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ABSTRACT

Death is the most destructive outcome of epilepsy. Around 18% of deaths in those with
epilepsy cannot be attributed to the disease itself; these deaths are collectively categorised as
Sudden Unexplained Deaths in Epilepsy (SUDEP). Currently, the cause of SUDEP is hypothesised
to involve seizure-induced respiratory or cardiac failure. Ictal (during seizure) central and
obstructive apnoea, decreases in ictal oxygen saturation, changes in blood pressure, heart rate,
autonomic control and cardiac conductivity in both patients and animal models have all been
observed. In order to explore the effects of seizures on the autonomic control and cardiac
conductivity, tetanus neurotoxin was injected into the ventral hippocampus of male Wistar rats;

previously implanted with biopotential radiotelemeters.

Continuous recordings of electrocardiogram, electrocorticogram, and video were made
for six to eight weeks post induction of epilepsy. The conductivity of the heart was analysed by
calculating the PR, QT, corrected QT (QTc) intervals and QRS width. The central control of the
heart was explored by analysing the interictal heart rate and calculating various time-based Heart
rate variability measures. Statistical analysis was performed using One-Way ANOVA with

Bonferroni post-hoc comparisons.

Increases in the PR interval, QRS width, RR interval, QT and QTc intervals were observed
between preinduction and 150™ seizure. The change in PR interval, RR interval, and QT interval
persisted into the Post Seizure State. Significant differences were not observed for any of the
Heart Rate Variability measures. The increase in QT and QTc intervals indicate a pathological
change in the time taken for cardiac ventricular depolarisation and repolarisation to occur. The
changes in PR and RR intervals and QRS width are not physiologically significant. Due to large
variation between animals, meaningful conclusions about changes in central control of the heart
could not be drawn. This study ultimately shows that the tetanus neurotoxin model of temporal
lobe epilepsy induces changes in cardiac conductivity, and could aid in investigating the

mechanisms through which SUDEP occurs.
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INTRODUCTION

Epilepsy is the third most prevalent chronic neurological disease, affecting around
50 million people worldwide™?. Epilepsy is a disease of recurring and unprovoked
seizures initiated by pathological hyperexcitability of neuronal networks in different
regions of the brain. The clinical manifestations of these seizures vary depending on the
brain region affected, with the International League Against Epilepsy outlining a
methodical classification system®. The most devastating consequence of epilepsy is
death, and the risk of death is two to three times higher for those with epilepsy compared
to the general population®. A proportion of deaths in epilepsy cannot be attributed to the
disease and are described as sudden and unexplained. Collectively they are categorised

as sudden unexplained/unexpected death in epilepsy (SUDEP).

SUDDEN UNEXPLAINED DEATH IN EPILEPSY

SUDEP encompasses deaths in patients with epilepsy that are sudden,
unexpected, non-traumatic, non-drowning, can either be witnessed or unwitnessed, with
or without evidence of seizure* and when post-mortem examination does not reveal a
cause of death®. Research has recently focused on identifying any underlying
mechanisms that may cause these unexplained deaths in those with epilepsy’. Upon
autopsy, deaths are either “definite SUDEP” or “probable SUDEP”, however these
definitions are broad, and classifications can be erroneous due to lack of evidence or if

there is another credible cause of death.

The incidence of SUDEP can vary considerably depending on the type of epilepsy

population investigated. Ficker et al.° reported that the risk of sudden death in those



with epilepsy is 20 times higher when compared to the general population®”. Incidence
rates of SUDEP for a general epilepsy population ranges from 0.9 to 2.3 per 1000 patient
years’™. The incidence is increased for those with chronic refractory epilepsy, ranging

16-24

from 1.1 to 5.9 per 1000 patient years . Further, the incidence of SUDEP is even higher
for patients who are surgery candidates (6.3 to 9.3 per 1000 patient years*®) and
patients that have had unsuccessful surgery®. Children have been found to have a lower
incidence rate of SUDEP when compared with adults, however data suggests that children
with Dravet Syndrome/Severe Myoclonic Epilepsy of Infancy (SMEI) have a high reported
rate of SUDEP?®. SUDEP is the leading cause of death for 10-50% of those patients with
refractory epilepsy who attend epilepsy referral centres’; patients that could be

categorised as the most at risk epilepsy patients. SUDEP is therefore a considerable risk

to patients and of constant concern to them and their families.

SUDEP Risk FACTORS

Numerous risk factors and biomarkers for SUDEP have been identified in order to
ascertain which patients are at risk of this “random” phenomenon and enable their
education and monitoring®. Along with the gender of the patient (males have a 1.4 times
higher risk of SUDEP than females®) a number of risk factors have been categorised as the
“SUDEP-7 Risk Inventory”®®. Patients who experience generalised tonic-clonic seizures
(GTCSs) are at higher risk of SUDEP; and indeed the more GTCSs the patient experiences
the greater risk they have>", therefore this study will explore the cumulative stresses
caused by repeated seizures. A patient who experiences over 50 GTCSs in a year has an
odds ratio of 14.51 that they will experience SUDEP, compared with an odds ratio of 2.94
for those who experience less than three’. Increased risk of SUDEP is not limited to

GTCSs, in fact having more than 50 seizures of any type over a 12 month period



significantly increases the patient’s risk of SUDEP™?!.

Additionally, patients with a
greater than 30 year history of epilepsy are a higher risk'>, as well as those with a younger

age of onset®, and those with an 1Q less than 70*".

Combination antiepileptic drug therapy (polytherapy), frequent medication
changes, poor compliance and certain antiepileptic drugs have all been identified as risk
factors for SUDEP**>2'73, Those patients using three or more antiepileptic drugs have an

eight times increased risk of SUDEP when compared to monotherapy™?".

This increased
risk may be in fact be associated more with the severity of the epilepsy the individual
experiences that requires polytherapy rather than the drugs themselves. However,
Nilsson and colleagues®® have identified that those patients using a widely used
antiepileptic drug carbamazepine, a voltage-dependent sodium channel blocker that
prevents repetitive neuronal firing®>, have an increased risk of SUDEP. Furthermore,
patients on high doses of carbamazepine as well as polytherapy have been shown to be at

an increased risk of SUDEP>>*3%,

PossIBLE MECHANISMS OF SUDEP
The exact mechanism through which SUDEP occurs is unknown. The majority of
recent research has focused on cardiac dysrhythmia, autonomic dysregulation, seizure-

induced hypoventilation, and pulmonary oedema*

as underlying mechanisms.
Currently, evidence suggests a prominent role for respiratory dysfunction5’36_40, however

SUDEP may in fact be caused by one of these mechanisms in isolation or in combination

with others, and this may vary between individuals and epilepsy types".

Respiratory changes during seizures have been well documented, with central and

obstructive apnoea, excessive bronchial and oral secretions, pulmonary oedema, and



d****_ Johnston and colleagues® found that in a sheep model of

hypoxia all observe
SUDEP, induced by intravenous bicuculline, those animals that died had a greater increase
in pulmonary vascular pressure and hypoventilation than those that survived. Further,
studies have shown that severe hypoventilation of central origin39 and seizure-induced
changes in pulmonary vascular pressures® contributed to the death of sheep, that death
in audiogenic mice was prevented by placing the animals in an oxygen enriched
environment*®, and that signs of neurogenic pulmonary oedema were observed in deaths
in a baboon model of epilepsy*’. Indeed, Bateman and colleagues***’ have demonstrated
that ictal (during seizure) oxygen desaturation occurs in around a third of patients with

uncontrolled/refractory epilepsy. Both human and animal studies therefore suggest that

respiratory mechanisms have a role in sudden death in epilepsy and potentially SUDEP>.

Sudden death in the general population is closely associated with cardiac
arrhythmias, which is therefore a widely investigated cardiac mechanism of SUDEP*.
Furthermore, changes in heart rate variability (HRV), blood pressure, heart rate,
autonomic control and the electrocardiogram (ECG) waveform have been observed in

>3233,4849  Moreover, arrhythmia and

both patients and animal models of SUDEP
repolarisation abnormalities such as atrial fibrillation, supraventricular tachycardia and
ventricular premature depolarisation have also been reported in up to 56% of generalised

%830 ncreased systolic arterial pressure®®, mean arterial pressure®

seizures in humans
and abnormal blood pressure variability®®> (which indicates an impaired baroreflex

function®) have all also been observed.

Various changes in the heart rates of patients and animals, including the direction

and extent of change, are reported. Sinus rate change is observed during most epileptic



seizures, and sinus tachycardia has been reported in 50-100% of seizures*®. Damasceno
and colleagues® demonstrated elevated basal heart rate in an audiogenic rat model of
epilepsy, with Leutmezer and colleagues® observing ictal tachycardia in 86.9% of seizures
across 58 patients. Further, Opherk et al.> retrospectively analysed 102 seizures across
41 patients and observed tachycardia in 99% of those seizures; and Tigaran and
colleagues®® showed that patients with pharmacologically uncontrolled seizures
experienced tachycardia. Finally, Zijlmans et al.>’ reported tachycardia in 73% of the 281

seizures analysed from 81 patients.

Whilst increases in heart rate are more commonly observed, ictal bradycardia is
currently receiving attention as it could potentially progress to cardiac asystole and
SUDEP*®. Indeed, the first reported instance of ictal asystole was by AE Russell in 1906,
who observed the disappearance of patients pulse during a seizure®®. Subsequently,
numerous animal and patient studies have reported episodes of asystole, bradycardia or
both, however their incidence is more rare than tachycardia. Mameli et al.>®
demonstrated bradyarrhythmic episodes, which lasted up to 15 seconds during seizures
induced by applying penicillin G directly to the thalamus and hypothalamus of rats. Hotta
and colleagues®® also induced a decrease in heart rate of 100 beats per minute by
stimulating the vagus nerve of anesthetised rats in a manner which mimicked the
patterns previously observed in seizures. Further, sinus bradycardia and asystole have

been observed in human patients by various studies**®®

, although the actual
occurrence can be as low as 2% of seizures analysed®®. Lathers and Schraeder®® suggest
that ictal bradyarrhythmias could potentially result in complete heart block, which can

lead to asystole and cardiac death. There is a lack of clinical evidence of ictal bradycardia

in patients that make it difficult to ascertain its importance in SUDEP*®.



Those with epilepsy may be susceptible to developing cardiac arrhythmias due to
a number of factors, including: the potential cardiac destabilisation caused by certain
antiepileptic drugs, genetic predisposition, cardiac channelopathies and long-term cardiac
structural abnormalities®. The interventions made to help control the patient’s seizure
may in fact be involved in the mechanism of SUDEP, through an additional adverse
cardiac and autonomic effect”®. As mentioned above, patients taking high doses of
carbamazepine have an increased risk of SUDEP?*. The precise mechanism through which
carbamazepine increases risk is unknown, however a number of key observations have
been made. Firstly, carbamazepine has been shown to induce cardiac arrhythmia in a
dose related manner, although these events are rare and observed mainly in the elderly
and predisposed patients®. Carbamazepine has also been shown to adversely affect
autonomic cardiac control by reducing heart rate variability (HRV) in patients with

567 and could therefore make patients more vulnerable to a fatal event®.

epilepsy
Moreover, another antiepileptic drug lamotrigine has been shown to inhibit the cardiac
rapid delayed rectifier potassium ion current (lg;), which has been associated with
prolonged QT interval*®®, and it has been hypothesised that metabolic acidosis induced

by seizures coupled with this reduced Ix, could result in a fatal arrhythmia®®.

Familial history of sudden cardiac death in SUDEP cases has not been found?**7°.

Nonetheless, the similarities between SUDEP and sudden death in the general population
have led to many to postulate the potential relationship between genes that predispose
to cardiac arrhythmias and SUDEP, with Glasscock providing a thorough review’’. A
prominent theory involves Long-QT Syndrome, an autosomal recessive disease that can
cause torsades de pointes, ventricular tachycardia, syncope and sudden death and is

caused by altered ion channel function (discussed below) that results in prolonged cardiac



action potentials®>. The QT interval can be increased by prolonging the initial phase of
the cardiac action potential, by increasing the sodium current, or by delaying the
repolarisation phase, by reducing the potassium current®’. The products of a number of
genes have been identified that cause Long-QT Syndrome, including those that drive the
repolarisation phase and the initial inward sodium current of the cardiac action potential.
For example, the LQT2 gene — a loss of function mutation of the hERG gene — encodes a
voltage gated K* a subunit and results in a reduction of the repolarising current®>. Further
potassium channel genes involved in Long-QT Syndrome are LQT7, through a loss of
function mutation; LQT1, which encodes the a subunit of the potassium channel
responsible for the I, component of the delayed-rectifier current, and LQT6, which
encodes the B subunit of Ky channels®>. Additionally, gain of function mutations of SCN1A
and SCNS5SA result in prolonged membrane depolarisation and delayed ventricular
repolarisation respectively®>. Abnormalities in the expression of these genes could

potentially be involved in SUDEP.

The brain expresses a number of the genes involved in Long-QT Syndrome and
therefore it is hypothesised that they could be involved in SUDEP. Indeed, Severe
Myoclonic Epilepsy of Infancy (SMEI), caused by mutations in SCN1A, has a poor
prognosis, high mortality rate and a high incidence of SUDEP?®. Other neurocardiac genes
are associated with SUDEP, with a number causing both epileptic seizures and
arrhythmias, including KCNA17%7*, SCN8A’>’®, HCN2”’, PRRT2’® and SCN1A”°®!. KCNA1
gene deletions in mice have been shown to result severe tonic-clonic seizures, a 75%
mortality by 10 weeks, ictal bradycardia and atrioventricular block’>”*. Further, SCN8A
mutations have been linked to epilepsy in mice and one human pedigree, with one case

of SUDEP linked to a gain of function phenotype of SCN8A’®. A mutation of the cation



channel encoding HCN2 gene has also been associated with SUDEP although it has a low
expression in cardiac tissue’’. Finally, PRRT2 is the newest of the potential genomic
causes of SUDEP, which has a high expression in the brain and low to undetectable
expression in the heart’*. PRRT2 is a presynaptic transmembrane protein that is involved
in vesicle fusion and a truncation of this gene was observed in a single case of SUDEP in a
14-year old male was found post mortem’®. As with many of the gene mutations
mentioned above, there is a lack of evidence linking PRRT2 and these cardiac inherited
genes and SUDEP***#7182 However, the expression of the products of these genes could

play a role in the mechanisms underlying SUDEP.

SUDEP AND ECG WAVEFORM CHANGES

As mentioned above, sudden cardiac death in the general population has been
widely investigated and a structural cause of death has not been identified in SUDEP®.
Seizure induced ECG abnormalities and ECG waveform changes are observed in many
human and animal studies. Prolongation of the QT Interval (Figure 5C), as well as QRS
width prolongation, and ST elevation are reported in a number of studies. Prolongation
of the QRS width is clinically important as it signifies that the electrical conduction
through the ventricular myocardium is slower than normal, and a increased QRS width is
observed in 14 to 47% of heart failure patients®. Indeed, QRS width lengthens as left
ventricular function deteriorates, meaning its presence can be an indicator of poor

prognosis.

Damasceno and colleagues® found an increase in both the QT Interval and the
QRS width in rats genetically predisposed to experiencing audiogenic seizures. In human

studies, increased QT Interval has been observed by Opherk et al.>>, Moseley and



colleagues®; whilst Tavernor and colleagues® observed a modest increase in the QT
interval. This increase can cause potentially fatal events such as torsades de pointes,
ventricular tachycardia, and syncope®. Further ST elevation, where the S wave to T wave
segment of the ECG is elevated above the normal isoelectric line and is often observed in

acute myocardial infarction®, has been reported by many studies™ .

Ultimately, analysing three time differences within the ECG waveform can identify
the speed of cardiac conductivity. The length of time between the start of the P wave
and the start of the QRS complex (the PR Interval; Figure 5C) indicates the time taken for
the electrical signal to pass from the sinoatrial node, through the atrioventricular (AV)
node and to the Bundle of His. The length of time between the Q wave and the S wave
(QRS width; Figure 5C) indicates the time taken for the ventricular myocardium to
depolarise fully. Finally, as mentioned, the length of time between the Q and the T wave
(QT Interval; Figure 5C) indicates the time take for the ventricles to depolarise and
repolarise; or if the QRS width is consistent can identify how quickly the ventricles
repolarise. The QT Interval, however, is dependent on heart rate and therefore an
appropriate correction needs to be employed in order to adjust for the varying heart

87,88

rate Numerous formulae have been proposed to generate a corrected QT Interval

(QTc) that is independent of rate, allows prediction of QT duration at other heart rates

other than that measured, and is simple enough for daily use®”®.

In the laboratory,
species differences result in the use of inappropriate correction methods designed for
humans and therefore potentially flawed conclusions. This study will employ the method

devised by Kmecova and Klimas®’ that endeavours to adjust the QT Interval to the rat

heart rate.



SUDEP AND HEART RATE VARIABILITY CHANGES
Heart rate variability (HRV) is a quantitative measure of autonomic modulation of

88 In the

the sino-atrial node, and at its simplest is a measure of beat-to-beat variability
general population, reduced HRV has been associated with atrial fibrillation,
cardiovascular disease, poor outcomes in those patients with heart failure, and sudden

cardiac death®®.

Therefore, various HRV measures have been employed to assess
autonomic changes in patients with epilepsy. There are two main categories of HRV
measures: time domain methods and frequency domain methods. Time domain methods
can range from calculating the difference between the longest and the shortest R-to-R
interval to more complicated equations like the Root Mean Square of Successive
Differences (RMSSD)®°. Further explanation of these HRV measures used in this study can
be found in the Methods: Data Analysis section. Frequency domain methods are more
complex. They are primarily concerned with examining various spectral components of a
Fast Fourier Transform. In short-term recordings, two to five minutes in length, three
main spectral components can be distinguished’: very low frequency (< 0.04 Hz; VLF), low
frequency (0.04-0.15 Hz; LF) and high frequency (0.15-0.4 Hz; HF)*°. The HF component
corresponds to parasympathetic activity, sympathetic activity is the major contributor to
the LF component, and that the LF/HF ratio indicates the level of sympathetic cardiac

control®; although recent studies have refuted this”*"".

Changes in HRV have been observed in patients with epilepsy. For example those
refractory epilepsy patients who score highly on the SUDEP-7 inventory® have low

RMSSD measures>’. Indeed, a decrease in either autonomic activity or HRV has been

iThe frequency ranges for low and high frequency components varies from those values stated above in
rats. LF ranges from 0.04-1.0 Hz, and HF ranges from 1.0-3.0 Hz'®.

10



observed in many studies. Ansakorpi and colleagues® reported a decrease in HRV, using
the time-based SDNN measure (Standard Deviation of all RR intervals), in patients with
temporal lobe epilepsy when compared to controls. Further, Ansakorpi et al.?® observed
lower HRV in patients exposed to a table tilt test. Autonomic over-activity has been seen
in animal models, with a 10-fold increase in parasympathetic activity — recorded via the
vagus nerve — observed by Sakamoto et al.*!, who induced status epilepticus with
systemic kainic acid injections. Conversely, Evrengill et al.”> showed higher HRV in male
patients who had generalised tonic clonic seizures compared to controls when using
standard time-based methods and showed a large increase in the LF component of the
power spectrum, indicating a potential increased sympathetic activity in these patients.
Another study found no association between SUDEP and any HRV measures®®, however
this study only involved 7 patients with epilepsy and is therefore potentially statistically
underpowered, especially when considering that inter-patient variability in HRV measures

is often large®”*’

. Some patients that ultimately die of SUDEP have also been observed to
have progressive changes in HRV. Rauscher and colleagues® observed a progressive
deterioration in RMSSD and the HF component over an eight-month period prior to the

patient’s death. Further, Lacuey et al.” reported a decrease in a number of time-based

HRV parameters in two patients over a three or five-year period that also died of SUDEP.

The current literature investigating the possible mechanisms contributing to
SUDEP is clearly diverse, with evidence indicating a role for both respiratory and cardiac
based influences. Autonomic dysfunction has been attributed as the cause of a number

of the cardiovascular changes induced by seizure, and thus investigation into changes in

11



the ECG waveform and heart rate variability could help to explore this autonomic

dysfunction further.

TETANUS NEUROTOXIN MODEL OF TEMPORAL LOBE EPILEPSY

TEMPORAL LOBE EPILEPSY AND THE HIPPOCAMPUS
Temporal lobe epilepsy (TLE) is the most common focal epilepsy whereby
pathological discharges are generated by an epileptic focus within the hippocampus or

1% 1 physiological tissue, three hippocampal

related structures such as the amygdala
sub-regions (the dentate gyrus, CA3 and CA1) receive input from the entorhinal cortex
and output to the subiculum. Each sub-region communicates with the others using
excitatory projections, and the dentate gyrus and CA3 sub-regions contain recurrent
excitatory connections that allow normal tissue to locally generate epileptiform
activityml. The interactions between hippocampal sub-regions exhibit activity-dependent
plasticity, are involved in learning and memory, and are temporally modulated by
inhibitory interneurons'®. Due to its plastic nature, the hippocampus is susceptible to
the development of aberrant excitatory loops and subsequently spontaneous seizure
generation'®.

Various animal models of TLE are currently employed either using chemical

110-114

1047106 " ainic acid®*" % and tetanus neurotoxin

means, such as pilocarpine , and

1115 Each of these chronic models have

physical means such as electrical kindling
advantages and disadvantages, but each are considered to be a good model of human

epilepsy as each is capable of generating spontaneous seizures.

12



TETANUS NEUROTOXIN
Tetanus neurotoxin (TeNT) is derived from the Clostridium tetani bacteria and is a

118117 The neurotoxin contains both

zinc metalloprotease that exclusively targets neurons
light and heavy chains, with the heavy chain comprised of two domains. These domains
confer neuronal specificity and give the ability to internalise into neurons. Once
internalised, the light chain is activated by cleavage of a disulphide bond, and is then able
to carry out its proteolytic activity on its target: the Vesicle Associated Membrane Protein

(VAMP)'37 VAMP is part of the SNARE complex that is responsible for presynaptic

neurotransmitter release, and therefore TeNT prevents synaptic transmission.

Peripherally, this disruption of synaptic transmission results in spastic paralysis'*?,
whilst centrally TeNT has an impact on both excitatory and inhibitory transmission,
however the decrease in inhibitory transmission has been shown to have a higher impact.
Further, it has been demonstrated that this affect on inhibitory transmission in the

hippocampus is eliminated 8 to 16 days post neurotoxin injection’*.

THE TENT MODEL OF TEMPORAL LOBE EPILEPSY
When injected centrally, TeNT causes epileptic seizures™®, with the type of

epilepsy modelled dependent on the location of the injection, as this determines the

120,121

focus. For example, the neocortex , motor cortex'?>'?

124,125

, Visual cortex and

hippocampus™ > 11267128 haye all been previously targeted. Intrahippocampal injections
of TeNT result in spontaneous seizures occurring one week post injection'*, but have also

been shown four days post injection’”. Low dose intracranial injections induce minimal

112,130

cell loss, no morphological changes nor do they result in cell death, hippocampal

. . . 4,131
sclerosis or status epilepticus at any stage!*®*#14131,

13



The TeNT model of TLE induces spontaneous seizures that can be categorised as
complex partial with secondary generalisation, with behavioural manifestations and
pathological brain activity similar to that seen in human patients’™®. At their peak,
seizures can occur up to 30 times a day, rarely exceed two minutes in duration, and

112,131 Furthermore,

animals often gain seizure remission six to eight weeks post onset
the model has been well characterised and is reliable: seizures are initiated with
behavioural arrest and vibrissal twitching and continue to forelimb clonus and

subsequently rearing and falling'***3132,

As stated above, there are many different
methods of inducing epilepsy in animal models, and the correct model should be used to
answer your question. As such, this study will use the tetanus neurotoxin model as it
induces spontaneous seizures, without status epilepticus. Moreover, as animals often

enter into seizure remission, this will permit the long-term cumulative effect of epileptic

seizures and identify whether or not any effect persists after seizure activity has ceased.

VENTRAL HIPPOCAMPUS AND THE CARDIOVASCULAR SYSTEM

The rodent hippocampi have dorsal and ventral sections that are joined at the
hippocampal commissure. Previously, TeNT has been injected into both the dorsal*** ™!
and ventral*®'?® hippocampus to induce epileptic seizures as described above. In order
to explore the effect of epileptic seizures on the cardiovascular system the ventral
hippocampus, due to its electrical connections to the brainstem and the autonomic
nervous system, was injected with TeNT. Briefly, the hippocampus is connected to the

hypothalamus via efferent connections in the fornix**

(FIGURE 1). The hypothalamus in
turn has efferent connections to the brainstem via the mammillotegmental tract134, and

synapses with the nucleus ambiguus and the dorsal motor vagal nucleus in the midbrain
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d*°. These nuclei are

and the intermediolateral nucleus/stellate ganglion in the spinal cor
involved in the regulation of the cardiovascular system via parasympathetic (nucleus
ambiguus and dorsal motor vagal nucleus) and sympathetic (intermediolateral
nucleus/stellate ganglion) efferents contained in the vagal nerve and the glutamatergic
bulbospinal pathway respectively136 (FIGURE 1). It is therefore envisaged that inducing

epileptic seizures in the ventral hippocampus, will replicate the autonomic disturbances

observed in human studies.

AIMS AND HYPOTHESIS

This study aimed to explore the effects of epileptic seizures on cardiac function.
Firstly, it aimed to explore the effect of epileptic seizures, identified Vvia
electrocorticogram (ECoG) recordings, on the conduction through the heart by measuring
the PR and QT intervals and QRS width over the course of the disease. We hypothesised
that there would be a progressive deterioration in the conduction of the heart; similar to
that seen in human patients and other animal studies, namely where the QT interval
would increase. We aimed to establish the changes in the autonomic nervous system
over the course of the disease, by calculating various measures of heart rate variability
and analysing heart rate. The hypothesis was that there would be a progressive
deterioration in the central control of the heart. This would be similar to that observed in
human studies and other animal studies and would indicate an imbalance between the
sympathetic and parasympathetic arms of the autonomic nervous system. Finally, this
study aimed to establish whether the TeNT model of temporal lobe epilepsy is a reliable
and accurate model of SUDEP, and to identify cardiac measurements that could possibly

be used to help those patients with higher risk.
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Figure 1 ( adapted from 139) A diagrammatic representation of the electrical connections between the

hippocampus and hypothalamus, via the fornix, and the hypothalamus and the autonomic nervous
system. The hypothalamus has efferent connections to the Stellate Ganglion and the Nucleus Ambiguus
and Dorsal Motor Vagal Nucleus via the mammillotegmental tract. The NAc and DMVN influence the
cardiovascular system via the Vagal nerve, whereas the Stellate Ganglion has glutamatergic efferents
housed within the bulbospinal pathway. It is envisaged that injecting TeNT into the ventral hippocampus

will induce autonomic disturbances similar to those seen in humans and other animal models.
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METHODS

This study was performed in accordance with all local and Home Office
Regulations set out by Animals (Scientific Procedures) Act 1986. Five male Wistar rats
(Harlan, UK) were used in this study. Animals were housed either in the Biomedical
Services (BMS) unit at the University of Oxford or at the University of Birmingham’s
Biomedical Services Unit (BMSU) on a 12 hour light to dark cycle (0700 to 1900). Food
and water was available ad libitum at all times. Each experimental animal was housed
with a naive companion rat in custom made Perspex cages (dimensions 40 cm x 27 cm x
30 cm), was monitored daily for epileptic activity, and recorded, via webcam, for seizure

categorisation using the Racine Scale™**’.

The animals were killed 6-8 weeks post
induction, with the brain and heart perfused fixed with 4% paraformaldehyde for

examination at a later date.

RADIOTELEMETER IMPLANTATION

Buprenorphine (Vetergesic, 0.05 mg kg) and meloxicam (Metacam, 1 mg kg)
were injected subcutaneously 30 minutes prior to the start of the surgery in order for the
plasma concentration to be at its optimal prior to the first incision. The animal was
anaesthetised with 4% isoflurane in oxygen at 1 litre min™ and subsequently maintained
at 1-3% isoflurane in oxygen, monitoring respiration rate and pedal reflex at regular
intervals and adjusting anaesthesia levels as appropriate. Body temperature was
monitored throughout the procedure and maintained at 37°C using a homeothermic
blanket and rectal probe (Harvard Apparatus, United States). Aseptic technique was

adhered to throughout the procedure.
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After stable anaesthesia was achieved, Amoxicillin Trihydrate and Clavulanic Acid
(Synulox, 20 mg kg™) and glucose saline (10 mL kg™) were administered subcutaneously,
Lacri-Lube eye ointment (Allergan, United States) was applied to the eyes and a prilocaine
and lidocaine cream (EMLA Cream) was applied to the ear canal using a cotton bud.
Subsequent glucose saline doses were administered every 60 minutes until the
completion of the procedure. The animal’s fur was shaved on the dorsal surface of the
head, extending from between the eyes and the back of the skull. The ventral aspect of
the abdomen and the chest were also shaved. Shaved areas were then cleaned of any
remaining fur using chlorhexidine gluconate (Hibiscrub, Mdlnlycke Health Care, United
Kingdom). The final stage of preparation was to sterilise the surgical sites using 2%
chlorhexidine gluconate and 70% isopropyl alcohol in a sterile applicator (Chloraprep,

CareFusion, United Kingdom).

Each animal was implanted with a Telemetry Research radiotelemeter (TR50BB,
Millar Instruments, United States) and an indwelling cranial cannula was inserted over the
ventral hippocampus. Firstly, the radiotelemeter was implanted into the abdominal
cavity and secured in place by suturing it to the abdominal wall, lateral to the incision,
using non-absorbable 5-0 Prolene sutures (Ethicon, United States). The wires were
subsequently tunnelled through the abdominal wall using a small bore trocar, with the
ECG wires exiting laterally to the right of the incision and the electrocorticogram (ECoG)
wires laterally to the left. The abdominal wall was then repaired using 5-0 Prolene

sutures.

To implant the wires to record the ECG, they were tunnelled to two sites on the
rat’s ribcage, as described by Kramer et al**®. Using a trocar, the negative electrode was

tunnelled to a small (2-3 mm) incision over the right rostral portion of the ribcage, and
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the positive electrode tunnelled to a small incision over the left caudal portion of the
ribcage. Both electrodes were secured in place using non-absorbable 5-0 Prolene sutures.
The signal of the ECG was then confirmed and the electrode placement readjusted if
necessary. The ECG incisions were then repaired using absorbable 4-0 Vicryl sutures

(Ethicon, United States).

The dorsal aspect of the upper cervical region was sterilised with Chloroprep and a
small incision was made to enable the subcutaneous tunnelling of the ECoG wires from
the abdomen to the cervical site using a trocar. The abdominal incision was then repaired
using absorbable 4-0 Vicryl sutures. The animal was subsequently transferred to a
stereotaxic frame (Stoelting, United States), the surgical site sterilised with Chloroprep,
and an incision made to expose the skull. To ensure accuracy, the heights of bregma and
lambda were ensured to be within 0.2 mm of each other. Burr holes were then drilled
using a micro-drill (230 VAC Drill, Microtorque IlI; Circuit Medic, United States) over the
ventral hippocampus (Anterior-Posterior - 4.3 mm, Medial-Lateral - 4.4 mm **°; Figure 3)
for the indwelling cannula, for the ECoG electrodes (above the dorsal hippocampus), and
finally a further two to three holes for anchoring screws (Figure 2). The cannula was
stereotaxically placed into the correct burr hole, and secured in place using light cured
dental cement (NX3 Nexus, Kerr Dental, UK) along with the anchoring screws. Finally, the
ECoG wires were bent into a U shape (Figure 3), placed into the burr holes above the
hippocampus, and secured in place using cement, creating a cement head cap. The head
wound was the closed with 4-0 Vicryl sutures so that the wound margin was closely
opposed to the head cap. The animal recovered in a warm cage with appropriate bedding
(Alpha-dri) and appetising food. Opiate and NSAID analgesia was given for 3-5 days post-
operatively, and to prevent infection subcutaneous injections of antibiotics were given for

five days post-operation.
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FIGURE 2 (adapted from 139) The approximate locations of the anchoring screws (green), electrodes (blue) and

guide cannula (red). The guide cannula was immediately above the Ventral hippocampus (Anterior-Posterior -
4.3 mm, Medial-Lateral - 4.4 mm). The electrodes were placed into the cortex above the dorsal hippocampus, in

the approximate positions shown in blue.

INDUCTION OF EPILEPSY: TETANUS NEUROTOXIN INJECTION

When the animal was fully recovered from the implantation surgery, with its
weight exceeding its preoperative weight and no signs of continued pain or distress
evident, epilepsy was induced. This was approximately two weeks after the implantation

of the radiotelemeter.

Each animal was anaesthetised and placed into a stereotaxic frame. 2.5 ng TeNT
(List Biological Laboratories Inc., United States) in 1 puL of 2% bovine serum albumin in
phosphate buffered saline was injected through the guide cannula, at 200 nL min™* using a
Hamilton Syringe (25G, 7001 KH, Hamilton Company, United States) and a microinjection
pump (WZ-74905-02, Cole-Parmer, United Kingdom). The target site was 7.5 mm below

the cortical surface (Figure 3). The syringe was left in situ for five minutes after the end of
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the injection to limit backflow up the needle tract. The animal was recovered and housed

with a naive companion animal.
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FIGURE 3 (adapted from 139) The target location (red circle) for the TeNT injection in the ventral

hippocampus: Anterior-Posterior -4.3 mm, Medial-Lateral -4.4 mm, Ventral Depth -7.5 mm, the
approximate location of the two ECoG electrodes and the positioning of the guide cannula. Also shown

for representation purposes is a needle.

IN vivo RECORDING OF SEIZURES AND ELECTROCARDIOGRAM

The ECoG and ECG were recorded continuously, along with video. Each cage was
placed on a SmartPad (TR180; Millar Instruments, United States) which powered the
radiotelemeter and acquired each signal at 2 kHz sampling frequency. Recordings were
digitised by a Power1401 (Cambridge Electronic Design Ltd., United Kingdom) and stored

in Spike2 format (Cambridge Electronic Design Ltd., UK) for later analysis. Video files
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132137 \which classifies the

were analysed and seizures were scored using the Racine scale
seizures depending on their motor manifestations. Briefly, Scale 1 - absence of movement
and/or purposeless chewing; Scale 2 - abnormal head bobbing; Scale 3 - forelimb clonus;
Scale 4 - postural rearing; and Scale 5 - postural rearing and falling. This video analysis

also allowed verification of the seizure initiation and termination, when compared with

the ECoG signal.

DATA ANALYSIS

Seizures were differentiated from normal activity by using both ECoG data and the
onset and termination of motor outputs, captured by the video recording. Briefly,
seizures had periods of rhythmic electrical activity that exceeded 0.5 mV in amplitude and
an increase in power in the 10-300 Hz band. Seizures were identified by identifying
periods of high power within the 10-300 Hz frequency band of the raw ECoG, and then
manually assessing the ECoG signal and accompanying video to verify seizure activity.
Example of different types of seizures can be seen in Figure 4, with large increases in the
ECoG amplitude clearly observed, coupled with rhythmic activity. Previous work'*® has
shown that the post ictal changes in heart rate can persist for 45 to 60 minutes post
seizure termination; therefore Interictal periods were defined as being 45 minutes prior

to seizure onset and at least 45 to 60 minutes from the previous seizure’s termination.

R-WAVE DETECTION

In order to process changes in ECG waveform or HRV, a sophisticated method of
R-wave detection was used to avoid contamination from movement artefacts. This noise
rendered simple methods such as “thresholding” impractical as the real R-wave signal

could often not be discriminated from noise by amplitude alone (see Figure 5B for an

22



0.2mVL__
20s

0.2 mV|
20s

0.2 mV|

20s

0.2 mV|
20s

FIGURE 4 Examples of seizures with different morphologies, amplitudes, and durations taken from

AAL131104, with seizure activity — determined by motor output and ECoG activity — denoted by the red
line. A The first seizure experienced by animal AAL131104, which lasted 105 seconds, was categorised as
Racine Scale 2 and occurred 2.5 days post intrahippocampal TeNT injection. B The 112th seizure
experienced, lasted 100 seconds, was categorised as Scale 3 and occurred 9.7 days post injection. C The
14th seizure, which lasted 86 seconds, categorised as Scale 4 and occurred 5.0 days post injection. D The
55th seizure, which lasted 45 seconds, was categorised as Scale 5 and occurred 8.5 days post

intrahippocampal injection.
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example of noise). Therefore, the author created a custom-made Spike2 script in order to
perform R-wave detection (see Appendix B) based upon the Pan-Tompkins Algorithm™.
Firstly, a bandpass Finite Infinite Response filter at 42 to 61 Hz was applied to the raw ECG
signal and the resulting signal differentiated at a 0.004 second time constant. The resulting
waveform was squared and subsequently integrated by applying the Spike2 Smooth
function at a 25 ms time constant. Finally, the peak of the resulting square waveform was
detected and a marker placed at that time point. The script then evaluated the original
raw ECG waveform to ensure that the marker corresponded with the exact time point of
the R-wave and moved the marker if required. The ECG waveform, heart rate, and heart

rate variability were then evaluated using these time-points.

ECG WAVEFORM ANALYSIS

The ECG waveform can be analysed in a number of ways to reveal information
about the conductivity through the heart. Using the time-point markers of each R wave
and the inbuilt functionality of Spike2, the ECG waveform was analysed in five second
epochs, sampled every 30 seconds during a 10 to 15 minute interictal period. The inbuilt
Waveform Average function of Spike2, using the R-wave time points as a reference,
created the average ECG waveform for each five-second epoch, within a 100 ms window of
each marker. Markers were then placed on different landmarks of the averaged waveform
in order to calculate the PR Interval, QRS width, and QT Interval (see Figure 5). The
corrected QT interval (QT.) was calculated using the modified Bazett formula created by
Kmecova and Klinas®’, where the RR interval of the rat was used to calculate the QT

interval independent of changes in RR Interval.

QT

UTC= ®Rr/N?

(f =150 ms)
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FIGURE 5 A Example ECG with the characteristic P-wave, QRS complex and T-wave. B The problem of

noise artefacts on the ECG channel necessitated a sophisticated method of discriminating the R-wave. It
can clearly be seen that the noise prevents adequate discrimination of the R-wave, but also the
associated P, Q, S and T waves. C An example average waveform analysis, showing how the PR, RR and
QT intervals and the QRS complex width were measured. The relative heights of the two R waves were
also analysed, with any relationship below 40% indicating that the heart rate varies too much over the 5-

second epoch to generate reliable results.



The amplitude of the second R wave was compared to the first to ensure that the RR
interval during the 5-second epoch was stable for comparison. Consequently, any epoch

with an R wave relationship below 40% was rejected from the analysis.

HEART RATE VARIABILITY ANALYSIS

There are two methods of analysing HRV: time and frequency based analysis. This
study analysed time based methods using a custom made MatLab script created in house
(see Appendix C) that used the time points of each R-wave within the 10-minute interictal
epoch. Briefly, the script analysed the differences between neighbouring R-waves and
processed them according to the mathematical formula required for time-based

methods. The different equations are discussed below.

* RMSSD — The root mean square of successive differences between RR intervals, a
measure of vagus-mediated heart rate variability and autonomic regulation of the

heart®.

N-1
1
j=1

* SDNN - The standard deviation of all RR intervals, indicating the total variability

across the epoch and provides a general measurement the autonomic nervous

system’s balance®®>.

N
1 __
= —E RR,; — RR)?
SDNN N_1'1( , )
]=

* SDSD - The standard deviation of successive differences between adjacent RR

intervals and representing short-term variation**".
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SDSD = \/E{ARR]-Z} — E{ARR;}”

* SD Ratio — This is the ratio between the SD1 and SD2 values. The SD1 represents
short-term heart rate variability 11whilst SD2 represents long-term heart rate

variability™**.

SDSD?
SD1 =

SDSD?

SD2 = \[Z(SDNNZ) —

STATISTICAL ANALYSIS

All data was expressed as mean * standard deviation. One-way analysis of
variance (ANOVA) with post-hoc Bonferroni comparisons was performed using SPSS (IBM,
United States). Data was analysed at various time points throughout the course of the
disease: the interictal period immediately before the 1%, 50, 100", 150", 200", 250",
250" and 300" seizures, as well as Preinduction and the Post Seizure State. The
Preinduction data was obtained from the day immediately prior to induction, and the

Post Seizure State was obtained immediately before the end of the experiment.
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RESULTS

Seizure activity began in all animals around 2 to 7 days post intrahippocampal
TeNT injection, however the number and the severity of the seizures induced varied
across subject animals. Table 1 presents data for each animal in this study, the number of
seizures detected, the average length of these seizures, the range of seizure lengths, and
the modal Racine seizure score. As video recording was not possible for JJ130513 and

JJ130521, the modal seizure scores for these animals are absent.

Between 43 and 382 seizures were experiences by the subject. Seizure profiles
(Figure 6) were created using each seizure’s length and the time the seizure initiated, in
order to show each animal’s seizure progression over the course of the experiment. As
can be seen from the seizure profiles, all animals, except JJ140924, experienced seizures
in clusters with an initial cluster followed by a one to two day period of apparent
quiescence. As the ECoG electrodes were located in the cortex, it is possible that during
these apparent periods of quiescence the animal experienced focal or partial seizures that
were not detectable and that seizure manifestations were not obvious on the video
recording. Further, a number of seizures could not be classified (yellow marker) due a
number of factors, such as the camera’s view being obscured by the companion animal

and cage furniture, or because the cage was moved away from the camera momentarily.

The length of seizures the animals experienced followed the same general pattern
(Figure 6), whereby the length increased to a maximum, and then decreased to a more
consistent length of around 50 to 100 seconds. The mean seizure length and mean
number of seizures per day was inconsistent across all five animals. As can be seen from

Figure 6 and Table 1, the mean seizure length varied from 74 + 5 seconds to 95 + 5
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seconds.

seconds to 317 seconds.

Furthermore, the maximum seizure length experienced ranged from 130
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FIGURE 6 The seizure profiles generated for each experimental animal, with seizure length in seconds
plotted against the day post injection. Seizures were classified using the Racine Scale, where Scale 2
(green) corresponds to abnormal head bobbing; Scale 3 (blue) to forelimb clonus; Scale 4 (black) to
postural rearing; and Scale 5 (red) to postural rearing and falling. Unclassified (yellow) seizures were

those that could not be scored as the view of the animal was obscured or due to technical issues.
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Finally, the seizure frequency varied between the subject animals, with JJ130513
and AAL131104 experiencing 16 and 13 seizures per day respectively, whereas 11140924

only experienced one seizure per day over the course of the experiment.

JJ140924 is considered an outlier and was therefore excluded from further
analysis. As can be seen from Figure 6, it experienced a comparatively low number of
seizures, 43, dispersed over a period of 48 days, a mean seizure length of 74 + 5 seconds,
and the modal seizure score of 2 — behavioural arrest with vibrissal twitching. This study
aimed to explore the effect of cumulative seizure insult on the cardiovascular system, and
due to the lack of clustered generalised seizures (Figure 6), the data from 11140924 was

deemed not comparable to the others.

TABLE 1
LATENCYTO TOTAL
EAN Minnmum  MoDAL
FIRST NUMBER MEAN SEIZURE MAX SEIZURE
ANIMAL ID SEIZURES SEIZURE SEIZURE
SEIZURE OF LENGTH (SEC) LENGTH (SEC)
PER DAY LENGTH (SEC) SCORE
(DAYS)  SEIZURES
JJ130513 3.7 275 16 95+5 317 28 -
JJ130521 2.5 168 6 88+2 200 28 -
AAL131104 2.5 159 13 753 130 18 5
1J140924 6.5 43 1 74 +5 220 37 2
AAL150202 6.7 382 7 83+2 219 7 4

A summary of each of the animals used in this study, showing the latency from induction to the first seizure, the
total number of seizures detected and the mean seizure length. Animals JJ13013 and JJ130521 did not have

video recording so seizure classification using the Racine scale was not possible.
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INTERICTAL ECG WAVEFORM

PR INTERVAL

The PR interval was relatively stable across the course of the disease for each
animal (Figure 7). The interictal PR interval (Figure 11A) for the experimental population
at nine time points - Preinduction, 1st, 50th, 100th, 150th, 200th, 250th, 300th Seizure
and Post Seizure State - showed a significant increase (One Way ANOVA, a = 0.05). Of
particular note, there was a significant increase in the PR interval from Preinduction (44.1
+ 1.9 ms) to the interictal period immediately before the 1st Seizure (46.9 + 2.3 ms). The
PR interval also significantly increased between the 1st and 150th Seizure (46.9 £ 2.3 ms
to 49.5 + 2.6 ms). Further, there was a significant increase in the PR interval from
Preinduction to the Post Seizure State (44.1 £ 1.9 ms to 47.7 + 3.5 ms). Appendix A shows

a complete table of the statistical comparisons between the different time points.

The four animals’ preinduction values (42.4 + 1.3 ms; 46.3 + 1.0 ms; 44.5 + 1.7 ms;
44.6 £ 1.1 ms) varied from one another and therefore the data for each animal was
normalised to the Preinduction value for that animal (see Figure 12A). When normalised,
the PR interval significantly increased from Preinduction to the 1st Seizure by 6.1 + 3.4%,
a 6% increase. There was a 8.7 + 4.4% significant increase in normalised PR interval by
the 150th Seizure, and there was a 6.9 + 0.7% increase from Preinduction to the Post

Seizure State.
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TABLE 2

JJ130513 JJ130521 AAL131104 AAL150202
PR INTERVAL
ALL DATA (Mms) 444 +£2.6 455+2.6 48.1+2.8 43.8+2.8
RANGE (Ms) 35.0t053.5 35.5t052.0 27.5t056.0 31.4t049.5
PREINDUCTION (MS) 445+1.7 447 +1.1 463110 42.4+1.3
PosT SEIZURE STATE (Ms) | 51.1+1.5 46.7+2.1 49.4+3.3 444 +£2.7
QRS WIDTH
ALL DATA (Mms) 10.7+1.2 12.8+1.8 14.7+1.5 15.0+2.0
RANGE (Mms) 8.5t0 145 10.0to0 20.1 11.0to 194 10.5t022.3
PREINDUCTION (MS) 10.7+0.8 116+1.3 142+1.4 143+1.8
POsST SEIZURE STATE (Ms) | 12.0+1.4 125+1.6 139+1.6 140+1.4
QT INTERVAL
ALL DATA (Mms) 71.1+5.1 79.7+£6.9 71359 71.0+85
RANGE (Ms) 58.5t087.4 40.9t097.6 48.8 t0 89.9 48.0t0 89.4
PREINDUCTION (MS) 69.0+5.5 723147 64.2+4.7 61.0+4.6
PosT SEIZURE STATE (Ms) | 80.2 +3.9 85.7+6.2 67.7 £3.0 65.6 £ 8.2
QTc INTERVAL
ALL DATA (Mms) 75.7+5.3 78.8+5.5 70.1+7.2 659+ 9.6
RANGE (Ms) 60.0t090.9 41.4t096.2 46.5t091.0 40.9 t0 90.5
PREINDUCTION (MS) 749 +6.0 76.7 £3.5 64.7+7.4 58.6+ 4.3
POST SEIZURE STATE (Ms) | 73.7£3.7 81.8+5.7 61.4+4.5 60.7 £12.0
RR INTERVAL
ALL DATA (Mms) 133.3+16.4 155.0+24.3 156.9+18.4 177.0£25.5
RANGE (Ms) 94.5t0199.0 104.0to216.0 118.5t0215.0 145.5to0233.4
PREINDUCTION (MS) 127.8+ 9.6 134.6+22.5 139.6+41.3 162.8+13.8
POsT SEIZURE STATE (Ms) | 178.0+11.9 167.2+28.1 183.8+18.4 181.0+ 28.7

A summary of the mean, ranges, preinduction and post seizure state values for the PR, QT, QTc, RR
intervals and QRS width for JJ130513, JJ130521, AAL131104, and AAL150202. Where possible data is
reported as mean * standard deviation. All Data is the mean of all data points collected for each animal
over the course of the disease, with the range showing the minimum and maximum value of all data
points. The Preinduction and Post Seizure State values are immediately before the animal was injected

with TeNT and immediately before the end of the experiment respectively.

32



JJ130521 . JJ130513

60T : T 250
r : ]
r )
r | . ¢ .
50T %, 3. .3 Yo o ]
il lgg e
L $ e o 3 » “
za0f w0t it S @ 2
St V. * o Lot $ 1 c S c
< ! » T1502 = £
s | - ] o = [
=301 ' z & z
= L 1 1 2] g 2]
E r | T 1005 E i
o 20+ ' ] w a &
N | o o
- 1 -
L 1 4
10+ ' T50
: 1
r ' ]
| ] 4
Oy . . 0
-10 0 10 20 30 40 -10 0 10 20 30 40
DAY RELATIVETOINDUCTION + RAWPR INTERVAL DAY RELATIVETO INDUCTION
= MEAN PR INTERVAL
AAL131104 START OF SEIZURE AAL150202
60 , 140 60T ! T 250
{ . r ' 4
b3 ¢ r '
wf P ledit t gy T sl § |
5 ‘* $ ¥ C “ ‘r—ot. % + T200
i SRk 008 _ f ..3{,"32?33 i1 %
Z40 ) O N Zaot 2P i * o ] N
E ol - L ! 1 ]
= ' 0™ 2 [ 4 i i 1150 @
S (== ! K2 ] m
=30 g &30 : ] g
z b s F ' E 4
z = =2t +100 T
[ [ ] L [
a 20 3 o 20-: : 1 3
5 ] p
10 10+ : T 50
r 1
C ]
L ' 4
o 0 IIIIIIIIIEIIlIlllll:IIIIIIIIIIIIIIIIIIII||||Illlll||||IlIllllllllllllllllllllll 0
-10 0 10 20 30 -10 0 10 20 30 40 50 60 70
DAY RELATIVETO INDUCTION DAY RELATIVETO INDUCTION

FIGURE 7 The changes in PR interval over the course of the syndrome. Each data point (®) denotes the PR
interval of a 5-second epoch with the mean of all data points from that time point denoted by a red line (—).

This data is superimposed upon the seizure profile for each animal (<).

QRS wIDTH
The QRS width was relatively stable across the course of the disease for each
individual animal. An isolated trend can be seen in JJ130521, where the QRS width could

be separated into two groups localised around 11 and 14 ms.

The combined QRS widths (see Figure 11B) statistically increased from
Preinduction (12.6 + 2.1 ms) to the 50" Seizure (14.2 + 2.8 ms) and to the 150" Seizure
(14.9 £ 2.1 ms). Furthermore, there was a significant decrease in QRS width between the
150™ Seizure and Post Seizure State (13.2 + 1.7 ms). The Post Seizure State was not

significantly different from the Preinduction value (12.6 £ 2.1 msvs. 13.2 + 1.7 ms).
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The Preinduction QRS width for each animal varied significantly from each other
and therefore the data for each animal was normalised to its Preinduction value (see
Figure 12B). There was a significant increase of 15.4 + 13.1% in normalised QRS width
from the Preinduction to the 150" Seizure. The normalised QRS width then significantly
decreased from 150" Seizure to the Post Seizure State, 1.15 + 0.13 vs. 1.03 + 0.13

(normalised units).
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FIGURE 8 The changes in QRS width over the course of the syndrome. Each data point () denotes the QRS
width of a 5-second epoch with the mean average of all data points from that time point denoted by a red line

(—). This data is superimposed upon the seizure profile for each animal (< ).
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QT INTERVAL

The QT interval for each animal changed over the course of the disease (see Figure
9). The QT interval increased over the course of the disease for all four animals, however
the increase in QT interval for JJ130513 and JJ130521 was larger than that of the other

two animals (Table 2).

The QT interval for the population increased over the course of the disease (Figure
11C). The QT interval significantly increased from Preinduction (65.5 + 6.7 ms) to the 1%
Seizure (70.9 £ 4.4 ms). The QT interval significantly increased to the interictal period
immediately before the 150" Seizure (82.7 £ 6.3 ms). Furthermore, the QT interval
remained significantly elevated from the Preinduction length for the whole time course of
the disease, with the QT interval during the Post Seizure State was 74.7 + 10.4 ms.
Interestingly, the QT interval significantly increased between Seizure 100 and Seizure 150
(77.0£ 4.7 ms to 82.7 £ 6.3 ms). As can be seen from Figure 9, each animal experiences a
large cluster of seizures, and in each case Seizure 150 occurs in the centre of this cluster,
and this clustering of a large number of seizures could be the cause for this increase in QT
interval. A full summary of the statistical significant comparisons between the different

time points can be seen in Appendix A.

When normalised to the Preinduction QT interval, there is a significant 21.3 + 3.4%
increase between the Preinduction to the 150" Seizure. The increase in normalised QT
interval after induction of epilepsy is maintained throughout the time course of the
disease state and into the Post Seizure State, and further significant comparisons can be

seen in Appendix A.
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FIGURE 9 The changes in QT interval over the course of the syndrome. Each data point () denotes the QT

interval of a 5-second epoch with the mean average of all data points from that time point denoted by a red line

(—). This data is superimposed upon the seizure profile for each animal (< ).

QTcC INTERVAL

The QT interval was corrected to account for the variance of the RR interval using

the Kmecova method®’.

AAL150202’s QTc interval increases over the course of the

disease increasing from 60.1 ms to a maximum of 82.4 ms 23 days post induction. The

QTc interval increases from 65.6 ms preinduction to a maximum of 89.3 ms, 6 days post

induction for animal AAL131104. Further, the QTc interval for JJ130513 increases from

72.8 ms to a maximum of 82.9 ms approximately 12.5 days post induction. Lastly, the
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QTc interval increases to a maximum of 95.8 ms, 25 days post induction, from a

preinduction length of 78.0 ms, for JJ130521.
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FIGURE 10 The changes in QTC interval over the course of the syndrome. Each data point () denotes the QTc
interval of a 5-second epoch with the mean of all data points from that time point denoted by a red line (=). This

data is superimposed upon the seizure profile for each animal (<> ).

When combined, the QTc interval significantly increases from 68.5 + 9.4 ms

Preinduction, to 80.2 + 5.8 ms by the 150" Seizure (see Figure 11). This increase is
maintained for the time course of the disease, however the Post Seizure State is not
significantly different from Preinduction. When normalised (see Figure 12), the QTc

interval significantly increases to 1.14 + 0.05 and 1.17 + 0.17 (normalised units) prior to
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the 150™ and 250™ Seizures respectively. The Post Seizure State is not significantly
different from the Preinduction QTc interval. The full extent of the comparisons between

the different time points can be seen in Appendix A.

FIGURE 11 (nexT PAGE) The changes in PR interval (A), QRS width (B), QT interval (C), and QTc interval (D)
over the time course of the syndrome, categorised by seizure number. Each data point (®) denotes the

mean + SD for each time point and is superimposed upon all data for each animal (<*). Significance (o =
0.05) was determined using a One-Way ANOVA and is denoted by ( * ), however for clarity not all of the

statistical differences have been identified. This information can be found in Appendix A.
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FIGURE 12 (Previous PAGE) The changes in Normalised PR interval (A), QRS width (B), QT interval (C), and

QTc interval (D) over the time course of the syndrome, categorised by seizure number. Each data point
(u) denotes the mean * SD for each time point and is superimposed upon all data for each animal (u).
Significance (o = 0.05) was determined using a One-Way ANOVA and is denoted by ( * ), however for
clarity not all of the statistical differences have been identified. This information can be found in

Appendix A.

INTERICTAL RR INTERVAL AND HEART RATE

The interictal RR interval, and therefore heart rate, changed over the time course
of the disease (Figure 13A). The RR interval statistically increased from Preinduction to
the interictal period immediately before the 150™ Seizure (142.9 £ 25.7 ms to 159.6 +
11.1 ms). The RR interval is statistically increased (P<0.01) in the Post Seizure State from
Preinduction (142.9 + 25.7 ms to 177.2 + 24.2 ms). This equates to the interictal heart
rate decreasing from 420 bpm, to 376 bpm and then 339 bpm. Normalising the RR
interval (Figure 13B) resulted in a statistically significant increase (P<0.01) from
Preinduction, to the 50, 100", 150" Seizures and Post Seizure State. There was a 16.4 +
9.0% increase in normalised RR interval by the 150" Seizure and 26.1 + 18.7% during the
Post Seizure State. Over the course of the disease (Figure 13C), the heart rate decreased
from 425 + 63 bpm at Preinduction, to 378 + 29 bpm immediately before the 150"

Seizure. The heart rate further decreased to 345 + 51 bpm during the Post Seizure State.
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FIGURE 13 The changes in RR Interval (A), Normalised RR Interval (B) and Heart Rate (C) over the course
of the syndrome. The mean RR interval (denoted by ) is shown with the standard deviation and all
date points (denoted by <). There was a significant (denoted by *) increase in RR interval, Normalised
RR interval and decrease in Heart Rate between the Preinduction time point and the 150th Seizure. This
change in RR interval, Normalised RR interval, and Heart Rate persisted into the Post Seizure State;

however these values are within normal reported values for male Wistar Rats.
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INTERICTAL HEART RATE VARIABILITY

RMSSD

The RMSSD, the root mean square of successive differences between RR intervals,
a measure of vagus-mediated heart rate variability and autonomic regulation of the
heart®, was calculated using the MatLab script in Appendix C. The change in RMSSD for

each animal over the course of the disease is shown in Figure 14.
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FIGURE 14 The changes in RMSSD over the course of the syndrome. Each data point (®) denotes the
RMSSD calculated for a 10-minute interictal period. This data is superimposed upon the seizure profile
for each animal (). There was a slight negative trend in RMSSD over the course of the disease for
AAL131104 and AAL150202, whereas there is an upward trend at the end of the disease for JJ130513.

The RMSSD varies across the time course of the disease for JJ130521, but there is a no trend.
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TABLE 3

JJ130513 JJ130521 AAL131104 AAL150202
RMSSD
ALL DATA (Mms) 1.551+0.56 3.74 +1.07 3.14+1.57 2.95+0.73
RANGE (Ms) 0.67t03.17 198t06.60 1.35t09.03 1.91t05.32
PREINDUCTION (MS) 1.7 2.1 7.8 2.4
POST SEIZURE STATE (MS) 0.9 4.4 1.7 2.2
SDNN
ALL DATA (MmS) 5.63+2.05 9.63+3.39 8.67 £2.97 9.98 +3.29
RANGE (MmS) 2.31t010.23 3.97t017.89 3.54t016.06 3.46to 18.99
PREINDUCTION (MS) 6.0 7.26 8.66 12.71
POST SEIZURE STATE (MS) 2.3 12.65 3.73 8.81
SDSD
ALL DATA (MmS) 2.56 £ 0.56 3.77 £1.08 3.39+2.27 2.96+0.73
RANGE (Ms) 0.67 £3.22 198to6.62 1.36t014.85 191to5.34
PREINDUCTION (MS) 1.75 2.13 2.65 2.42
POST SEIZURE STATE (MS) 1.86 5.81 8.31 2.67
SD RATIO
ALL DATA (MmS) 0.22+0.09 0.15+0.05 0.21+0.13 0.17 +0.07
RANGE (MS) 0.11to0.54 0.07+0.25 0.09t00.76 0.07 to 0.40
PREINDUCTION (MS) 0.15 0.15 0.15 0.10
POST SEIZURE STATE (MS) 0.11 0.20 0.49 0.14

A summary of the mean, ranges, preinduction and post seizure state values for the RMSSD, SDNN, SDSD

and SD Ratio for JJ130513, JJ130521, AAL131104, and AAL150202. Where possible data is reported as

mean #* standard deviation. “All Data” is the mean of all data points collected for each animal over the

course of the disease, with the range showing the minimum and maximum value of all data points. The

Preinduction and Post Seizure State values are immediately before the animal was injected with TeNT

and immediately before the end of the experiment respectively.

Combined data from all rats (Figure 18A) shows that there was no significant

difference across the course of the disease. The large variability and small number of

data points have contributed to the lack of significance. This lack of significance between
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the different time points is maintained when the data is normalised to Preinduction. A

summary of this data is shown in Table 4.

SDNN
SDNN, the standard deviation of all RR intervals, indicates the total variability and

899 Over the

provides a general measurement the autonomic nervous system’s balance
course of the disease, the SDNN was not consistent between the four animals (Figure 15).
The SDNN decreased over the course of the disease in JJ130513, AAL131104, and
AAL150202 and increased in JJ130521 (Table 3). The SDNN for J130521, JJ130513,

AAL131104, and AAL150202 decreased during their peak seizure periods (Figure 6), to

3.96 ms 2.94 ms, 3.54 ms, and 4.12 ms respectively.

TABLE4
NORMALISED DATA TO PREINDUCTION (MEAN * SD)

RMSSD SDNN SDSD SD RATIO

PREINDUCTION 1 1 1 1
1ST SEIZURE 1.04 +0.69 0.81 £0.63 1.04 +0.71 1.4+0.15
50TH SEIZURE 0.83+£0.32 0.76 £0.21 0.83+£0.32 1.2+0.73
100TH SEIZURE 1.09 +0.58 0.83+£0.22 1.09 £ 0.58 1.3+0.57
150TH SEIZURE 0.87 £0.18 0.83 £0.60 1.54 +0.77 2.1+0.64
200TH SEIZURE 0.82+£0.30 0.69 £0.28 0.82£0.29 1.2+0.50
250TH SEIZURE 0.74£0.10 0.54 +£0.13 0.72+£0.13 1.4+0.58
300TH SEIZURE 0.97 £0.29 0.98 £0.33 0.97 £0.30 1.1+0.69
POST SEIZURE STATE 2.00 £ 1.08 1.32+£0.55 2.01+1.08 1.7+1.05

The normalised RMSSD, SDNN, SDSD and SD Ratio. This data removes the variability in the preinduction

values, and shows any significant differences (*) between the different Time Points and the Preinduction

state (a = 0.05; One-way ANOVA).
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When combined (Figure 18B), the large variability between the different animals’
SDNN has resulted in a lack of significant changes. When normalised (see Table 4), the

changes in SDNN were not significant.
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FIGURE 15 The changes in SDNN over the course of the syndrome. Each data point (’) denotes the

SDNN of a 5-second epoch. This data is superimposed upon the seizure profile for each animal (< ).
There is a slight negative trend in SDNN over the course of the disease for AAL131104 and AAL150202,

and a slight positive trend for JJ130513 and JJ130521.

SDSD
The observed change in SDSD over the time course of the disease varies slightly

between animals (Figure 16). The SDSD is the standard deviation of successive
differences between adjacent RR intervals and represents short-term variation in HRV. A
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negative trend was observed in AAI131104, AAL150202 and JJ130513, and no discernable
change in JJ130521 (Figure 16, Table 3). The SDSD for JJ130513 increased slightly towards

the end of the disease and experiment.
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FIGURE 16 The changes in SDSD over the course of the syndrome. Each data point (®) denotes the

SDSD of a 5-second epoch. This data is superimposed upon the seizure profile for each animal (<*). The
SDSD for JJ130521 remains constant over the course of the disease, whereas a negative trend can be
observed in JJ130513, AAL131104 and AAL150202. Further, the SDSD for JJ130513 increased towards

the end of the experiment.

When combined (Figure 18C), the SDSD did not change over the course of the
disease. When normalised (Table 4), there was no significant difference over the course

of the disease.
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SD RATIO

The SD Ratio is calculated by dividing the SD1 by the SD2 value, with a decreasing
ratio indicating a higher sympathetic tone. A decrease in SD Ratio was observed in
JJ130521 and JJ130513 over the course of the disease (Figure 17, Table 3). JJ130513
decreased from a Preinduction ratio of 0.15 to 0.11 during the Post Seizure State, and
JJ130521 decreased from 0.15 to 0.11, 28 days post induction. The SD Ratio for both
AAL150202 and AAL131104 remain relatively stable throughout the experiment. When
combined, the SD Ratio increased from 0.14 + 0.04 to 0.33 + 0.11 (Figure 18D) during the
interictal period immediately before the 150" Seizure and then decreased to 0.15 + 0.05
during the Post Seizure State (Figure 18D). None of these differences are significant. This
pattern is maintained when the data is normalised (Table 4), where the normalised SD

Ratio increased to 2.1 £ 0.64 during the 150" Seizure and then decreased to 0.9 + 0.68.
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FIGURE 17 The changes in SD Ratio over the course of the syndrome. Each data point (®) denotes the

SD Ratio of a 5-second epoch. This data is superimposed upon the seizure profile for each animal ().

FIGURE 18 (NexT PAGE) The changes in RMSSD (A), SDNN (B), SDSD (C), and SD Ratio (D) over the time

course of the syndrome categorised by seizure number. Each data point () denotes the mean + SD for

each time point and is superimposed upon all data for each animal (). Significance is denoted by ( * ).
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DISCUSSION

This study provides new evidence on the effect of epileptic seizures, induced by
the tetanus neurotoxin model of temporal lobe epilepsy, on the heart’s conductivity.
Intrahippocampal injections of TeNT successfully induced seizures in all five animals
injected; however, one animal had to be excluded due to a significantly decreased
number and frequency of seizures compared to the other animals. After induction, the
rats experienced spontaneous seizures, and as ECoG and ECG data was recorded via
radiotelemetry continuously, it was possible to assess the long-term effects of epileptic
seizures on the conductivity of the heart and its central control. To the author’s
knowledge, this is the first study to use the tetanus neurotoxin model of epilepsy in freely
moving rats implanted with radiotelemeters to assess changes in cardiovascular

conductivity in epilepsy.

ECG WAVEFORM CHANGES AND SUDEP

The major finding of this study is the progressive changes in the ECG waveform
over the course of the disease, indicating a progressive change in the conductivity of the
heart. Firstly, the PR interval increased over the course of the disease, and remained
elevated during the Post-Seizure State (Figure 11A). The maximum increase in PR interval
observed in this study was 5.4 ms, between the Preinduction and 150%™ Seizure; a 12%
increase. The PR interval is the time taken for the electrical signal to propagate from the
sinoatrial (SA) node, through the right atrium, and into the left atrium via Bachmann’s
bundle, via the atrioventricular (AV) node and into the Bundle of His. The AV node acts to
delay electrical conduction, preventing the atria and ventricles from contracting

simultaneously. An increase in the PR interval, and therefore delayed conductivity from

51



the atria to the ventricles, indicates first-degree heart block. First degree heart block is
commonly the result of AV node conductivity dysfunction as opposed to dysfunction in
the atrium or His-Purkinje system; although more than one source of conductivity delay is
often encountered'®. First-degree heart block has traditionally been thought of as

benign, acting as a precursor for more severe degrees of conduction block**?

. However, a
prolonged PR interval could be indicative of other changes in the cardiovascular system,

including both autonomic and structural cardiac abnormalities™*>.

The AV node is sensitive to changes in autonomic tone, and vagal stimulation can
slow AV conduction, prolonging the PR interval***. Parasympathetic activation decreases
the slope the initial phase (Phase 0) the nodal action potential, leading to slower

depolarisation, and reduction conduction velocity through the AV node'®. Indeed,

excessive vagal activation can cause AV block***

. The increase in PR interval in this study
could be a result of an increase in parasympathetic drive, however this would need to be

verified with robust heart rate variability results.

Alternatively, a prolonged PR interval could be the result of hypokalaemia. A
decline in serum potassium levels results in a decrease in the transmembrane gradient, a
subsequent increase in the resting membrane potential, and a prolongation of the action
potential**®. This can ultimately result in prolongation of the PR interval. This electrolyte
imbalance is also associated with other changes in the ECG waveform, such as a decrease
in the T-wave amplitude, ST segment depression, and T wave inversion**®.  The
measurements of these changes in the ECG waveform were outside the scope of this
study as there was not a discernable transition point between the T-wave and the S-wave
55—57.

(Figure 5C). ST segment changes have been observed in a number of other studies

Presence or absence of these markers could help elucidate whether or not an imbalance
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in serum potassium levels caused the prolonged PR interval seen in this study. Therefore,
a more advanced method of waveform analysis than that used in this study would need

to be performed to be able to analyse the ST segment.

The observed increase in PR interval is not independent of the RR interval. The RR
interval also progressively increases over the course of the disease, and as such, the PR to
RR ratio remains constant at 0.3 throughout. This indicates that the increase in PR
interval observed may be a result of the increase in RR interval, and not a pathological
change in the AV node, atrium, His-Purkinje system, or hypokalaemia. Further
experiments using isolated hearts will be outlined below (see Further Experimental Work)

to explore the cause of the increase in PR interval.

The QRS width is a measure of the time taken for the electrical signal propagated
from the AV node to travel through the Purkinje fibres and then the ventricular
myocardium. As with the PR interval, an increase in the QRS width, as seen in this study
(Figure 11B), is indicative of a slowing of the conduction through the heart. The
maximum increase in QRS width observed, 2.3 ms (or an 18 % increase from
Preinduction) during the interictal period immediately before the 150™ Seizure (Figure
11), is modest, and whilst statistically significant, may not be physiologically significant.
This result echoes Damasceno and colleagues®’, who reported an increase QRS width in
rats with audiogenic seizures compared with naive controls. An increase in QRS width can
be the result of a number of processes involving both the conduction system and the
myocardium, individually or in concert***. For example, QRS prolongation may indicate
the presence of hypertrophic diseases such as left ventricular hypertrophy (LVH)'**’. LVH
is a physiological adaptation to increased workload in healthy individuals involved in

physical training, however it is often a pathophysiological condition caused by an extrinsic
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stimulus such as hypertension*®’. Hypertension can cause LVH by increasing the left
ventricular wall stress and subsequently stimulating myocyte hypertrophy, collagen
formation and ultimately myocardial remodelling with a disproportionate percentage of
fibrous, non-myocyte, tissue'”’. The development of LVH also has a number of non-
haemodynamic influences, including al adrenergic agonist activity by noradrenaline, with
studies suggesting that an increased cardiac sympathetic neurotransmission has a role in

left ventricular mass in hypertension'*”**®

. Therefore, the increase in QRS width seen in
this study could be indicative of a structural change in the left ventricle, caused by

hypertension or another non-haemodynamic cause.

The presence of LVH is a risk factor for cardiac mortality, and indeed the risk of
sudden cardiac death in the normal population is increased in those with LVH. Therefore,
even the modest 18% increase in QRS width observed would need to be investigated
further due to its link with sudden death (see Further Experimental Work). However, the
QRS width is at its maximum during the interictal period immediately before the 150"
Seizure, and then declines back to the Preinduction width during the Post-Seizure State
(Figure 11). It can therefore be concluded that the likely cause of the increase in QRS
width is not through left ventricular hypertrophy, but through changes in conduction
through the Purkinje fibres and the ventricular myocardium. For example, bundle branch

150,15 .
121 which could

block could be the result of ischaemia’* or a rate dependent aberrancy
be explain the return to baseline observed in this study, Further experiments will need to

be performed in order to isolate the true cause of the widened QRS width observed in

this study.

The corrected and uncorrected QT interval (QTc and QT interval, respectively)

both increase over the course of the disease (Figure 11C and D), with the QT interval
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remaining elevated during the Post-Seizure State. The QT interval increases from 66.5 *
6.7 ms to 82.7 + 6.3 ms during the 150" Seizure, a 25% increase; and remains 12% higher
during Post Seizure state. The QTc interval increases from Preinduction to 150™ Seizure,
by 17% (68.5 + 9.4 ms to 80.2 + 5.8 ms), however decreases back to 69.4 + 11.7 ms during
the Post Seizure State. The correction applied to the QT interval to generate the QTc
interval removes the RR interval’s influence on the QT interval and therefore the QTc is
the more accurate measurement. Both QT interval measurements represent the time
taken for the ventricular depolarisation and repolarisation to occur. The prolongation of
the QT interval (as observed in Long QT Syndrome) is used primarily as a biomarker for
the potential formation of torsades de pointes, ventricular tachycardia, and sudden
death®. Increases in QTc values were observed during epileptiform discharges by
Tavernor and colleagues® in a group of patients whose deaths were classified as SUDEP.
Further, numerous studies have observed increases in QT and QTc intervals, including

Opherk et al.>>, Moseley and colleagues®, and Damasceno et al.*.

A prolonged QT interval is the result of augmented depolarisation or delayed

repolarisation of myocardial cells***°

and has long been associated with a number of
cardiac ion channels that can cause Long QT Syndrome. A prolonged QT interval can
result from an increase in the sodium current through gain of function of channels
responsible for initial phase of the cardiac action potential (SCN1A and SCN5A), or
through delaying the repolarisation phase by reducing the potassium current through loss
of function of the Iy, (HERG, LQT2, LQT6), Iks (LQT1, LQT5) and Ik (LQT7) currents®**>2,

Indeed, Hindocha et al.*?

reported two cases of SUDEP in individuals, who although they
were not genotyped themselves, had family members who possessed a SCN1A mutation.

Furthermore, Tu and colleagues™* discovered mutations of SCN5A and LQT2 (KCNH2) in

six of 68 SUDEP cases.
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The TeNT model of TLE is not a genetic model, and therefore mutations in these
channels are not the cause of the prolonged QT interval observed in this study. However,
changes in the level of expression of the genes previously associated with Long QT
Syndrome could be induced by numerous mechanisms. For example, it has been shown
that the sympathetic nervous system regulates the expression of various ion channels

through noradrenaline and neuropeptide-Y*>>*>°.

The exact specificity of this control is
unknown; whether or not there is simply a chronic and unregulated sympathetic
influence on ion channels or a more targeted feedback mechanism that results in
homeostatic plasticity. Furthermore, other signaling molecules have been identified that
exert changes in ion channel expression, including angiotensin-ll, endothelin-I,
glucocorticoids and thyroid hormones™’. It is therefore possible that the prolonged QT
interval observed in this study is the result of a change in cardiac ion channel expression
secondary to another mechanism. To identify if the prolongation of the QT interval
observed in this study is a product of altered cardiac ion channel expression, further

experiments into the ion channels associated with Long QT Syndrome can be easily

performed (see Further Experimental Work).

Further to the above ion channel expression changes associated with Long QT
Syndrome, it has been suggested that an imbalance in the sympathetic nervous system
can cause a prolonged QT interval*. The removal of the right stellate ganglion impairs

cardiac stability, and has been shown to increase the QT interval in dogs®*?, cats™®, and

160

humans™". The stellate ganglion is located in the sympathetic chain around C7 to T1 of

the spinal cord, is formed from the fusion of the inferior cervical ganglion (C7 and C8) and

the first thoracic ganglion, and its postganglionic afferents innervate the heart, along with

:161

the lungs and bronchi™". Indeed, left stellectomy reduces QT interval®®?

and has been

160,163-165

used as a treatment for those with refractory Long QT Syndrome The heart
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receives autonomic innervation from both sympathetic and parasympathetic fibres, with
the ventricles solely innervated by sympathetic neurons'®®. Therefore, the prolonged QT
interval observed in this study could be the result of autonomic dysfunction, caused by a
loss of sympathetic control of the ventricles. Ultimately, the cause of the prolonged QT
interval observed in this study could be elucidated using isolated Langendorff hearts (see
Further Experimental Work). This study set out to explore the nature of this autonomic
dysfunction through RR Interval and heart rate variability analysis, which is explored in

the following sections.

HEART RATE AND SUDEP

The balance between the sympathetic and parasympathetic nervous systems can
be derived from the RR interval and the heart rate. Anincreased in the sympathetic tone
results in an increase in heart rate, mediated through noradrenaline and circulating
adrenaline. Conversely, an increase in parasympathetic tone leads to a decrease in heart
rate, mediated via acetylcholine. This study observed an increase in interictal RR interval,
corresponding to a decrease in interictal heart rate, over the course of the disease model
(Figure 13). This change in RR interval was most apparent during the interictal period
immediately before the 150th Seizure and during the Post Seizure State (159.6 + 11.1 ms
and 177.2 + 24.2 ms, respectively). Around the 150" Seizure, the slower heart rate
indicates a shift in autonomic tone towards the parasympathetic, with a further shift
during the Post Seizure State. This increase in parasympathetic tone mirrors that
observed by Mameli et al.>® and Hotta and colleagues®, although it is in contradiction to

the elevated basal heart rate observed by Damasceno et al.*

It is important to note that the interictal RR intervals, and therefore interictal

heart rates, observed in this study are within the normal range for adult male Wistar rats,
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320 to 490 bpm166. The change in interictal heart rate observed in this study is indicative
of a change in autonomic tone, but not a pathophysiologically significant one. A previous

129 using the same model and techniques, observed ictal bradycardia

unpublished study
(mean decrease of 266 + 12 bpm) during 89% of seizures, and post ictal tachycardia
(mean increase of 129 + 7 bpm) in 93% of seizures. Therefore, the changes in interictal
rate and RR interval could be the result of the autonomic disturbances observed during
seizures. The changes observed in this study could be secondary to an increase in blood

167,168

pressure, or indeed an increase in intracranial pressure — a common observation in

189170 Therefore, further experiments exploring changes in blood pressure would

epilepsy
provide evidence as to the origin of the interictal heart rate decrease observed in this

study.

HEART RATE VARIABILITY AND SUDEP

Heart rate variability is a non-invasive method of determining the balance
between the sympathetic and parasympathetic autonomic nervous systems at a given
point. The parasympathetic nervous system influences the heart rate and rhythm
through the vagus nerve and acetylcholine, while the sympathetic nervous system
releases noradrenaline and adrenaline to influence the heart. Under resting conditions,
variations in heart rate are largely dependent on the modulation of the prevailing vagal
tone® by the sympathetic nervous system. A reduction in HRV is associated with
increased mortality and sudden death in heart failure and myocardial infarction

1717174 " \which may reflect a decrease in vagal tone and therefore sympathetic

patients
prominence®®. Reduced HRV has also been observed in numerous animal models and in

patients with epilepsy. Ansakorpi and colleagues® and Mukherjee et al.}” have both

demonstrated that patients with poorly controlled epilepsy have significantly lower HRV
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measures when compared with those with well-controlled epilepsy. Further, DeGiorgio

1.>* reported the association between RMSSD and the SUDEP-7 Inventory indicating

et a
poor vagus-mediated control, and Rauscher and colleagues®® demonstrated a progressive
deterioration in HRV measures over a 8-month period prior to the patient’s death. This
observed decrease in HRV measures prior to death is further supported by Lacuey et al.”
who observed the same change in two patients. Conversely, Evrengiil and colleagues®

reported higher HRV measures in males with generalised tonic clonic seizures, indicating

an increase in sympathetic activity.

This study showed an apparent decrease in RMSSD, SDNN, and SDSD over the
course of the disease, and the SD Ratio increases during the interictal period immediately
before the 150" Seizure (Figure 18). A decrease in RMSSD indicates poor vagus-mediated
control®* of the heart; a decreased SDNN indicates that both arms of the autonomic
nervous system are suppressed and not functioning correctly®®; and a decrease in SDSD
indicates an increase in sympathetic activitym. Conversely, an increase in SD Ratio

indicates less sympathetic tone'’®.

The results reported in this study are not statistically
conclusive (Figure 18), and therefore conclusions about the nature of the autonomic

control during interictal periods cannot be drawn.

Ordinarily, the SD Ratio is used in conjunction with the shape of the Poincaré Plot
to interpret the state of the autonomic nervous system. A Poincaré Plot is a geometric
representation of RR, and RRn.;, with the SD1 width reflecting the parasympathetic
activity and the SD2 length indicating the sympathetic modulation'’®. An elongated,
torpedo shaped Poincaré Plot, coupled with a decrease in the SD Ratio is correlated with
a increase in sympathetic activity; whereas a more oval shaped Poincaré Plot, coupled

with a increase in the SD Ratio, is associated with less sympathetic modulation®’®.
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Therefore, the changes in SD Ratio observed in this study would ideally need to be
assessed with their corresponding Poincaré Plots to obtain results that are more

meaningful.

Definitive conclusions about the changes in HRV cannot be drawn because the
study is underpowered for HRV analysis as each 10-minute epoch produces one value, as
opposed to the waveform analysis that had 15 to 20 data points per interictal period. By
increasing the number of animals used in this study it is envisaged that concrete
conclusions could be able to be drawn as outliers and anomalous results would be easily
identified. Furthermore, the use of SDNN over a 10-minute epoch must be interpreted
with care. The guidelines for HRV analysis introduced by the Task Force of The European
Society of Cardiology and The North American Society of Pacing and Electrophysiology®
suggest analysing SDNN over a 24-hour period, however the practicality of this would be
prohibitive. The R-wave detection script (see Appendix B) used in this study requires the
user to visually ensure that the script has functioned correctly, a task which would not be
feasible with more than the 10-minute epoch per time point used in this study.
Increasing this to a 24-hour period would require the user to visually verify over 500,000
R-waves (assuming a heart rate of 350 bpm). Therefore, refinement of this R-wave
detection script would allow the user greater certainty and remove the need for visual
verification. Further, and most importantly, the animals in this study rarely experienced a
24-hour period free from seizure and therefore interictal SDNN analysis would not be

possible.

THE USE OF TENT AS A MODEL FOR SUDEP

Numerous animal models of epilepsy have been used to investigate SUDEP as

many of the studies using patients have a number of restrictions to their conclusions due
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to the heterogeneity of the human subjects. Animal models can therefore provide key
insights into the mechanisms of SUDEP. Models involving the use of chemicals to induce

94,107,109
d

seizures are well established, including kainic aci , penicillin-G*°, and

104,106 51,177

pilocarpine Other methods routinely used include electrical kindling , and

genetic strains prone to seizures such as Wistar Audiogenic Rats**'’®, DBA/2 mice'’**%°

181,182

and Genetically Epilepsy-Prone Rat (GEPR) Therefore, with a plethora of other
models, does the tetanus neurotoxin model of temporal lobe epilepsy have any
advantage over the others? The technology used in this study, two channel biopotential
radiotelemeters, can only be used in rats due to their size. Therefore, it would be difficult
to record the ECoG and ECG of freely moving DBA/2 mice for example; however, future
advances in technology could permit this. Furthermore, the TeNT model of temporal lobe
epilepsy is non-lesional and well characterised. The TeNT model is well targeted with

intrahippocampal injections, and accurately reflects a TLE focus, and has less off-target

effects than systemic kainic acid or pilocarpine.

As stated above, the use of animal models is the lack of heterogeneity of the
subject. It can be seen from the results of this study that there was large variability
between each animal’s seizure experience. With a larger study, a more homogenous
experimental group could be produced, allowing the results to be compared with more

certainty.

The changes in QT interval, QRS width and PR interval observed in this study,
coupled with unpublished work*?® by the author that reported ictal bradycardia and post
ictal tachycardia, mirror changes observed in other human and animal studies. TeNT
could therefore be used to explore the mechanisms that underpin SUDEP, however its

use as a model of SUDEP per se is questionable. To be an effective model of SUDEP,
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death must ultimately be observed. The TeNT model is very useful for dissecting the
complex effects of an epileptogenic injury’®?, as it can induce seizures at multiple sites
within the brain®®', with targeted results. Indeed, the intrahippocampal injections used in

this study have been shown to induce seizures without major morphological

114,119,130 110,111,114

changes and independent of status epilepticus Death, however, is not

131 104

commonly observed in TeNT™*! as opposed to the kainic acid® and pilocarpine models
where it is. Accordingly, TeNT could be considered a poor model for the exploration of

SUDEP, as death is necessary for the full exploration of SUDEP.

Due to its sensitivity and ability to model multiple foci, coupled with the lack of
hippocampal sclerosis, status epilepticus, and morphological changes observed in the
TeNT model of TLE, it does have a place In SUDEP research. Furthermore, the cardiac
changes observed in this study and pervious work demonstrate that the TeNT model of
TLE mirror that observed in humans, and therefore could be a useful tool for dissecting
the mechanisms involved in SUDEP. The changes in QTc and QRS observed during the
progression of the disease model return to the Preinduction baseline during the Post
Seizure State, indicating that the causes of these changes may not be permanent and
therefore indicate autonomic disturbances as a potential mechanism for SUDEP. In order
for causes of the changes observed and for these mechanisms to be explored, further

experiments need to be performed.

FURTHER EXPERIMENTAL WORK

Several limitations of this study have prevented concrete conclusions being drawn
onto the effect of epileptic seizures, induced by TeNT, on the heart. This study was not
able to determine the origin of the waveform changes observed. There could be a

number of causes for these changes including autonomic dysfunction, changes in
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electrical conduction through cardiac myocytes, and changes in cardiac ion channel

expression.

To fully explore the autonomic dysfunction, a number of other methods could be
employed. As well as extending the study to identify the full extent of the HRV changes
induced by epileptic seizures, this study could be also be expanded to record blood
pressure simultaneously with ECG and ECoG, providing further valuable information on
the autonomic control during epilepsy. Unfortunately, the technology currently does not
exist to perform such measurements simultaneously via radiotelemetry in the freely
moving animal.  Further, autonomic activity could be determined by implanting
electrodes into various structures or nerves. As mentioned above, the stellate ganglion
and vagus nerve are both involved in the sympathetic and parasympathetic control of the
heart, and therefore recording their activity via implanted electrodes could provide
information as to whether or not these structures exhibit is autonomic dysfunction.
Moreover, peripheral nerve recordings, as performed by Sakamoto et al.”*, could help
provide information on autonomic activity. However, such investigations would need to
be performed on anaesthetised animals, and therefore would not show the progression
through the course of the disease nor the activity during a seizure as many anaesthetic
agents are anticonvulsants'®*. To the author’s knowledge, technology is currently being
developed that would be able to produce multichannel recordings that could allow for
the ECG, ECoG, blood pressure, vagal nerve and stellate ganglion activity simultaneously,
allowing prolonged investigations over the course of the disease to be made. Further,
more invasive, techniques could be performed under terminal anaesthesia, but without a
preinduction baseline, the value of this is questionable. The possible autonomic
dysfunction could be explored pharmacologically, using agents such as beta-adrenergic

isoprenaline or the beta-blocker propranolol, to explore the sympathetic activity, and the
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M2 agonist Arecaidine propargyl ester tosylate (Tocris, United Kingdom) or the M2
antagonist Dimethindene maleate (Tocris, United Kingdom) to explore the
parasympathetic activity. Furthermore, the more invasive vagotomy or left stellectomy
could help determine the cause of the autonomic dysfunction. Lastly, monophasic action
potential recordings, as well as ECG recordings, could be made from isolated Langendorf
hearts taken at various time points during the course of the disease model. This could
help provide information as to the intrinsic activity of the heart without external
autonomic modulation, and identify whether the QT interval changes observed persist
without external autonomic input. If these changes were to persist, it would indicate an
induced intrinsic change in cardiac conductivity, rather than a change modulated by an

external force.

The waveform changes observed in this study could be the result of a change in
the expression in certain cardiac ion channels, induced by a yet to be determined
mechanism. The expression of certain cardiac ion channels associated with Long QT
Syndrome (such as SCN1A, SCN5A, HERG, LQT2, LQT6, LQT1, LQTS5, and LQT7) could be
evaluated on hearts previously used for isolated heart experiments. Furthermore, any
differences in the expression between the different chambers of the heart could also be

assessed.

The waveform changes observed could also be secondary to a respiratory
dysfunction. Seyal and colleagues™®> demonstrated QTc changes were secondary to
seizure induced hyperventilation. Further, the heart rate is influenced, via secondary
autonomic changes, by hypoxaemia, hypoventilation and apnoea®. Indeed, it has been
suggested that the cardiac effects of seizures, as well as a reduction in HRV, could be the

result of the autonomic nervous system responding to oxygen desaturation and apnoea®.

64



It is therefore vital in future experiments to record the respiration of the animals, as well
as the ECoG, ECG and blood pressure, in order to understand completely the effects of
epileptic seizure. However, the technology to do this via radiotelemetry is not currently

available.

CONCLUSION

This study set out to explore the effects of epileptic seizures, induced by the
tetanus neurotoxin model of temporal lobe epilepsy, on the central control of the heart
and the conduction through it. Seizures were successfully induced in four animals; with
the ECG and ECoG recorded continuously for six to eight-weeks post induction. The first
finding of this study was that the QT and QTc interval both increased significantly over the
course of the disease, with the QT interval remaining elevated during the post seizure
state. The QT and QTc interval peaked during an intense seizure period, indicating a role
for repeated seizure insult on the length of cardiac repolarisation. Furthermore, the PR
interval and QRS width both significantly increased over the course of the disease.
Secondly, the RR interval significantly increases over the course of the disease, however
this change was not physiologically significant. Lastly, the role of the autonomic nervous
system throughout the disease model remains unclear. The cause of the cardiac changes
observed is unclear, however it is likely the result of modulation to the autonomic output,
with epileptic disturbances spreading to the brainstem and affecting the control of the
cardiovascular system. Further study of the autonomic changes, through various
measures, as well as changes in respiration and blood pressure, need to be undertaken in
order to provide a clearer picture of the above documented changes in cardiovascular

dysfunction and their importance in SUDEP.
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Appendix A

ONE-WAY ANOVA WITH POST-HOC BONFERRONI COMPARISONS FOR RAW

WAVEFORM DATA

PR INTERVAL
MEAN SIGNIFI
COMPARISONS
DIFFERENCE CANCE
17 -2.8410631° .000
50™ -1.6475770° .000
100™ -1.4950786 .005
PREINDU 150™ -5.3837955 .000
CTION
STATE 200™ -.8093603 1.000
250™ 2.3085345 .002
300™ 3.0529225 .000
POST SEIZURE STATE -3.6528051 .000
PRE 2.8410631 .000
50TH 1.19348611 .061
100TH 1.3459845° .039
1sT 150TH -2.5427324°  .000
SEIZURE 200TH 2.0317028" .000
250TH 5.1495976 .000
300TH 5.8939856 .000
POST SEIZURE STATE -.8117420 1.000
PRE 1.6475770° .000
1sT -1.193486117  .061
100TH .1524984 1.000
50TH 150TH -3.7362185"  .000
SEIZURE 200TH .8382167 1.000
250TH 3.9561115 .000
300TH 4.7004995" .000
POST SEIZURE STATE | -2.0052281° .000
PRE 1.4950786 .005
1sT -1.3459845 .039
50TH -.1524984 1.000
100+ 1507H 3.8887169°  .000
SEIZURE
200TH 6857182 1.000
250TH 3.8036131 .000
300TH 4.5480011° .000

83

QRS WIDTH
COMPARISONS MEAN SIGNIFI
DIFFERENCE CANCE
1sT -1 .106
50TH -1.6038138" .000
100TH -.0873786 1.000
PREINDU 150TH -2.3049708" .000

CTION .

STATE 200TH -1.6054761 .007
250TH -0.2320154 1.000
300TH 0.243077436  1.000

POST SEIZURE STATE -0.5889775 1.000

PRE 1.087614052 .106

50TH -0.51619970  1.000

100TH 1.000235427 .564

1sT 150TH -1.2173568 .780
SEIZURE 200TH -0.51786205  1.000
250TH 0.855598589  1.000

300TH 1.330691488 181

POST SEIZURE STATE 4986365 1.000

PRE 1.6038138 .000

1sT 0.516199709  1.000

100TH 1.5164351" .008

50TH 150TH -0.701157063  1.000
SEIZURE 200TH -.0016623 1.000
250TH 1.371798298 619

300TH 1.8468912" .003

POST SEIZURE STATE 1.014836235 222
PRE .0873786 1.000

1sT -1.000235427  .564

50TH -1.5164351 .008

SlE?fJ:E 150TH 2.2175922°  .002
200TH -1.5180975 .046
250TH -0.144636838  1.000
300TH 0.33045606 1.000




POST SEIZURE STATE -2.1577265 .000

PRE 5.3837955 .000

1st 2.5427324° .000

50TH 3.7362185 .000

150TH 100TH 3.8887169  .000
SEIZURE 200TH 45744351 .000
250TH 7.6923300 .000

300TH 8.4367180 .000

POST SEIZURE STATE 1.7309904° .031
PRE .8093603 1.000

1st -2.0317028°  .000

50TH -.8382167 1.000

200TH 100TH -.6857182 1.000
SEIZURE 150TH -4.5744351° 000
250TH 3.1178948° .000

300TH 3.8622828" .000

POST SEIZURE STATE -2.8434447 .000

PRE -2.3085345  .002

1st -5.1495976  .000

50TH -3.9561115  .000

250TH 100TH -3.8036131°  .000
SEIZURE 150TH -7.6923300°  .000
200TH -3.1178948°  .000

300TH 7443880 1.000

POST SEIZURE STATE | -5.9613396  .000

PRE -3.0529225  .000

1st -5.8939856  .000

50TH -4.7004995  .000

300TH 100TH -4.5480011°  .000
SEIZURE 150TH -8.4367180°  .000
200TH -3.8622828°  .000

250TH -.7443880 1.000

POST SEIZURE STATE -6.7057276 .000

PRE 3.6528051 .000

1st 8117420 1.000

50TH 2.0052281° .000

Post 100TH 2.1577265 .000

SEIZURE ,

STATE 1507H -1.7309904 .031
200TH 2.8434447 .000

250TH 5.9613396 .000

300TH 6.7057276 .000
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POST SEIZURE STATE -0.501598901 1.000

PRE 2.3049708" .000

1st 1.2173568 780
50TH 0.701157063  1.000

150TH 100TH 2.2175922°  .002
SEIZURE 200TH 0.699494714  1.000
250TH 2.072955361  .088

300TH 2.5480483" .001

POST SEIZURE STATE 1.7159933" .037

PRE 1.6054761" .007
1st 0.517862058  1.000
50TH .0016623 1.000

200TH 100TH 15180975  .046
SEIZURE 150TH -0.699494714  1.000
250TH 1.373460647  .964

300TH 1.8485535 .016

POST SEIZURE STATE 1.016498585 714
PRE 0.232015463  1.000
1st -0.855598589  1.000

50TH -1.371798298 619
250TH 100TH 0.144636838  1.000
SEIZURE 150TH -2.072955361  .088
200TH -1.373460647  .964
300TH 4750929 1.000
POST SEIZURE STATE -0.356962062 1.000
PRE -0.243077436  1.000

1st -1.330691488  .181

50TH -1.8468912" .003
300TH 100TH -0.33045606  1.000
SEIZURE 150TH -2.5480483"  .001
200TH -1.8485535 .016

250TH -.4750929 1.000

POST SEIZURE STATE -0.832054961 1.000

PRE 0.588977525  1.000

1st -.4986365 1.000

50TH -1.014836235 222

Post 100TH 0.501598901  1.000

SEIZURE .

STATE 150TH -1.7159933 .037
200TH -1.016498585  .714
250TH 0.356962062  1.000
300TH 0.832054961  1.000




QT INTERVAL QTC INTERVAL

COMPARISONS MEAN SIGNIFI COMPARISONS MEAN SIGNIFI
DIFFERENCE CANCE DIFFERENCE CANCE
1st -4.3631841°  .000 1st 3 1.000
50TH -10.8145914°  .000 50TH -6.5058790 .000
100TH -10.4911165  .000 100TH -7.8147670° .000
PREINDU 150TH -16.1321121°  .000 PREINDU 150TH -11.6844598"  .000
CTION . CTION .
STATE 200TH -9.0781143 .000 STATE 200TH -6.8291644 .000
250TH -7.6684607°  .000 250TH -7.9918512" .001
300TH -5.5005875  .000 300TH -7.7318659 .000
POST SEIZURE STATE -8.1755078" .000 POST SEIZURE STATE -0.883669984 1.000
PRE 43631841 .000 PRE 2.506742522  1.000
50TH -6.4514074°  .000 50TH -3.999136498  .070
100TH -6.1279324°  .000 100TH -5.3080245 .005
1sT 150TH -11.7689281°  .000 1st 150TH -9.1777172°  .000
SEIZURE 200TH -4.7149303°  .003 SEIZURE 200TH -4.322421865  .150
250TH -3.305276656  1.000 250TH -5.485108667  .180
300TH -1.13740347  1.000 300TH -5.2251234 .040
POST SEIZURE STATE -3.8123238" .006 POST SEIZURE STATE 1.6230725 1.000
PRE 10.8145914 .000 PRE 6.5058790 .000
1st 6.4514074 .000 1st 3.999136498  .070
100TH 3234749 1.000 100TH -1.3088880 1.000
50TH 150TH -5.3175207°  .006 50TH 150TH -5.178580746  .130
SEIZURE 200TH 17364771  1.000 SEIZURE 200TH -3232854 1.000
250TH 3.146130722  1.000 250TH -1.485972169  1.000
300TH 5.3140039° .001 300TH -1.225986869  1.000
POST SEIZURE STATE 2.639083619 .282 POST SEIZURE STATE 5.6222090 .000
PRE 10.4911165  .000 PRE 7.8147670 .000
1sT 6.1279324° .000 1sT 5.3080245 .005
50TH -.3234749 1.000 50TH 1.3088880 1.000
100TH 1507H -5.6409956  .005 100TH 150TH -3.869692721  1.000
SEIZURE 200TH 1.4130022 1.000 SEIZURE 200TH .9856027 1.000
250TH 2.822655783  1.000 250TH -0.177084143  1.000
300TH 4.9905290 .007 300TH 0.082901156  1.000
POST SEIZURE STATE 2.31560868 1.000 POST SEIZURE STATE 6.9310971 .000
PRE 16.1321121°  .000 PRE 11.6844598°  .000
1sT 11.7689281°  .000 1sT 9.1777172° .000
150TH 50TH 53175207 .006 150TH 50TH 5178580746  .130
SEIZURE 100TH 5.6409956 .005 SEIZURE 100TH 3.869692721  1.000
200TH 7.0539978" .000 200TH 4.855295379  .446
250TH 8.4636514 .000 250TH 3.692608577  1.000
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300TH 10.6315246°  .000

POST SEIZURE STATE 7.9566043 .000

PRE 9.0781143" .000

1st 4.7149303" .003

50TH -1.7364771  1.000

200TH 100TH -1.4130022  1.000
SEIZURE 150TH -7.0539978°  .000
250TH 1.4096536 1.000

300TH 3.577526786  .389

POST SEIZURE STATE 0.902606496 1.000

PRE 7.6684607 .000

1st 3.305276656  1.000

50TH -3.146130722  1.000

250TH 100TH -2.822655783  1.000
SEIZURE 150TH -8.4636514°  .000
200TH -1.4096536  1.000

300TH 2.1678732 1.000

PosT SEIZURE STATE | -0.507047103 1.000

PRE 5.5005875 .000

1st 1.13740347  1.000

50TH -5.3140039°  .001

300TH 100TH -4.9905290°  .007
SEIZURE 150TH -10.6315246  .000
200TH -3.577526786  .389

250TH -2.1678732  1.000

POST SEIZURE STATE -2.67492029 1.000

PRE 8.1755078" .000

1st 3.8123238° .006

50TH -2.639083619  .282

Post 100TH -2.31560868  1.000

SEIZURE ,

STATE 1507H -7.9566043 .000
200TH -0.902606496  1.000
250TH 0.507047103  1.000
300TH 2.67492029  1.000

300TH 3.952593877  1.000

POST SEIZURE STATE 10.8007898" .000

PRE 6.8291644 .000

1st 4322421865  .150

50TH 3232854 1.000

200TH 100TH -.9856027 1.000
SEIZURE 150TH -4.855295379 446
250TH -1.162686802  1.000

300TH -0.902701502  1.000

POST SEIZURE STATE 5.9454944 .002

PRE 7.9918512° .001

1st 5.485108667  .180

50TH 1.485972169  1.000
250TH 100TH 0.177084143  1.000
SEIZURE 150TH -3.692608577  1.000
200TH 1.162686802  1.000
300TH .2599853 1.000

POST SEIZURE STATE 7.1081812° .008

PRE 7.7318659 .000

1st 5.2251234° .040
50TH 1.225986869  1.000
300TH 100TH -0.082901156  1.000
SEIZURE 150TH -3.952593877  1.000
200TH 0.902701502  1.000
250TH -.2599853 1.000

POST SEIZURE STATE 6.8481959 .000
PRE 0.883669984  1.000
1st -1.6230725 1.000

50TH -5.6222090 .000

Post 100TH -6.9310971 .000

SEIZURE ;

STATE 150TH -10.8007898 .000
200TH -5.9454944 .002

250TH -7.1081812 .008

300TH -6.8481959 .000

ONE-WAY ANOVA WITH POST-HOC BONFERRONI COMPARISONS FOR THE

NORMALISED WAVEFORM DATA

NORMALISED PR INTERVAL
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NORMALISED QRS WIDTH



SIGNIFI MEAN SIGNIFI
COMPARISONS MEAN DIFFERENCE COMPARISONS
CANCE DIFFERENCE CANCE
1sT -.0610782" .000 1st 0762632 .002
50TH -.0211325° .030 50TH -.0702506" .005
100TH -.0196340 162 100TH -.0128463 1.000
PREINDUC 150TH -.0865991° .000 PREINDUC 150TH -1543570°  .000
TION 200TH -.0142420 1.000 TION 200TH -.0532148 .553
STATE . STATE
250TH .0409018 .001 250TH -0.038463173  1.000
300TH 0555736 .000 300TH 0.006807257  1.000
PosT SEiZuRe -.0687808" .000 POSTSEIZURE | 132158659  1.000
STATE STATE
PRE 0610782 .000 PRE 0762632 .002
50TH .0399457 .000 50TH 0.006012586  1.000
100TH 0414442 .000 100TH 0.063416893  .102
150TH -.0255209 218 150TH -.0780938 148
Ist . 1st
SEIZURE 200TH .0468363 .000 SEIZURE 200TH 0.023048425  1.000
250TH .1019800" .000 250TH 0.037800013  1.000
300TH 1166518 .000 300TH .0830704 .023
PosT SEiZuRe -.0077026 1.000 PosT SeizuRe 0441045 783
STATE STATE
PRE 0211325 .030 PRE .0702506 .005
1sT -.0399457" .000 1sT -0.006012586  1.000
100TH .0014985 1.000 100TH .0574043 227
150TH -.0654665 .000 150TH -0.084106393  .068
50TH 50TH
SEIZURE 200TH .0068906 1.000 SEIZURE 200TH .0170358 1.000
250TH .0620343" .000 250TH 0.031787427  1.000
300TH 0767061 .000 300TH 0.077057857  .051
PosT SEIZURe -.0476483" .000 POSTSEIZURE | ) 138091941  1.000
STATE STATE
PRE .0196340 162 PRE 0128463 1.000
1sT -.0414442° .000 1sT -0.063416893  .102
50TH -.0014985 1.000 50TH -.0574043 227
150TH -.0669651" .000 150TH -.1415107" .000
100TH 100TH
SEIZURE 200TH .0053920 1.000 SEIZURE 200TH -.0403685 1.000
250TH .0605358" .000 250TH -0.02561688  1.000
300TH 0752076 .000 300TH 0.01965355  1.000
PosT SEiZuRe -.0491468" .000 POSTSEIZURE | ) 119312365  1.000
STATE STATE
PRE 0865991 .000 PRE 1543570 .000
1sT .0255209 218 1sT .0780938 148
150mH 50TH 0654665 .000 150TH 50TH 0.084106393  .068
SEIZURE SEIZURE
100TH .0669651" .000 100TH .1415107 .000
200TH 0723571 .000 200TH 1011422 .023
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250TH .1275009" .000 250TH .1158938" .035
300TH 1421726 .000 300TH 1611642 .000
PosT SeiZuRe 0178183 1.000 POSTSEIZURE | 1551083 .000
STATE STATE
PRE 0142420 1.000 PRE 0532148 553
1sT -.0468363" .000 1sT -0.023048425  1.000
50TH -.0068906 1.000 50TH -.0170358 1.000
100TH -.0053920 1.000 100TH .0403685 1.000

200TH , 200TH .

SEIZURE 150TH -.0723571 .000 SEIZURE 150TH 1011422 .023
250TH 0551437 .000 250TH 0.014751588  1.000
300TH .0698155 .000 300TH 0.060022018  .912

PosT SEiZuRe -.0545388" .000 POSTSEIZURE | ) 171056102 1.000
STATE STATE

PRE -.0409018" .001 PRE 0.038463173  1.000

1sT -.1019800° .000 1sT -0.037800013  1.000

50TH -.0620343" .000 50TH -0.031787427  1.000

100TH -.0605358" .000 100TH 0.02561688  1.000

250TH . 250TH .

SEIZURE 150TH -.1275009 .000 SEIZURE 150TH 1158938 .035
200TH -.0551437" .000 200TH -0.014751588  1.000
300TH 0146718 1.000 300TH .0452704 1.000

PosT SeiZuRe -1096826" .000 POSTSEIZURE | ) 106304514  1.000
STATE STATE
PRE -.0555736 .000 PRE -0.006807257  1.000
1sT -1166518" .000 1sT -.0830704" .023
50TH -.0767061" .000 50TH -0.077057857  .051
100TH -.0752076" .000 100TH -0.01965355  1.000

300TH , 300TH .

SEIZURE 150TH -.1421726 .000 SEIZURE 150TH 1611642 .000
200TH -.0698155" .000 200TH -0.060022018  .912
250TH -.0146718 1.000 250TH -.0452704 1.000

PosT SEiZuRe -.1243543" .000 POSTSEIZURE | ) 138965915  1.000
STATE STATE
PRE .0687808" .000 PRE 0.032158659  1.000
1sT .0077026 1.000 1sT -.0441045 783
50TH 0476483 .000 50TH -0.038091941  1.000

Post 100TH 0491468 .000 Post 100TH 0.019312365  1.000

SEIZURE SEIZURE .

STATE 150TH -.0178183 1.000 STATE 150TH 1221983 .000
200TH .0545388" .000 200TH -0.021056102  1.000
250TH .1096826 .000 250TH -0.006304514  1.000
300TH .1243543" .000 300TH 0.038965915  1.000

NORMALISED QT INTERVAL NORMALISED QTC INTERVAL
COMPARISONS MEAN DIFFERENCE SIGNIFI COMPARISONS MEAN SIGNIFI
CANCE DIFFERENCE ANCE
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1sT -.0712823° .000 1sT 0 .170
50TH -.1836655 .000 50TH -.1289907" .000
100TH -1512937" .000 100TH -.0990729" .000
PREINDUC 150TH -.2129313° .000 PREINDUC 150TH -1405613"  .000
TIoN 200TH -.1850093" .000 TION 200TH -1745752° .000
STATE . STATE .
250TH -.1397765 .000 250TH -.1390061 .000
300TH 1131340 .000 300TH 1528796 .000
PosT SeiZuRe -1162053" .000 POSTSEIZURE | 109813399  1.000
STATE STATE
PRE 0712823 .000 PRE 0.045423051  .170
50TH -1123832° .000 50TH -.0835677 .000
100TH -.0800115" .000 100TH -0.053649824  .116
150TH -.1416490 .000 150TH -.0951383" .002
Ist , 1st .
SEIZURE 200TH -.1137270 .000 SEIZURE 200TH 1291522 .000
250TH -0.0684942 .104 250TH -.0935831" .009
300TH -0.0418516 931 300TH -.1074566 .000
PosT SeiZuRe -.0449231 092 PosT SeizuRe 0356097 1.000
STATE STATE
PRE .1836655 .000 PRE .1289907 .000
1sT 1123832 .000 1sT .0835677 .000
100TH .0323717 1.000 100TH .0299178 1.000
150TH -0.0292685 1.000 150TH -0.011570627  1.000
50TH 50TH
SEIZURE 200TH -.0013438 1.000 SEIZURE 200TH -.0455845 689
250TH 0.043888 1.000 250TH -0.010015389  1.000
300TH .0705315 .006 300TH -0.023888921  1.000
PosT SEIZURe .0674601" .000 POSTSEIZURE | 1191773 .000
STATE STATE
PRE 1512937 .000 PRE .0990729 .000
1sT .0800115 .000 1sT 0.053649824  .116
50TH -.0323717 1.000 50TH -.0299178 1.000
150TH -0.061637 172 150TH -0.04148847  1.000
100TH 100TH .
SEIZURE 200TH -.0337155 1.000 SEIZURE 200TH -.0755023 .010
250TH 0.0115172 1.000 250TH -0.039933232  1.000
300TH 0.0381597 1.000 300TH -0.053806764 491
PosT SEiZuRe 0.0350883 1.000 POSTSEIZURE | 1292595 .000
STATE STATE
PRE 2129313 .000 PRE .1405613 .000
1sT .1416490" .000 1sT .0951383" .002
50TH 0.029265 1.000 50TH 0.011570 1.000
150mH 100TH 0.061637 172 150tH 100TH 0.041488 1.000
SEIZURE SEIZURE
200TH 0.027922 1.000 200TH -0.0340138  1.000
250TH 0.073154 251 250TH 0.001555 1.000
300TH .0997974 .001 300TH -0.012318 1.000
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POST SEIZURE

POST SEIZURE

.0967260° .000 1307479 .000
STATE STATE
PRE .1850093" .000 PRE 1745752 .000
1sT 1137270 .000 1sT 1291522 .000
50TH .0013438 1.000 50TH .0455845 689
100TH .0337155 1.000 100TH .0755023 .010
200TH 200TH
SEIZURE 150TH -0.027922 1.000 SEIZURE 150TH 0.034013 1.000
250TH 0.045232 1.000 250TH 0.035569 1.000
300TH 0718753 .020 300TH 0.021695 1.000
PosT SeiZuRe 0688039 .003 POSTSEIZURE | 1 c47618" .000
STATE STATE
PRE 1397765 .000 PRE .1390061 .000
1sT 0.068494 .104 1sT .0935831 .009
50TH -0.043888 1.000 50TH 0.010015 1.000
100TH -0.011517 1.000 100TH 0.039933 1.000
250TH 250TH
SEIZURE 150TH -0.073154 251 SEIZURE 150TH -0.001555 1.000
200TH -0.0452327 1.000 200TH -0.035569 1.000
300TH .0266426 1.000 300TH -.0138735 1.000
PosT Seizure 0.0235711 1.000 POSTSERZURE | 1)91927" .000
STATE STATE
PRE 1131340 .000 PRE 1528796 .000
1sT 0.041851 931 1sT .1074566 .000
50TH -.0705315" .006 50TH 0.023888 1.000
100TH -0.038159 1.000 100TH 0.053806 491
300TH . 300TH
SEIZURE 150TH -.0997974 .001 SEIZURE 150TH 0.012318 1.000
200TH -.0718753" .020 200TH -0.021695 1.000
250TH -.0266426 1.000 250TH .0138735 1.000
PosT SEiZuRe -0.003071 1.000 POSTSEIZURE | ) 130662 .000
STATE STATE
PRE .1162053" .000 PRE 0.009813 1.000
1sT .0449231 .092 1sT -.0356097 1.000
50TH -.0674601" .000 50TH -1191773° .000
Post 100TH -0.035088 1.000 Post 100TH -.0892595" .000
SEIZURE , SEIZURE .
STATE 150TH -.0967260 .000 STATE 150TH -1307479 .000
200TH -.0688039" .003 200TH -1647618" .000
250TH -0.023571 1.000 250TH -1291927" .000
300TH 0.003071 1.000 300TH -.1430662" .000
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Appendix B

SPIKE2 PAN-TOMPKINS R-WAVE DETECTION SCRIPT

'OVERVIEW

'A modified Pan Tompkins Algorithm that will place a marker on each

'QRS complex and create a virtual channel of the heart rate.

var v18% := ViewFind("AAL150202_150301_001 [32-bit]");

var data%,;

var wChan%;

var pChan%;

var sTime,eTime;
var tChangeFlag%;
var mode%;

var minint;

var timeMode% := 0;
var mSaved%;

var savedMark%;
sections

var showDup% := 0;
mode

var ch1%;
var ch2%;
var ch3%;
var ch5%;
var ChanX%;

var ok%;

data% := FrontView();

if ViewKind(data%)<>0 then

'Data file
'Waveform channel
'Memory channel for imported events
'Start and end time for import
'Flag to say time range has changed
'Import mode
'Min Interval
'Use whole file or between cursors
'Memory channel to hold saved event in cursor specified sections

'Marker channel holding times of imported events in cursor specified

'Flag for whether to display duplicate channel in different draw

'Bring data file to the front

'If no data file

Message("Open a data file for analysis"); 'prompt user

data%:= FileOpen("",0,1);

if data% < 0 then

'If unable to open file

Message("Unable to open a data file!"); 'Warn user and quit script

Halt;endif;
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endif;

Func Done%()

ToolbarClear(0); 'Clear the toolbar
Halt;

return 1;

end;

Func ChooseChannel%();
DlgCreate("Channel Selection");

DlgChan(1,"Waveform channel for feature extraction",513);

0k% := DlgShow(ChanX%); 'Set channel to use and method of detection

if ok% = 0 then

Halt; 'Halt script if user cancels
endif;
end;
Func End% () 'End script if user requests

ToolbarClear(0);
Halt;
return 1;

end

FrontView(v18%); 'Make the file full screen
WindowVisible(3);
XRange(0, MaxTime());

ToolbarSet(9, "Run",ChooseChannel%); 'Set up toolbar
ToolbarSet(3, "Done", Done%);

ToolbarSet(7, "End", End%);

ToolbarEnable(3,0);

ToolbarEnable(5,0);

ToolbarEnable(7,1);

Toolbar("Pan Tompkins QRS Detection",1023);

HCursorDelete(-1);
FrontView(v18%);
ChanProcessAdd(ChanX%,2);
ChanProcessArg(ChanX%,1,1,0.05);
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FiltCreate(-1, 4, 20, 42, 61); 'FIR Band pass
ch1% := FiltApply(-1, 0,ChanX%, 0.000000, MaxTime(), 3); 'Apply created filter
ChanProcessAdd(ch1%, 3);

ChanProcessArg(ch1%, 1, 1, 0.004); 'Add Slope to channel 401
ch2% := VirtualChan(0, ""); 'Create new virtual channel
VirtualChan(ch2%, "sqr(ch(401))", 0, 0.0005, 0); 'Edit virtual channel
ChanProcessAdd(ch2%, 1); 'Add Smooth to channel 701
ChanProcessArg(ch2%, 1, 1, 0.025); 'Set Smooth Time constant (s)

ChanSave(ch2%,12);
ChanDelete(ch2%);
ChanDelete(ch1%);
ChanShow(12);
ChanTitle$(12, "Sqr P-T");

var mean%;
var SD%;
var threshold%;

var logchan%;

logchan% := VirtualChan(0,"");
VirtualChan(logchan%, "Ln(Ch(12))", 0, 0.0005,0);
ChanSave(logchan%,13);

ChanShow(13);

ChanTitle$(13,"Log Sq");

Optimise(13);

ChanDelete(logchan%);

mean% := ChanMeasure(13,16,0,MaxTime());
SD% := ChanMeasure(13,12,0,MaxTime());

threshold% := mean%;

MeasureX(102, 1, "Cursor(0)", "0"); 'Peak detection of squared channel
MeasureY(100, 1, "Cursor(0)", "0");

ch1% := MeasureToChan(0, "Sqr EVENT", 3,4, 13, 0, threshold%, 0, 1, "", 0);
Process(0.0, 21600.1, 0, 1, ch1%);

FrontView(v18%);

WindowVisible(3);
XRange(0, MaxTime());
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var T, peakpos;

var ch4%;

const pretime := 0.025;
const posttime := 0.025;
var peakAmp;

ch4% := memchan(3);

T:=-1;

while 1 do
T := NextTime(ch1%, T);
peakAmp:=ChanMeasure(ChanX%,8,T - pretime, T + posttime);
if T<0then
break;

endif

peakpos := ChanSearch(ChanX%, 1, T - pretime, T + posttime, peakAmp);

if peakpos > 0 then
MemSetltem(ch4%, 0, peakpos);
endif

wend

ch3% := VirtualChan(0,"");
VirtualChan(ch3%, "IF(402,0.5)*60",0,0.1,0);
ChanShow(ch3%);

ChanShow(ch4%);

ChanTitle$(ch4%, "QRS EVENT");
YRange(701, 200, 600);
ChanTitle$(ch3%,"HeartRate");
ChanUnits$(ch3%, "bpm");
ChanSave(ch4%,16);

ChanShow(10);

ChanShow(16);

ChanDelete(13);

ChanDelete(12);

ChanDelete(ch1%);

ch5% := VirtualChan(0,"");
VirtualChan(ch5%,"(1/(Ch(701)/60))*1000",0,0.1,0);
ChanShow(ch5%);

ChanTitle$(ch5%, "RRinterval");
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YRange(702,100,300);
ChanUnits$(ch5%,"ms");
ChanProcessClear(ChanX%);
HCursorNew(702,150);
HCursorNew(702,145);
HCursorNew(702,155);
HCursorNew(702,170);
HCursorNew(702,175);
HCursorNew(702,165);
HCursorNew(701,350);
HCursorNew(701,400);
HCursorNew(701,450);
HCursorLabel(4,7,"Min HR");
HCursorLabel(4,8,"Mean HR");
HCursorLabel(4,9,"Max HR");
XAxisStyle(3);
FrontView(v18%);
WindowVisible(3);

XRange(0, MaxTime());
Optimise(-2);
YRange(702,100,300);
YRange(701, 200, 600);

Speak("Pan Tompkins Complete");

95



Appendix C

MATLAB HEART RATE VARIABILITY SCRIPT

Il oo

oe

o

TIME-BASED HEART RATE VARIABILITY ANALYSIS

o

Il
oe

%$This script performs multiple types of analysis on data exported from
%Spike2. Specifically, the data must be a matrix of time points which
$correspond to the R-waves of an ECG signal. Once imported as a [matrix],
%$the data is analysed to provide TIME-DOMAIN HRV measures (RMSSD, SDNN,

%$SDSD, SD1 and SD2), the change in HEART RATE in the data set.

close all
clear variables

clc

X

% SETTING UP PARAMETERS

)

sheet = input('enter Animal ID here: ');% enter the animal ID here which
should be the name of the Excel sheet

Row = 5; % enter the row that you wish the data to be copied into

End = input ('Type in the last column number here: ');

[filename, pathname] = uigetfile('*.xlsx', 'Select Excel File to
Analyse') ;% Opens a user interface to select the Excel file containing
the data

file name = [pathname filename];% Sets file name where you want

to extract data from

o)

[num, txt, raw] = xlsread(file name, sheet, 'AB:End',6 'basic');% set up 'R',
a matrix containing the R wave time points

R = num;
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$ SET UP
rMSSD_al
SDNN_all
SDSD_all
SD1_all
SD2_all
AVHR all

for g

column

column =

R1 = col

R1 = R1
start at

o)

o)

LOOP
1 =11];

Il Il Il Il Il
—_ — = =
D
~ ~ ~ ~ ~

l:size (R, 2)
R(:lg);

column (~isnan (column)) ;

umn;

- (min(R1));
0

D1 -

index3

% Calculate RR interval

diff(R1,1);%

= find(D1>=0.5);

intervals greater than 0.5 sec

creates

o)
°

neighbou

square

o)
°

and the

index4

% removes NaN from each column

o)

% Remove any NaN from 'R’

o)

% Take the minimum value to set to

Calculate RR Intervals

% Remove RR intervals greater than 0.5 sec

o)

% creates a 1list of all those RR

= [index3-2 index3-1 index3 index3+1 index3+2]; %
a [matrix] of the RR intervals exceding 0.5 sec, and the two RRs
immediately before and after as these may have been "contaminated"

index4 (index4<1)

index4 (index4>length (D1))

D1 (index4)

Calculate rMSSD

Al
ring RRs

Bl
Cl
averagel

rMSSD

rMSSD
rMSSD all (g)

= diff(D1,1); % Calculate diff Dbetween

= Al."2;

= sum(B1l);

% Square to remove negatives

% Sum all

= Cl/(length(R1)-1); % divide by n-1

[

= sqgrt (averagel) ; % sgrt to remove previous

= rMSSD*1000;
= rMSSD;

sconverts from sec to msec

Calculate Standard Deviation of the RR interval

El

Fl
mean

= mean (D1) ;

= D1-E1;

o)

% calculate mean RR interval

Difference between each RR interval



Gl = sum(F1."2); % sum all differences squared

H1 = G1/(length(R1)-1); % divide by n-1

SDNN = sqgrt (H1); % sgrt to remove previous square
SDNN = SDNN*1000; % converts from sec to msec

SDNN all (g) = SDNN;

o)

% Standard Deviation of the Successive Differences

SDSD = std(Al); % st dev of the diff Dbetween
neighbouring RRs

SDSD = SDSD*1000; % converts from sec to msec

SDSD_all(qg) = SDSD;

% SD1

SD1 = sqgrt (0.5* (SDSD"2)) ; % Calcuates SDI1

SD1 all(g) = SDI1;

% SD2

SD2 = sqgrt ((2* (SDNN"2))-(0.5* (SDSD"2))) ; % Calculates
SD2

SD2 _all(qg) = SD2;

% POINCARE PLOT

x = DI1;

y = x(2:1length(x),:);

figure (1);

scatter(x(l:length(x)-1),vy,".","k")
title('Poincaré Plot'")
xlabel ('RR n (s)')
ylabel ('RR n + 1 (s)"')
axis([min(x)-0.01 max(x)+0.01 min(y)-0.01 max(y)+0.01])
m=1; x=0:0.01:10; intercept=0;
hold on; identity = plot(x, m*x+intercept);
set (identity, 'color', 'r', 'LineWidth',1)

o)

% Calculate Heart Rate for each epoch

HR = 60./D1; % Calculate Heart Rate
AvVHR = mean (HR) ; % Mean Heart Rate
AvHR all(g) = AvVHR;
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I oe

o

WRITE TO EXCEL FILE

I oe

o

$SET UP POINCARE PLOT AUTOSAVE

File = txt(g);

File = char (File);

PoincarePlot = (' Poincare Plot');

image name = [sheet File PoincarePlot];%sets the image name to be

ANIMAL ID FILE NAME POINCARE PLOT

path name = [pathname 'Poincare Plots'];%Sets the directory where the
poincare plot is to be saved

path name = [path name '\' sheet];

saveas (gcf, fullfile (path name, image name), 'emf') $saves the poincare plot
as the image name to the correct directory

close all;

end

rMSSD all = transpose(rMSSD all);

SDNN all = transpose(SDNN all);
SDSD _all = transpose(SDSD_all);
SD1 all = transpose(SDl all);
SD2 all = transpose (SD2 all);
AvHR all = transpose(AvHR all);

h = waitbar(0,'0% copied...');%shows progress of the copying of the data
to the excel sheet

$rMSSD WRITE
xlrangel=["'T' num2str (Row)];

xlswrite(file name,rMSSD all, sheet,xlrangel); %copies rMSSD data

$SDNN WRITE
xlrange2=['U' num2str (Row)];
waitbar (0.25,h, '25% copied...");

o)

xlswrite(file name, SDNN all, sheet,xlrange2); % copies SDNN data

$SDSD WRITE
xlrange3=['V' num2str (Row)];

o)

xlswrite(file name,SDSD all,sheet,xlrange3); % copies SDSD data
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waitbar (0.5,h, '50% copied...");

$SD1 WRITE
xlranged=["'W' num2str (Row)];

o)

xlswrite(file name,SD1 all, sheet,xlrange4);% copies SDl data

$SD2 WRITE
xlrangeb=['X"' num2str (Row)];

o)

xlswrite(file name,SD2 all, sheet,xlrangeb); % copies SD2 data

waitbar (0.75,h,'75% copied...");

$AVHR WRITE
xlrange6=['Y' num2str (Row)];

o)

xlswrite (file name,AvHR all,sheet,xlrange6); % copies AVHR data

waitbar (1,h, '100% copied...");
close (h)
3 FIN
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APPENDIX D

PHYSIOLOGY 2014 ABSTRACT

Cardiac effects of brief seizures in a chronic model of temporal lobe epilepsy

A. Ashby-Lumsden, W. Chang, T. Lovick, J. Jefferys

Sudden unexplained death in epilepsy (SUDEP), where the death of a patient cannot be attributed
to any other cause, is a relatively poorly understood phenomenon. Sudden death is over 20 times
more prevalent in people with epilepsy than in the general population and is of considerable
concern to those at risk and their families. The mechanism of SUDEP is unknown, but ictal
respiratory depression, autonomic dysfunction and fatal arrhythmia are all hypothesised to have a
role. Using the Tetanus Neuro-Toxin (TeNT) model of temporal lobe epilepsy, we examined the
affect of chronic epileptic seizures on the electrocardiogram (ECG) of freely moving rats. Adult
male Wistar rats were injected with 2.5ng TeNT in 1ul phosphate buffered saline with bovine
serum albumin at 200nl.min-1 (toxin omitted in controls) into the ventral hippocampus.
Electrocorticogram and ECG were continuously recorded via dual-biopotential Telemetry
Research radiotelemeters (Millar Instruments, US) implanted ~2 weeks before injection. Both
surgeries were performed under isoflurane anaesthesia (5% induction, 2-3% maintenance).
Animals were housed with naive companion rats and video-recorded for seizure classification.
Seizure-related changes in heart rate and the incidence of arrhythmias were analysed. Data are
given as mean = SEM. Seizures lasted 75.3+2.9 s. They induced dramatic changes in heart rate:
ictal bradycardia occurred in 89% of seizures with the heart rate as low as 70 bpm, along with ictal
tachycardia (447.5+4.7 bpm) that persisted 863.5+86.7s post-ictally. Seizure-induced arrhythmias
occurred in 71% of seizures, with missed beats (59%), ventricular premature depolarisations
(22%) and ventricular fibrillation (17%) seen both in isolation and in concert. The ECG waveform
also changed, with the P-wave absent for many heartbeats in the majority of seizures. Our results
demonstrate that repeated brief epileptic seizures have substantial effects on heart rate, with
arrhythmias present during the majority of seizures. Similar cardiac consequences of seizures
have been seen in human patients. We conclude that the TeNT model provides a valuable tool to

investigate autonomic mechanisms implicated in SUDEP.

101



APPENDIX E

BNA FESTIVAL OF NEUROSCIENCE 2015

Autonomic consequences of spontaneous temporal lobe epileptic seizures
Alex Ashby-Lumsden, Thelma Lovick and John Jefferys

Sudden unexpected death in epilepsy (SUDEP) is a constant threat to people with
epilepsy; the overall risk of dying unexpectedly is >20% higher than the general population and for
people with chronic refractory epilepsy SUDEP has been reported to account for up to 50% of
deaths (2). Epileptic seizures are accompanied by autonomic disturbances, including cardio-
respiratory abnormalities (1). Little is known about the long-term effects of repeated episodes of
autonomic dysfunction but it is possible that repeated seizure activity predisposes to the

development of a fatal seizure-induced autonomic event.

In the present study, we carried out long term monitoring of the cardiac activity in a rat
model of temporal lobe epilepsy (3) to investigate whether seizure-related cardiac changes were
affected by seizure history. Focal microinjections of tetanus neurotoxin (TeNT) were made into
the ventral hippocampus in male Wistar rats, instrumented to record cortical EEG and ECG (lead
II) by radiotelemetry. TeNT induced repeated spontaneous brief (20-140 s) seizures, often in

clusters, and recurring over weeks.

>95% of seizures were associated with prolonged tachycardia, lasting <53 min, long after
each seizure had ended. Dysrhythmias and bradycardias occurred during ~90% of seizures: a
minority had sinus bradycardia alone, while in most cases bradycardia included episodes of
asystole, premature ventricular depolarisations and fibrillation. Episodes of disrupted heart
activity could last 10-20 s. The incidence, intensity and duration of these seizure-related changes
in cardiac activity varied considerably over the course of each rat’s epileptic syndrome.
Secondarily generalized seizures (4-5 on the “Racine Scale”) and seizure clusters both were

associated with increases in tachycardia and with more prominent dysrhythmias.

Understanding the cardiac and respiratory consequences of repeated epileptic seizures

will provide rational approaches to predicting and reducing the risk of SUDEP.
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APPENDIX F

AES 2014 ABSTRACT

Cardiac consequences of repeated brief seizures in chronic experimental temporal lobe
epilepsy

John Jefferys, Alexander Ashby-Lumsden, Thelma Lovick, Kurt Qing, Steven Lee and Pedro

Irazoqui

Rationale: Sudden unexplained death in epilepsy (SUDEP) accounts for ~15% of deaths of people
with epilepsy. Sudden death is >20x more common than in the general population. By definition
causes are not clear, but both cardiac and respiratory malfunctions have been implicated. We
used the intrahippocampal Tetanus Neuro-Toxin (TeNT) chronic model of temporal lobe epilepsy
to investigate the effects of repeated brief epileptic seizures on the electrocardiogram (ECG) of
freely moving rats. Methods: We recorded ECoG and ECG using electrodes and Telemetry
Research devices implanted under isofluorane general anaesthesia in 8 adult male Wistar rats.
Two weeks later we performed intrahippocampal injection of 2.5ng tetanus neurotoxin (TeNT) in
1 pl PBS (toxin omitted in controls). Animals were housed with naive companion rats and video-
recorded for seizure classification. Results: Electrographic seizures (lasting 30-133s) developed
after ~4 days with an average number per animal in the range of 7-18 per day. Every epileptic rat
experienced dramatic changes in heart activity associated with seizures. In 76 analysed seizures
an initial transient ictal bradycardia (lasting 38 + 2s) occurred in 89% (lasting 38 + 2s with heart
rate falling to as low as 70 beats per minute). This was followed by late-ictal or postictal
tachycardia in 93% of seizures, reaching 4484 bpm, which persisted for 864+87s postictally.
Arrhythmias occurred in 71% of seizures, with: missed beats (59%), ventricular premature
depolarisations (22%) and ventricular fibrillation (17%) seen both in isolation and in concert.
Typically, the P-wave transiently disappeared during seizures to be replaced with signs of atrial
fibrillation. Conclusions: These preliminary data indicate that repeated brief epileptic seizures
result in several cardiac pathophysiologies. Most seizures were associated with arrhythmias and
with postictal tachycardia. More capable devices able to monitor a greater number of critical
cardio-respiratory, cerebral and vagal and other autonomic variables are necessary to understand
the underlying mechanisms and to develop potential therapies. Such devices are under joint

development and evaluation with the Purdue team and will be presented.
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APPENDIX G

AES 2015 ABSTRACT

Interictal and ictal ECG changes in a chronic experimental model of temporal lobe
epilepsy
Alexander Ashby-Lumsden, Thelma Lovick, John Jefferys
Rationale: The risk of sudden unexpected death is a significant burden for people with epilepsy,
particularly those who experience drug-resistant tonic clonic seizures. There is a pressing need to
model the condition in animals in order to understand the mechanism that underlies the fatal episode,
the predisposing factors and potential triggers. The tetanus neurotoxin (TeNT) model of epilepsy in
rats develops clusters of randomly occurring seizures over periods of several weeks, without causing
status epilepticus at any stage. Using this model we reported last year that seizures were associated
with arrhythmias and long lasting postictal tachycardia. Here we present a more detailed analysis of
the ECG.Methods: Rats were implanted under isoflurane anaesthesia with Telemetry Research dual
biopotential radiotelemeters to record ECG and ECoG (Millar Inc, TX). 2-3 weeks after initial surgery
TeNT (2.5 ng in 1 pl) was injected into right ventral hippocampus through a guide cannula. Controls
received vehicle solution only. Continuous recordings were made for up to 6 weeks from rats co-
housed with non-epileptic buddies. Data were recorded and analyzed using Spike2 software and a
Power 1401 signal acquisition system (Cambridge Electronic Design, UK); some analyses also used
Matlab routines. Results: Seizures started after 2-7 days, typically lasted 0.5-3.0 minutes and recurred
at <15 per day (average incidence ranges from 1 to 11 per day in different rats). Seizures were
characterized by periods of cardiac arrhythmia, which sometimes recurred during the postictal period,
and also prolonged postictal tachycardias lasting up to 1 hour (typically 8-10 min). Ictal arrhythmias
were more prevalent during secondarily generalized Racine 4 and 5 seizures. Ictal sinus bradycardias
were more prevalent during non-convulsive seizures. Over the course of the seizure syndrome
interictal QT interval increased to 78.5 + 1.5 ms from 69.8 + 1.1 ms measured in the same rats before
induction of epilepsy. The increase often was associated with changes in the shape of the T
component of the ECG waveform (e.g. increased amplitude, inversion and/or duration). During each
seizure QT increased further, when the heart was in sinus rhythm between periods of arrhythmia, and
this increase could persist for several minutes into the postictal period. Conclusions: The data suggest
that the TeNT model undergoes progressive development of neurally-induced pathophysiological
changes in the heart. The ictal and postictal increased QT and arrhythmias are consistent with previous
reports of centrally-evoked sympathetically-mediated changes long recognized in the physiological
literature. Cardiac repolarization dysfunction during progression of epilepsy may predispose to

development of fatal arrhythmias.
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APPENDIX H

SOCIETY FOR NEUROSCIENCE 2016 ABSTRACT

Cardiac and respiratory consequences of repeated epileptic seizures in rat

D. Pederson, A. Ashby-Lumsden, P. P. Irazoqui, J. G. Jefferys

Sudden death in epilepsy (SUDEP) is a significant and devastating risk in some kinds of
epilepsy. The most likely explanations are respiratory or cardiac failure during or
following a seizure. To determine the impact of recurrent seizures on cardiac and
respiratory function we induced temporal lobe epileptic foci by injecting tetanus toxin (5-
10 ng in 400 -1000 nl) into rat hippocampus. Spontaneous seizures started a few days
later, each lasting <2 min. Status epilepticus did not occur at any stage. We implanted
wireless telemetry devices (either a subcutaneous Bionode developed and manufactured
at Purdue, or an intra-abdominal Millar TRS0BB). Leads were tunnelled subcutaneously
to ECG and ECoG electrodes and, in the case of the Bionode, to a thermocouple
implanted in the nasal passage. Telemetry and video recordings were made for <6 weeks
after injection, and in some cases for 1-2 weeks before injection. Heart rate increased
during nearly all seizures and remained high for minutes to tens of minutes afterwards.
This postictal tachycardia could occur when the rat was completely inactive and was
exacerbated by postictal physical activity. Arrhythmias were common during secondarily
generalised seizures and included missed beats, asystoles, premature ventricular
depolarizations, torsades and fibrillation. Progressive changes occurred over the duration
of the epileptic syndrome. Interictal QT interval, measured for 5-s epochs where heart
rate was 350 per min, progressively lengthened from a baseline of ~60 ms, by ~15 ms
after >50 seizures. Prolonged QT most likely reflects changes in cardiac ion channels and
may increase the risk of arrhythmia. Respiration was affected by epileptiform activity,
including interruptions of respiratory rhythm after ECoG spikes and hyperventilation >120
per min during postictal immobility. These seizure-related cardiac and respiratory

dysfunctions should be considered as potential risk factors for SUDEP.
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