on seizure activity and cardiac dysfunc-
tion were directly compared in this current study.

Tables of Links

TARGETS

GPCRs

α2 adrenoceptors

β1 adrenoceptors

LIGANDS

Atenolol

Clonidine

Kainic acid

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).
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Methods

Animals
All animal care and experimental procedures complied with
the ‘Use of Laboratory Animals’ (NIH Publication No. 85-23,
1996) and were approved by the University of Otago’s Com-
mittee on Ethics in the Care and Use of Laboratory Animals.
Studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 32 animals were used in the experiments described here.
Male Sprague-Dawley rats (300–320 g) were obtained from
the University of Otago Animal Resource Unit. The animals
were housed on a 12 h light/dark cycle at 22°C with food and
water ad libitum at least 1 week before the surgical procedure.

Experimental protocol
Combined ECG and EEG recordings were obtained using
implantable radiotelemeters (Telemetry Research, Auckland,
New Zealand) in conscious animals to avoid any confound-
ing effects of anaesthetics on cardiovascular responses
(Williams et al., 2006). At 7 days following telemetric implan-
tation, animals were randomized into control-saline (no
seizure induction), and saline-, atenolol- or clonidine- pre-
treated KA groups (n = 8 per group). Saline, atenolol
(5 mg·kg−1, s.c. daily; Harris and Aston-Jones, 1993) or cloni-
dine (0.1 mg·kg−1, twice daily, s.c.; Zhang and Cheng, 2000)
calculated using a human to rat dose translation equation
(Reagan-Shaw et al., 2008) were administered three days prior
to KA (10 mg·kg−1, s.c.) challenge and for the duration of the
experiment. Observers were not aware of either the interven-
tions or the treatments applied.

Surgical implantation of
telemetric transmitters
Animals were administered amphoprim (0.2 mL, 60 mg·mL−1,
b.i.d.) and carprofen (5 mg·kg−1, sc) before surgery and once
every 24 h post-operatively, for 3 days. Anaesthesia was
induced with ketamine (75 mg·kg−1, s.c.), domitor (medeto-
midine hydrochloride; 0.5 mg·kg−1, s.c.) and atropine
(0.05 mg·kg−1, s.c.). Body temperature was maintained at
37°C throughout the surgery. Transmitter implantation and
electrode positioning procedures were performed as previ-
ously described (Sawant et al., 2010; Read et al., 2014).
Animals were housed individually after surgery and left to
recover for 7 days before seizure induction.

Seizure induction and
telemetric/behavioural recordings
Rat behaviours were observed in a custom-made mirrored
Perspex chamber (1 m × 0.5 m × 0.5 m) in which each rat was
allowed to acclimatize for 30 min before study initiation. EEG
and ECG were sampled at 2000 Hz, with receiver filters set to
0.1 Hz high pass and 1000 Hz low pass using a Powerlab 2/25
signal conditioner and LabChart v.6 Pro software (AD Instru-
ments, Sydney, Australia). EEG, ECG and behavioural data
were simultaneously recorded during a 20 min baseline
period and for 3 h after saline or KA administration, with
periodic recordings taken at 24 and 48 h. Seizures were

induced by a single injection of KA (10 mg·kg−1, s.c.,
maximum volume 0.35 mL). The control animals were
treated with an equivalent volume of saline s.c. Following
administration of the seizurogenic agent or vehicle, rats were
immediately returned to the chamber for behavioural obser-
vation. Behaviours were recorded every 15 s for 3 h with
discrete changes in behavioural state additionally reported as
they occurred. Behaviours were recorded by trained observers
unaware of the treatment, using a 5-point scale as previously
described (Sawant et al., 2010). Normal behaviours were
defined as level 0, discomfort behaviours (level 1), seizure
behaviours confined to the head (level 2), seizure behaviours
associated with limbs or trunk such as wet dog shakes (WDS;
level 3), generalized seizure behaviours (level 4) and clonic-
tonic convulsion (level 5). The cumulative behavioural score
was determined as the sum of the maximum score every
minute over the 3 h recording period. The total number of
WDS and level 4 behaviours were quantified over the
180 min recording period. Behavioural data was also
expressed as the mean behavioural score every 10 min.

ECG and EEG analysis
ECG data was analysed using the LabChart6 Pro ECG Analysis
module in order to assess heart rate (HR), QT intervals and T
wave amplitudes. The end of the T wave was determined
when the wave returned to the isoelectric line. Data were
analysed every 2 min in 1 min blocks over the 3 h observa-
tion period. HR increased inversely as the RR interval
decreased, resulting in a reduced QT interval. The converse
was also true as HR decreased. The corrected QT (QTc) was
calculated in order to adjust for rate by applying the Mitchell
algorithm to the QT interval recordings, where QTc = QT0/
(RR/100)1/2 (Mitchell et al., 1998). This algorithm is designed
to correct for the higher HR and altered QRS-T wave mor-
phology in rodents. An isoelectric interval was still present
between the end of the T wave and initiation of the next P
wave in these animals even during periods of tachycardia.
EEG data were analysed using fast Fourier transformation
(FFT) to quantify the frequency bands: δ (1.25–4.50 Hz), θ
(4.75–6.75 Hz), α (7.00–12.50 Hz), β (12.75–35 Hz) and γ
(35.5–100 Hz) over 10 min bins. These sampling periods were
analysed by dividing them into half overlapping half-second
epochs, using a weighted Cosine bell window (Lab Chart Pro,
Spectral Analysis). Power spectral density (PSD) for each
period was calculated as the sum of all epochs. Baseline PSD
for each animal was determined following acclimatization
and all PSD values were expressed as a percentage of baseline.
High amplitude EEG spiking was defined as sharp electro-
graphic events greater than three times the average baseline
voltage fluctuations and quantified using LabChart Spike
Analysis over 10 min bins. Movement artefacts were identi-
fied on the ECG trace and eliminated from the EEG analysis.

Morphological characterization of
myocardial injury
Forty-eight hours following KA or saline administration,
animals were anaesthetized with halothane and the heart
excised. Hearts were arrested in diastole by flushing with
20 mL of ice-cold (4°C) 0.9% saline containing 20 mM of KCl.
The tissue was perfusion-fixed (73.6 mmHg pressure) and
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maintained in 10% neutral buffered formalin (4 h). Apical
ventricular tissue blocks (6 mm depth from apex) were
paraffin-embedded and 5 μm thick tissue sections prepared
for staining with Martius scarlet blue. Qualitative histological
evaluations were randomly performed in a double-blind
manner, on 10 individual digital images from each block,
using an Axioplan-2 microscope and recorded with the Axio-
vision v.3.1 image analysis system (Carl Zeiss Ltd.,
Oberkochen, Germany). Semi-quantitative analysis was con-
ducted using trained observers, unaware of the treatments,
and Adobe Photoshop CS5 software in which the ratio of
collagen stained (blue) or oedema (white) pixels were calcu-
lated against background in each cardiac section. Each
section was also examined for evidence of hypercontracture
band necrosis and myocyte vacuolization.

Data analysis
Throughout this manuscript, data are presented as mean ±
standard error of the mean (SEM). Statistical analysis was
performed using Prism™ v.5 (GraphPad Software Inc, San
Diego, CA, USA). Behavioural data were analysed using a
Kruskal–Wallis test with Bonferroni post hoc analysis. ECG
variables (HR, QTc interval and T wave amplitude) were ana-
lysed using a two-way repeated measures ANOVA with Bonfer-
roni post hoc analysis. Statistical analyses of quantified cardiac
histological staining densities were determined using a one-
way ANOVA with Dunnett post hoc analysis. The presence of
contraction band necrosis and myocyte vacuolization was
analysed using a Kruskal–Wallis test with Bonferroni post hoc
analysis. Statistical significance was determined as P < 0.05.

Materials
All reagents were purchased from BDH (Palmerston North,
New Zealand) and Sigma-Aldrich (Auckland, New Zealand)
with the exception of KA (Tocris, Bristol, UK) and clonidine
(Sapphire Bioscience PTY, New South Wales, Australia). Clo-
nidine, atenolol and KA were freshly dissolved in sterile
saline. Prescription animal remedies were obtained from the
University of Otago Animal Welfare Office.

Results

Seizure activity
No difference in behavioural activity was exhibited between
the treatment groups during the baseline recording period,
where animals displayed exploring, grooming and resting
behaviours (cumulative behavioural score of 6 ± 2, Figure 1A).
Administration of KA significantly increased cumulative
behavioural scores to 463 ± 30 (Figure 1A) recorded over the
180 min period. WDS were the most commonly observed
seizure behaviour, occurring 164 ± 21 times during the
180 min observation period (Figure 1B) with level 4 behav-
iour significantly raised and maintained in these saline-KA
animals (Figures 1C and 2A).

Significant increases in high amplitude spiking began
100 min after KA and remained elevated for the remainder of
the study (maximum increase of 974 ± 153 at 180 min,
Figure 2B). During the first 30 min following the KA admin-
istration, there was a significant increase in PSD in the θ

(4.75–6.75 Hz) frequency band (Figure 2C) corresponding to
low-level seizure behaviours such as blinking, mastication
and head bobbing. As seizure severity increased, significant
increases in power in the δ to β frequency band ranges
were also observed (P < 0.05 compared with control-KA;
Figure 2C). Behaviour scores were similarly increased over the
30–180 min after KA (P < 0.05 compared with control-saline,
Figure 2C). All saline-KA animals developed level 4 behav-
iours (myoclonic jerks and foaming (Figures 2A and 3) while
5 of the 8 rats progressed to level 5 (tonic-clonic) seizures.
Seizure behaviours and EEG activity had returned to baseline
by the 24 h recording periods.

Figure 1
Behavioural changes during KA-induced seizure activity over
180 min. Cumulative score (A), number of wet dog shake (WDS; B),
and level 4 behaviours (Beh.; C) following saline or KA (10 mg·kg−1).
Values represent mean ± SEM; n = 8 per group. #P < 0.05 compared
with Control-Saline. *P < 0.05 compared with Saline-KA; Kruskal–
Wallis, with Bonferroni test.
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Figure 2
EEG and behavioural changes following seizure induction with KA over 180 min. (A) Mean behavioural score (mean ± SEM; n = 8) every 10 min.
(B) Number of high amplitude EEG spikes (mean ± SEM) in a 10 min bin. (C) Power spectral density (PSD): Histograms represent normalized PSD
(mean ± SEM; n = 8) for each 10 min bin across the δ (1.25–4.5 Hz), θ (4.75–6.75 Hz), α (7.0–12.5 Hz), β (12.75–35.0 Hz) and γ (35.0–100 Hz)
frequency bands. #P < 0.05 compared with Control-Saline. *P < 0.05 compared with Saline-KA ; Kruskal–Wallis, with Bonferroni test.
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Atenolol pretreatment reduced the development of
seizure progression 120–180 min after KA and decreased the
cumulative score by 32% compared with the saline-KA
group (P < 0.05, Figures 1–3). Pretreatment with atenolol
was effective at reducing the development of level 4
(Figure 1C) and level 5 behaviours were only noted
in 2/8 animals. The efficacy of atenolol in reducing behav-
ioural seizure severity was supported by the significant
reductions in high amplitude spiking reaching a maximum
increase of only 121 ± 82 (Figure 2B) and attenuation
of EEG power in the δ to β frequency bands (Figure 2C)
in atenolol-treated animals relative to the saline-KA
group.

Pretreatment with clonidine reduced seizure severity 150–
180 min after KA and WDS development by 64% (compared
with saline-KA, Figures 1B and 2A). Clonidine also reduced
the development of level 4 behaviours to 22 ± 10 during the
180 min recording period (Figures 1C and 3), with only 1/8
animals exhibiting level 5 behaviours. In addition, clonidine
pretreatment significantly decreased high amplitude electro-
graphic spiking by <34% at 160–180 min after KA adminis-
tration compared with the saline-KA group (P < 0.05,
Figure 2B). Surprisingly, however, the clonidine-KA group
exhibited significant increases in FFT power across all fre-
quency bands, with the greatest changes recorded in the β
and γ band, 80–180 min after KA (Figure 2C).

Figure 3
Time course of ECG, EEG and behavioural changes during seizure induction. (A–D) Representative traces showing combined HR (b.p.m.; black line
trace), EEG activity (mV; grey spectral trace) and behavioural score responses in individual Control-Saline (A), Saline-KA (B), Atenolol-KA (C) and
Clonidine-KA (D) rats following saline vehicle or KA (dashed line) administration.
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Cardiac function
The mean baseline HR (353 ± 16 b.p.m.) for the control-saline
group did not significantly change during the study
(Figures 3A and 4A). KA administration caused an early and
pronounced reduction in HR by 28% (to 273 ± 33 b.p.m.) at
8–18 min after KA (P < 0.05 compared with control-KA). As
seizure activity increased, so did HR (Figure 3A and 3B) with
a maximum HR of 483 ± 12 b.p.m. recorded at 74 min (P <
0.05 compared with control-saline, Figure 4A). This HR
increase coincided with prolongation of the QTc interval at
the 46–180 min and at the 24 h recording periods (Figure 4B),
and a progressive increase in the T wave amplitude
(maximum increase of 232 ± 14%, Figure 4C).

Examination of the apical-midplane sections of left ven-
tricular myocardium showed evidence of sub-endocardial
damage at 48 h after KA-induced seizure in the saline pre-
treated animals (Figure 5B–D). There was significant evidence
of ventricular oedema (31 ± 5%, Figure 5B and 5G) and
myocyte vacuolization with nuclear displacement, indicative
of early reversible ischaemic damage (Table 1). Multifocal
lesions evidenced by hypercontraction band necrosis and
muscle fibre degeneration were also found in 62% of micro-
graphs assessed. Inflammatory cell infiltration was observed
in the sub-endocardial interfibril spaces of all saline-KA
animals. Clear evidence of dense collagen deposition (fibro-
sis) encapsulating necrotic cells was also observed dissemi-
nated along the sub-endocardium with diminished levels in
the endocardium of apical sections isolated from saline-KA

animals (0.9 ± 0.3% Figure 5C, D and H). A clear correlation
was observed between the extent of fibrosis and HR elevation
during the initial 180 min following KA (R2 = 0.8164, data not
shown).

Pretreatment with atenolol decreased HR to 308 ± 10
b.p.m. (10%) during the baseline period (Figure 4A). Atenolol
administration reduced the extent of HR changes (HR ranged
from 233–362 b.p.m. after KA) and prevented the develop-
ment of tachycardia seen in the saline-KA group (P < 0.05 at
50–140 min compared with saline-KA). Atenolol was success-
ful in preventing QTc prolongation induced by KA seizures,
with a maximum increase reduced to 17% (compared with
39% in the saline-KA group, P < 0.05, Figure 4B). Pretreat-
ment with atenolol reduced T wave elevation at the 132–
180 min compared with the saline-KA group (P < 0.05,
Figure 4C). Atenolol treatment also preserved normal cardiac
morphology as seen 48 h after KA (Figure 5E). The appear-
ance of the myocardial basement membrane remained intact
in this group with no significant evidence of oedema or
fibrosis (Figure 5G and 5H). Atenolol treatment significantly
reduced the development of hypercontracture band necrosis
and ischaemic injury myocyte vacuolization by 94 and 74%,
respectively (Table 1).

Clonidine pretreatment reduced baseline HR from 335 ± 7
to 267 ± 13 b.p.m. (P < 0.05, Figure 4A). Subsequent
administration of KA in this clonidine group resulted in a
further decrease in HR to 197 ± 12 b.p.m. at 18 min. Cloni-
dine pretreatment significantly prevented the tachycardia

Figure 4
Effects of atenolol and clonidine pretreatment on ECG changes. The figure shows the individual group responses (mean ± SEM; n = 8 per group)
to treatment in (A) HR (b.p.m.); (B) corrected QT interval in seconds (QTc = QT/(RR/100)1/2); and (C) T wave elevation (normalized to baseline)
over a 48 h recording period following seizure induction with KA (indicated using a dashed line). Significance is expressed against the
corresponding time point; #P < 0.05 compared with Control-Saline, *P < 0.05 compared with Saline-KA ; two-way repeated measures ANOVA with
Bonferroni test
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recorded in the saline-KA group during high-level seizure
behaviours (50–140 min after KA, P < 0.05 Figures 3 and 4).
Clonidine treatment also significantly prevented QTc prolon-
gation and reduced the extent of T wave elevation 148 to
180 min after KA administration (P < 0.05 compared with
saline-KA), with maximum increases of 30–40% above base-
line. Pretreatment with clonidine significantly reduced the
extent of cardiac damage compared with the saline pretreated
group. Clonidine prevented the development of early fibrotic
deposition in the left ventricular myocardium by 83%
compared with the saline-KA animals (P < 0.05; Figure 5H).

Oedema was still prevalent in the clonidine-KA animals (24%
compared with 7.5% in the control-saline animals); however,
clonidine reduced the extent of hypercontracture band
necrosis and myocyte vacuolization (58 and 44%, respec-
tively) compared with the saline pretreated animals (Table 1).

Discussion

This study demonstrates that seizure activity is clearly asso-
ciated with the development of ECG changes and injury.

Figure 5
Representative micrographs of left ventricular subendocardium collected at 48 h following (A) saline administration to control animals showing
normal representative myocardium; (B–F) Effects of KA administration showing: (B) myocyte vacuolization (asterisks indicate intracellular vacuoles
displacing nuclei) and oedema; (C) Coagulative myocytolysis illustrated by hypercontraction band necrosis associated with fibre derangement
(arrowheads) and fibrosis; (D) Inflammatory necrosis encapsulated by collagen deposition (blue fibres) indicative of early restorative fibrosis. Hearts
from atenolol (E) and clonidine (F) pretreated animals showing preserved normal cardiac morphology. The percentage of tissue positively stained
for oedema (G) and fibrosis (H) recorded in 10 sections taken 6 mm from the apex. *P < 0.05 compared with Control-Saline, #P < 0.05 compared
with Saline-KA; one-way ANOVA with Dunnett test
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Pretreatment with atenolol reduced seizure severity and
ECG changes and preserved cardiac morphology in the
KA-induced seizure model. While clonidine also significantly
reduced high-level seizure behaviours, no effect was seen with
this sympatholytic on EEG activity. Clonidine did however
reduce tachycardia, QTc prolongation and T wave elevation
and attenuated the cardiac damage observed in the saline-KA
animals.

In this study, bolus administration of KA resulted in an
immediate period of hypoactivity in the animals coinciding
with bradycardia before progressing to head tremors and
WDS. This finding is similar to previous studies where
animals exhibited staring behaviours and tremors before pro-
gressing to limbic seizures (Lothman and Collins, 1981; Read
et al., 2014). During the 40 min following KA administration,
EEG activity in the θ and α frequency bands increased, coin-
ciding with the development of mild seizure behavioural
activity. Activation of these lower frequencies has been pre-
viously associated with neurological diseases, specifically
temporal lobe epilepsy (Zaveri et al., 2001). As in previous
studies (Read et al., 2014), these low-level seizure behaviours
coincided with a bradycardic period where HR dropped by
28%. Similar effects have been reported by Ferrari et al. (2008)
where HR decreased by 22% within 30 min of KA adminis-
tration. In that study, the bradycardia was not attenuated by
adrenalectomy, suggesting that the change in HR was most
likely due to enhanced parasympathetic activity as opposed
to decreased sympathetic stimulation. This hypothesis was
supported by Sakamoto et al. (2008) who showed that KA
administration (10–12 mg·kg−1) through either i.p., i.a. or i.v.
routes in urethane-anesthetized rats produced a sustained
increase in vagal nerve activity with 41% of animals dying
due to profound bradycardia or arrhythmia, such as AV block.

In the ensuing 60–180 min following KA administration
in this study, there was a progressive increase in EEG activity
and seizure behaviours, consistent with the development of
SE, as behavioural scores progressed to level 4 and 5 with little
or no interictal recovery periods (Figure 3B). This generalized
seizure activity coincided with the development of tachycar-
dia, QTc prolongation and T wave elevation. Interestingly,
there appeared to be a slight ‘phase discrepancy’ between the
onset and persistence of electrographic spiking and tachycar-
dia. As our study was limited to implanting the EEG electrode
in the cortex, it was not possible to determine the pattern or
extent of electrographic spiking occurring specifically within
the CNS cardiac (sympathetic) control centres. Tachycardia is

commonly reported in animal and clinical studies during
generalized seizure activity (Terndrup et al., 1994; Powell
et al., 2008; Metcalf et al., 2009a). Hotta et al. (2009) reported
a 17% increase in HR and a twofold increase in sympathetic
nerve activity following KA administration in an anaesthe-
tized animal model. Metcalf et al. (2009a) showed that SE,
induced in rats by lithium and pilocarpine, caused significant
increases in HR, QT prolongation and elevated troponin I
levels. This QTc prolongation has also been speculated to
occur as a consequence of decreased expression of the Kv4.2
potassium channels following SE (Bealer et al., 2010). In the
present study, the QTc interval remained prolonged at the
24 h recording period suggesting the development of these
changes in ventricular depolarization and repolarization
in a clinical setting may predispose the patient to ventricular
fibrillation and sudden cardiac death (Shimizu and
Antzelevitch, 1998). In an earlier report by Speerschneider
and Thomsen, (2013), both cardiac ischaemia and
β-adrenergic stimulation with isoproterenol were capable of
producing positive T wave changes. ECG analysis in our
seizure animals similarly demonstrated an increase in T wave
amplitude. This electrophysiological remodelling may reflect
the combined effects of a catecholamine-induced increase in
HR and ion channel activity and the consequences of micro-
ischaemic zones leading to cellular depolarization and con-
duction block (Speerschneider and Thomsen, 2013).

Deterioration in cardiac morphology was evident 48 h
following a SE event. The saline-KA hearts showed evidence
of perivascular inflammatory cell infiltration and nuclear
vacuolization, a marker of reversible ischaemic damage and
hypercontraction band necrosis, indicative of elevated cat-
echolamine levels (Boggs et al., 1993; Kloster and Engelskjon,
1999; Jansen and Lagae, 2010). In the present study, the
hearts from animals with seizures showed a significant
increase in myocardial fibrosis correlated with tachycardia,
suggesting that these hearts may be more susceptible to
arrhythmia. The cardiac pathology observed in this study is
similar to previously reported animal (Metcalf et al., 2009a)
and clinical studies (Kloster and Engelskjon, 1999;
Stollerberger and Finsterer, 2004). Natelson et al. (1998)
found evidence of irreversible perivascular and interstitial
fibrosis, as well as reversible myocyte vacuolization in hearts
from epileptic patients. Repeated hypoxaemia and increased
catecholamines can cause structural heart damage making
the heart more susceptible to fatal arrhythmias, increasing
the risk of sudden cardiac death. Haemodynamic changes

Table 1
Relative extent of morphological features in left ventricular subendocardial regions at 48 h post-seizure onset

Treatment pathological feature Control-saline Saline-KA Atenolol-KA Clonidine-KA

Hypercontracture band necrosis (positive fields/10) 0.0 ± 0.0 6.2 ± 1.1# 0.5 ± 0.3* 2.6 ± 0.4*

Myocyte vacuolization (positive fields/10) 0.2 ± 0.2 7.7 ± 1.1# 1.5 ± 0.7*† 4.3 ± 0.3*

Quantification of each feature was conducted in a double-blind manner on 10 random fields from each ventricular section. Contraction band
necrosis in each field was positively graded on the presence of ≥3 myocardial cells containing contraction bands. Reversible nuclear
vacuolization was graded on the presence of ≥2 vacuolized nucleus in each field. #P < 0.05 compared with control-saline. *P < 0.05 compared
with saline-KA; †P < 0.05 compared with clonidine-KA; Kruskal–Wallis, with Bonferroni test.
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have also been reported following SE with deterioration of
cardiac output due to decreased HR and mean arterial pres-
sure, causing gradual cardiac decompensation and myocar-
dial injury due to elevated endogenous catecholamine release
(Manno et al., 2005). Hypercontraction band necrosis is a
marker of excessive catecholamine levels and has been
reported at post-mortem in 73% of patients who died conse-
quent to SE (Manno et al., 2005). Boggs et al. (1993) reported
a mortality rate of 25% in SE patients with 10% of the SE
patients suffering myocardial infarction as shown by ECG
and confirmed by elevated cardiac enzyme markers. The pres-
ence of myocyte vacuolization and fibrosis in these hearts
provides support for tachycardia-induced ventricular injury.
The development of micro-infarcts may be implicated in
sudden cardiac death by altering electrical conduction and
increasing the risk of ventricular arrhythmias. Therefore, pre-
venting the development of tachycardia with atenolol or
clonidine may preserve cardiac function during seizure
(Figure 6).

Pretreatment with atenolol attenuated seizure severity
and progression as well as EEG activity following KA admin-
istration. As atenolol is a hydrophilic drug reported to have a
low blood brain barrier permeability (brain : plasma ratio of
0.2), this central effect was unexpected (Patel and Turner,
1981; Drayer, 1987). In a previous study, Little and Bealer
(2012) indicated that a single bolus dose of atenolol
(1 mg·kg−1, i.v.) given immediately before seizure induction
had no influence on EEG activity or seizure behaviours in rats
with electrically induced SE. It is possible that the higher dose
and chronic administration of atenolol used in the present
study allowed atenolol to cross into the brain where it could

inhibit neuronal β1 adrenoceptors in the hippocampus
(Mueller and Dunwiddie, 1983) and inhibit their proconvul-
sant effect. An alternative explanation is that by preventing
the development of tachycardia, atenolol reduced the extent
of cerebral hypoxia and thereby decreased consequent cer-
ebral hyperexcitabilty, preventing generalized seizure activity
(Morady et al., 1985; Kobari et al., 1992; Ocon et al., 2009).

Atenolol successfully prevented the development of
tachycardia, QTc prolongation and T wave elevation contrib-
uting to the preserved cardiac morphology seen in these
animals at 48 h. There was very little evidence of myocyte
vacuolization and no hypercontraction band necrosis
observed in these treated hearts. Atenolol also prevented the
development of fibrosis and reduced the extent of oedema in
these hearts. Little and Bealer (2012) found that atenolol
treatment preserved cardiac output and reduced the cardiac
damage caused by SE (Little and Bealer, 2012). In fact, ateno-
lol has been applied following head trauma to prevent an
elevation in cardiac enzymes, ECG abnormalities and
arrhythmias (Cruickshank et al., 1987).

Clonidine pretreatment altered the seizure activity and
effectively reduced high amplitude spiking and WDS;
however, clonidine did not reduce the power of the EEG
frequencies. Clonidine has been previously reported to
decrease WDS, protect against limbic seizures and prevent
neurochemical changes (Kleinrok and Turski, 1980; Ohno
et al., 1987; Yoshioka et al., 2000; Read et al., 2014). The find-
ings in the present study are in agreement with earlier
research suggesting that clonidine has anticonvulsant effects
which appear to be mediated by the α2 adrenoreceptor.
Other α2 adrenoceptor agonists such as dexmedetomidine

Figure 6
Diagram summarizing the EEG, ECG and cardiac morphological changes contributing to the cardiac injury seen in this seizure study and the
cardio-protective effects of atenolol and clonidine.
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effectively reduce the development, generalization and sever-
ity of KA-induced seizures while selective α2 antagonists such
as yohimbine and atipamezole, have a pro-convulsant effect
and are associated with increased mortality (Ohno et al.,
1987; Halonen et al., 1995). Clonidine additionally provided
significant cardiac protection as observed by the prevention
of tachycardia, QTc prolongation and T wave elevation. Clo-
nidine is known act pre-synaptically to reduce the release of
noradrenaline at cardiac adrenergic synapses resulting in an
attenuation of the sympathetic response and consequent
reduction in HR (Matsukawa et al., 1995; Zhang and Cheng,
2000; Champeroux et al., 2010). Clonidine reduced the
degree of seizure-induced tachycardia, thereby preserving
cardiac morphology and protecting the heart from the devel-
opment of microinfarcts as observed by the absence of
fibrotic deposition and myocyte vacuolization. The anticon-
vulsant effects of clonidine are not without controversy, as
some studies have shown that clonidine can exert both age-
and dose-dependent pro-convulsant effects (Szot et al., 2004;
Feron et al., 2008). Szot et al. (2004) hypothesized that
pre-synaptic α2A autoreceptors mediated clonidine’s pro-
convulsant effects while post-synaptic α2A receptors were
responsible for the anti-convulsant effects (Szot et al., 2004).
Clonidine has a 10 times higher affinity for pre-synaptic α2

adrenoreceptors than it does for the post-synaptic receptors
(Maura et al., 1985) suggesting that a high dose of clonidine
may be required to achieve the anticonvulsant effects.
Chronic high doses of clonidine were used in the current
study, and while this produced a significant reduction in
seizure severity, animals appeared sedated and less responsive
following the clonidine injections. Sedation and dry mouth
for up to 12 h following a high dose of clonidine (Keranen
et al., 1978; Hall et al., 2001) are also commonly reported
clinically and these adverse effects may result in reduced
compliance if clonidine is to be used prophylactically in
epileptic patients.

This study clearly demonstrates that sustained seizure
activity results in prolonged tachycardia leading to microin-
farct formation, which may be implicated in the develop-
ment of cardiac pathology and mortality in epilepsy
(Figure 6). This study also highlights the importance of pro-
tecting the heart against sympathetic overdrive during the
early stages of SE. Prophylactic treatment with either atenolol
or clonidine was effective at protecting the heart during
seizure. Both therapies reduced seizure progression, ECG
abnormalities and histopathological evidence of cardiac
injury. Prophylactic treatment with clonidine in epileptic
patients would require clear adherence to exclusion criteria
with age, dose and compliance strictly monitored. Atenolol
on the other hand appears to be better tolerated clinically and
proved more effective than clonidine at reducing the extent
of ischaemic damage seen at 48 h. While it is paramount that
sympatholytic intervention remains contraindicated in
patients at risk of bradycardia and bradyarrhythmia, these
data strongly suggest that atenolol can add cardioprotective
value to current antiepileptic treatment strategies conducted
in patients suffering frequent seizures. Intervention trials
with atenolol should include serial assessments of cardiac
function using echocardiography and injury markers in order
to provide much needed information on the pathology and
validation of this pharmacological approach. Furthermore,

prophylactic treatment with atenolol may also have a role in
patients presenting with a number of risk factors for sudden
unexpected death in epilepsy (Surges et al., 2009). The results
from this study demonstrate that atenolol has the potential
to enhance cardiac protection in epileptic patients and
should be considered as a combination therapy with antiepi-
leptic agents.
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