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Summary

Epilepsy is a chronic paroxysmal neurological disorder characterised by seizures. Central
autonomic cardiovascular dysfunction is established as a major cause of sudden
unexpected death in epilepsy (SUDEP). Cardiovascular autonomic function is controlled
by nuclei present in the brainstem, including the rostral ventrolateral medulla (RVLM).
The RVLM gives projection to presympathetic neurons in the intermediolateral cell
column (IML) of the spinal cord, which in turn controls the sympathetic nerve activity
(SNA) of post-ganglionic neurons and thus the cardiovascular system.

Microglia are the principal resident immune cells of the CNS that react to pathological or
physiological disturbances in the brain, such as seizures, to produce pro-inflammatory or
anti-inflammatory effects. Levels of the peptide pituitary adenylate cyclase-activating
polypeptide (PACAP) increase during and after seizures, and it has neuroprotective as well
as sympathoexcitatory properties, while glutamate, which is the principal cardiovascular
autonomic neurotransmitter in the RVLM, plays an important role in the development of
seizures.

The major aims of this thesis were to investigate the role of microglia, PACAP and
glutamate in the RVLM and/or IML in the progression of seizure-induced autonomic
cardiovascular dysfunction during acute and chronic epilepsy in rats.

The findings suggest that: 1) Kainic acid (KA)-induced acute seizures cause significant and
dose-dependent increase in SNA, mean arterial pressure and heart rate and a prolongation
of the QT interval in the ECG. 2) Intrathecal (IT) infusion of PACAP antagonist
(PACAP(6-38)) or microglial antagonist (minocycline and doxycycline) worsens the
cardiovascular responses of acute seizures, whereas IT PACAP agonist (PACAP-38) has
no significant effect. 3) Acute seizure-induced cardiovascular responses, including
prolongation of the QT interval, are driven by activation of glutamatergic receptors in the
RVLM as these effects are abolished with glutamate receptor antagonist (kynurenic acid)
microinjection. The activity of PACAP and microglia in the RVLM do not alter SNA, but
mediate prolongation of the QT interval. 4) In the vicinity of the RVLM neurons, microglia
are in a surveillance state with no change in their number of anti-inflammatory M2
phenotype during acute seizures. 5) In rats with KA-induced chronic temporal lobe
epilepsy, spontaneous seizures cause significant tachycardia with long-lasting prolongation
of QT interval. The antagonism of microglial activation, but not PACAP, at the level of the
IML significantly reduces SNA and proarrhythmogenic effects of chronic seizure activity.
Neither PACAP nor microglia regulate baroreflex or peripheral and central chemoreflex
responses during chronic epilepsy in rats. 6) In chronic epileptic rats, microglia are in
surveillance state and their number of anti-inflammatory M2 phenotype remains
unchanged in the vicinity of the RVLM neurons.
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Chapter 1: Literature Review

1.1. Introduction

The word “epilepsy” is derived from the Greek “epilambanein”, meaning to be seized, or
overwhelmed by surprise. Epilepsy is one of the most common disorders of the brain,
affecting about 50 million people worldwide (WHO, 2005). It is a paroxysmal neurological
disorder caused by a variety of pathological processes in the brain. It is characterised by
occasional, excessive, and disorderly discharge of neurons that leads to clinical
manifestations and/or changes in electroencephalogram (EEG) activity (McNamara, 1994;
McNamara, 1999; Browne and Holmes, 2008).

Sudden unexpected death in epilepsy (SUDEP) is an important but poorly-appreciated
phenomenon (Massey et al., 2014) that accounts for 5-17% of deaths in people with
epilepsy, and 50% in refractory epilepsy (Ficker et al., 1998; Holst et al., 2013). The
mounting evidence suggests that the seizure-induced central autonomic and
cardiorespiratory dysfunctions are the leading cause of SUDEP (Figure 1. 1). In humans,
seizures are commonly associated with profound apnoea and oxygen desaturation (Langan
et al., 2000; Bateman et al., 2008; Bateman et al., 2010; Ryvlin et al., 2013; Dlouhy et al.,
2015). Central apnoea and hypoventilation were also evident in an animal model of seizure
(Johnston et al., 1995; Johnston et al., 1997). Cardiac sympathovagal imbalance with
sympathetic dominance, baroreflex dysfunction and tachycardia or bradycardia with severe
ictal electrocardiogram (ECG) abnormalities are common in epilepsy patients (Nei et al.,
2000; Nei et al., 2004; Brotherstone et al., 2010; Ponnusamy et al., 2012; Ryvlin et al.,
2013) and animals (Sakamoto et al., 2008; Metcalf et al., 2009b; Metcalf et al., 2009a).
Cardiac and respiratory autonomic dysfunctions are considered as possible cause of

SUDEP, but the underlying neuronal mechanism remains obscure.

The central nervous system (CNS) exerts a profound regulatory effect on peripheral organs
and tissues. It tightly regulates integrated cardiac and respiratory function by influencing
the activity of autonomic nervous system (ANS) via neuroendocrine regulation of target
glands and organs. The overall autonomic output to the cardiorespiratory system is
determined by medullary reflexes and influence of the cerebral cortex. The precise central
autonomic regulation is coordinated through the sympathetic and parasympathetic nervous
systems (SNS and PSNS), and influenced by the sensory feedback from peripheral organs
such as carotid and aortic bodies, carotid sinus and aortic arch (Pilowsky and Goodchild,
2002; Guyenet, 2006; Pilowsky et al., 2009; Guyenet, 2014). Importantly, major
neurotransmitters, neuropeptides and glia influence the autonomic output (SNS and PSNS)

to the cardiorespiratory system (Miyawaki et al., 1996a; Lai et al., 1997; Du et al., 2015).
7
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Autonomic responses to environmental or homeostatic challenges (produced through
behavioural or endocrine changes) are regulated through ionotropic and/or metabotropic
receptors that are essential for regulating cardiorespiratory activity and reflexes (Ross et
al., 1984a; Suzuki et al., 1997; Ivy and Scott, 2015). Glutamate, gamma-aminobutyric acid
(GABA) and glycine are three major neurotransmitters in the CNS. Antagonism of any of
these three neurotransmitter systems causes major, or even complete, disruption of central
cardiorespiratory control (Ross et al., 1984a; Miyawaki et al., 1996a; Ito and Sved, 1997,
Suzuki et al., 1997; Araujo et al., 1999; Sakima et al., 2000). For example, microinjection
of the broad-spectrum ionotropic glutamate receptors (iGIuRs) antagonist, kynurenic acid
(KYNA), into major cardiorespiratory autonomic nuclei, such as nucleus of the solitary
tract (NTS) or ventrolateral medulla (VLM), reduces the vagal and sympathetic baroreflex
and chemoreflex responses (Guyenet et al., 1987; Koshiya et al., 1993; Moraes et al.,
2012). Selective inhibition of N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)/kainate receptors in the caudal ventrolateral
medulla (CVLM) has a similar effect (Miyawaki et al., 1996a; Miyawaki et al., 1997).

Additionally, other neurotransmitters and peptides, including pituitary adenylate
cyclase-activating polypeptide (PACAP), play a significant role in modulating
cardiorespiratory function, and reflexes (Callera et al., 1997; Miyawaki et al., 2002b;
Kashihara et al., 2008; Pilowsky et al., 2009; Farnham et al., 2011; Rahman et al., 2011;
Shahid et al., 2011). PACAP and its three receptors are present in the brainstem and the
spinal cord autonomic nuclei that are important in central cardiorespiratory regulation
(Légradi et al., 1994; Sundler et al., 1996; Das et al., 2007; Farnham et al., 2008). PACAP
is positively coupled to act on its membrane-bound receptors, and activate adenylyl
cyclase, to generate increased intracellular levels of cyclic adenosine monophosphate
(cCAMP). Since the discovery of PACAP, many studies have emphasised its
neuroprotective, and anti-inflammatory role in in vivo and in vitro models of
neurodegenerative diseases (Shioda et al., 1998; Delgado et al., 1999; Brifault et al., 2015).
In cardiovascular regulation, PACAP acts as an excitatory neurotransmitter at central
autonomic nuclei in the brainstem and spinal cord (Farnham et al., 2008; Inglott et al.,
2011; Farnham et al., 2012).

Microglia are the principal resident immune cells of the CNS and contribute ~10% of total
brain population (Kettenmann et al., 2011; Benarroch, 2013). Microglia are categorised

into two types based on their function and morphology; surveilling and activated.
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Figure 1. 1: A schematic diagram to show how the spread of seizures could result in
central autonomic cardiorespiratory dysfunction.

Seizures propagate from higher brain region into the cardiorespiratory brainstem
autonomic nuclei, and disturb the normal cardiorespiratory activity and reflexes.
Seizure-induced excitation of sympathetic neurons leads to tachycardia and arrhythmia,
whereas activation of parasympathetic system causes bradycardia and asystole. Moreover,
spread of seizures could results in postictal coma, and loss of protective airway reflexes
eventually causing decreased respiratory drive, apnoea and hypoventilation.
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Surveilling microglia (also known as “resting”) are present in healthy CNS, and are
vigilant towards changes in their microenvironment. Using in vivo two photon imaging of
fluorescently labelled neurons and microglia in mice, it has been shown that resting
microglia continuously survey their microenvironment for the homeostatic conditions by
making brief and direct contact with synapses (Wake et al., 2009). The frequency of
microglial contact is directly proportional to neuronal activity, and reflects the functional
status of the synapses (Wake et al., 2009; Tremblay et al., 2010). Such a dynamic and
careful reorganisation of microglia is believed to enable them to scan the brain parenchyma
every few hours without disturbing the fine-wired neuronal circuits. “Activated” microglia
are ramified, with an amoeboid morphology, and acquire their phenotype depending on the
type of the stimulus; participating in either neuroprotection or neurotoxicity (Ayoub and
Salm, 2003). Microglia maintain synaptic and neuronal homeostasis during normal and
diseased CNS conditions (Wake et al., 2009; Kettenmann et al., 2011).

Pituitary adenylate cyclase-activating polypeptide produces a neuroprotective effect
(Shioda et al., 1998; Ohtaki et al., 2006), and its expression increases in central autonomic
nuclei, such as paraventricular nucleus (PVN), in kainic acid (KA)-induced seizure rats
(Nomura et al., 2000). Microglia can be pro-inflammatory or anti-inflammatory in animal
models of diseases such as epilepsy (Shapiro et al., 2008; Mirrione et al., 2010; Vinet et al.,
2012). During seizures, there is extensive activation of microglia both in humans and in
animals (Beach et al., 1995; Shapiro et al., 2008; Eyo et al., 2014). Moreover, there are
reports suggesting that PACAP can modulate the activated microglial state (Wada et al.,
2013; Brifault et al., 2015). This important relationship between PACAP, microglia and
seizure-induced increase in its expression or activation in cardiovascular autonomic nuclei
makes them a very promising target in the development of treatment strategies for
seizure-induced sympathoexcitation and cardiorespiratory autonomic dysfunction.

In addition, brain glutamate levels are increased in epilepsy patients and animal models of
temporal lobe epilepsy (TLE) (Meldrum et al., 1999; Blimcke et al., 2000). Increased
glutamate synthesis and release play a major pathogenic role in neuronal hyperexcitability,
which could disturb the homeostasis of cardiorespiratory neurons. Collectively, the central
autonomic cardiorespiratory dysfunction during seizure could be driven by increased
glutamate turnover. However, the glutamatergic drive is not important for maintenance of
blood pressure (BP) or basal tonic activity of catecholaminergic (C1 and non-C1) rostral
ventrolateral medulla (RVLM) neurons as the KYNA microinjection into the RVLM on its
own does not affect the basal BP and sympathetic nerve activity (SNA) (Guyenet et al.,
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1987; Araujo et al., 1999; Sved et al.,, 2002). Thus, it is possible to abolish the
sympathoexcitation during seizure by glutamate antagonist microinjection into RVLM
without affecting basal sympathetic output and BP.

Hence, the aims of this thesis are to investigate the effect of PACAP, microglia and
glutamate on central autonomic cardiorespiratory neurons during acute and chronic
epilepsy in rats. The study is designed to identify whether the modulation of PACAP,
microglia and/or glutamatergic receptors has a beneficial effects on cardiorespiratory
dysfunction during seizure, and could provide future therapeutic strategies to prevent
SUDEP. To achieve these aims we used a combination of electrophysiological and

neuroanatomical approaches with KA-induced acute and chronic seizures in rats.

1.2. Autonomic nervous system (ANS)

The CNS maintains and regulates homeostasis by regulation of peripheral organ systems.
Normally, the short-term cardiorespiratory homeostasis is precisely regulated by the CNS
through modulation of sympathetic and parasympathetic divisions of the ANS (Pilowsky
and Goodchild, 2002; Michael Spyer and Gourine, 2009). The SNS and PSNS are
responsive to sensory feedback from the periphery, such as changes in mean arterial
pressure (MAP), blood oxygen saturation, fluid volume, temperature, diet, salt intake and
different types of nociception (DiBona, 1986; Koshiya et al., 1993; Hirooka et al., 1997b;
Armitage et al., 2012; Nijs et al., 2012; Simmonds et al., 2014; Shibasaki et al., 2015). To
perform such an integrated function, the CNS requires dynamic and responsive neuronal
circuits that can provide and control effective autonomic output. Medullary reflexes
manipulate and provide a neuronal network to control autonomic output to the
cardiorespiratory system (Figure 1. 2) (Westerhaus and Loewy, 2001; Guo et al., 2002).
Transneuronal tracing using neurotropic viruses, which are retrogradely or anterogradely
transported through synaptically connected neuronal chains, has significantly contributed
to identify these neuronal circuits. The findings in rats after pseudorabies virus injection in
cardiac sympathetic target organs, such as adrenal gland and stellate ganglion, showed that
higher brain centres exert a descending control on autonomic outflow to the heart
(Westerhaus and Loewy, 2001). Stimulation of cardiac sympathetic afferents in cats, which
evokes excitatory cardiovascular reflexes, confirmed that the neurons in the medulla,

especially VLM, regulate the cardiovascular sympathetic reflexes (Guo et al., 2002).

The CNS controls the autonomic function through the regulation of activity of sympathetic
and parasympathetic neurons in the brain and the spinal cord (Sun, 1995). The groups of
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neurons in the brainstem and limbic forebrain directly control the activity of sympathetic
and parasympathetic preganglionic neurons (Jansen et al., 1995b; Jansen et al., 1995a).
These preganglionic neurons provide central regulatory information to neurons in
peripheral ganglia (post-ganglionic neurons), which in turn innervate the organs and tissues
that are under autonomic control. The sympathetic and parasympathetic outflows are
regulated in highly complex and organised manner so that the overall autonomic output is
appropriate for the response required at any particular time.

1.2.1. Parasympathetic nervous system (PSNS)

Activation of the PSNS promotes digestive movement and decreases heart rate (HR), and
is known as “rest and digest” stage. Parasympathetic output to the heart is mediated by the
vagus nerve in the medulla, which originates from the dorsal motor nucleus of the vagus
(DMV) and nucleus ambiguus (Figure 1. 3) (Ter Horst et al., 1996). Respiratory centres in
the brainstem provide an input to vagal efferent fibres, which increases vagus nerve
activity decreasing HR, atrioventricular conduction and ventricular excitability. These
vagal efferent fibres innervate airways and cause contraction of airway smooth muscles
(Haxhiu et al., 1993; Jones et al., 1998). In many experimental protocols aimed at
examining the SNS, animals are vagotomised, paralysed and injected with atropine, to
eliminate the parasympathetic drive to the cardiorespiratory system (Zanzinger et al.,
1994b; Moreira et al., 2006). This approach was used for the experiments detailed in this
thesis and consequently, from here onward the focus will be only on the sympathetic

component, even though the PSNS drive is essential in cardiorespiratory control.

1.2.2. Sympathetic nervous system (SNS)

The ANS controls the primary “fight or flight” response through increased HR and
decreased digestive movement mediated by the SNS and PSNS (Jansen et al., 1995b). The
excitation of the SNS increases HR by increased synthesis and release of catecholamines,
whereas excitation of the PSNS has opposite effect through acetylcholine (McGrattan et
al., 1987; Jansen et al., 1995a). The sympathetic preganglionic neurons are organised in a
very complex manner, which allows target specific regulation of sympathetically
innervated organs and tissues (Morrison, 2001). For example, extensive axonal branching
of sympathetic premotor neurons projecting to intermediolateral cell column (IML), targets
the same organ tissue at multiple levels of the thoracic spinal cord (Barman and Gebber,
1985). This organisation of the SNS is essential for organ specific control of peripheral
autonomic functions.

12
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Figure 1. 2: Neuronal network to control autonomic output to the cardiorespiratory system.

Cardiorespiratory homeostasis is maintained by autonomic output, which is determined by the balance of medullary reflexes, and influence of
cerebral cortex. The sympathetic output to the heart is mediated by neurons from the RVLM through their direct projections to the IML (red). The
PVN affects sympathetic output through three different pathways; first, a direct descending projections to the IML, secondly, a projection to the
vasomotor neurons of the RVLM, and thirdly, collateral projections to both IML and RVLM (green). Arterial baroreceptors are situated in the
aortic arch and carotid sinus, and peripheral chemoreceptors are located in carotid and aortic bodies, providing afferent signals to NTS (red). The
NTS integrates afferent information and relays it to activate (red) inhibitory neurons in the CVLM that in turn inhibit (blue) neurons in the
RVLM. Astrocytes and RTN neurons act as central respiratory chemoreceptors that are exquisitely sensitive to changes in CO». Peripheral
chemosensory afferents in NTS provide information to the pre-BotC influencing the rate and shape of respiratory rhythm, which in turn regulates
respiratory motoneurons including the phrenic, intercostal and hypoglossal neurons. Bulbar respiratory interneurons also modulate the activity of
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Transneuronal viral tracer and many other classical studies have identified neurons that
project to sympathetic preganglionic neurons (Strack et al., 1989b; Strack et al., 1989a).
Although the innervating presympathetic neurons are present in different regions of the
brainstem and limbic area, the precise map of supraspinal groups of neurons and their
axonal terminal is obscure. The interneuronal network within the spinal cord provides an
indirect descending input that can influence sympathetic outflow. This network is
identified with retrograde transport of pseudorabies virus injected in the kidney of rats
(Tang et al., 2004). The cardiorespiratory autonomic nuclei, from which projections to the
sympathetic preganglionic neurons originate, contain neurochemically diverse types of
neurons (Strack et al., 1989a). This neurochemical heterogeneity suggests that within
single nucleus there are functionally heterogeneous neurons, and different nuclei are
involved in controlling even closely related autonomic functions. These important cell

groups regulating cardiovascular functions are discussed in details in further sections.

1.2.3. Central autonomic nuclei requlating cardiorespiratory activity

The brainstem and spinal cord play a critical role in the regulation of cardiovascular and
respiratory autonomic function, mainly by regulating SNA and phrenic nerve activity
(PNA), and other spinal motoneurons. Brainstem autonomic neurons extend rostrally to the
pontomedullary junction and caudally to the junction with the cervical spinal cord (Figure
1. 3 and Figure 1. 4). Functionally and anatomically, these neurons can be mapped by
transneuronal viral tracing, observing physiological responses to localised neuronal
excitation or inhibition, expression of the early response gene c-Fos, and establishing
electrophysiological or neuroanatomical connections to other important cardiovascular and

respiratory nuclei.

The cardiovascular autonomic nuclei modulate sympathetic output directly or indirectly
and are grouped into two types. The first group includes “preautonomic” cell groups such
as RVLM, A5 cell group, PVN, lateral hypothalamic area and parapyramidal area (Figure
1. 3). These cell groups directly regulate autonomic output through input to preganglionic
sympathetic neurons. The second cell groups include CVLM, Al adrenergic cell group,
parabrachial nucleus (PBN), periaqueductal gray (PAG), dorsomedial hypothalamic
nucleus, bed nucleus of stria terminalis, central nucleus of the amygdala and cerebral
cortex that indirectly control the sympathetic output via projections to “preautonomic”

nuclei (Figure 1. 3).
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Brainstem autonomic nuclei are also responsible for generating respiratory rhythm (Haxhiu
et al., 1993; Chitravanshi and Sapru, 1999; Mutolo et al., 2005; Rosin et al., 2006). These
cell groups include pontine nuclei, retrotrapezoid nucleus (RTN) or parafacial respiratory
group, Botzinger complex (B6tC), pre-Bétzinger complex (pre-BotC), rostral and caudal
ventral respiratory groups, NTS and raphe nuclei (Figure 1. 4). Findings in the rabbit show
that the respiratory rhythm is generated by glutamatergic interneurons, where the
broad-spectrum iGIuRs antagonist, KYNA, in pre-BotC or BOtC induces a pattern of
breathing characterised by low-amplitude and high-frequency irregular oscillations,
superimposed on tonic PNA (Mutolo et al., 2005). The respiratory interneurons project to
bulbar, phrenic, and other spinal motoneurons (Chitravanshi and Sapru, 1999). Peripheral
chemoreceptors are located in the carotid body and monitor blood chemistry (e.g. CO», Oo,
H*, glucose) to maintain homeostasis through the initiation of respiratory and
cardiovascular reflexes (Heeringa et al., 1979; Moraes et al.,, 2014). Astrocytes and
neurons in the RTN act as central respiratory chemoreceptors (Wenker et al., 2010).
Serotonin (5-hydroxytryptamine) (Massey et al., 2015) and many neuropeptides (Pilowsky

et al., 2009; Rahman et al., 2011) can modify the excitability of central chemoreceptors.

1.2.3.1. Nucleus of the solitary tract (NTS)

The central autonomic cardiorespiratory neurons dynamically respond to homeostatic and
environmental challenges. In this paradigm, sensory feedback is essential at all levels. The
sensory afferents originate from multiple sources and provide input to central autonomic
control circuitry at different levels. The NTS is the major recipient of the primary
cardiorespiratory sensory afferents and receives sensory information from all innervated
target organs and tissues. The NTS lies in the dorsal caudal brainstem, adjacent to the
DMV and the area postrema (Figure 1. 3 and Figure 1. 4), where the bilateral column
forms a “V” shape (Figure 1. 5). Glutamatergic NTS neurons excite both the RVLM and
CVLM neurons, and the GABAergic CVLM neurons inhibit the sympathetic activity of
RVLM neurons (Figure 1. 5) (Suzuki et al., 1997). The NTS plays a critical integrative role
in the regulation of cardiovascular and respiratory system since it is an initial step in
processing barosensory and chemosensory information that culminates in homeostatic
reflex responses (Finley and Katz, 1992; Lawrence and Jarrott, 1996; Callera et al., 1997;
Andresen et al., 2001). Arterial baroreceptors, situated in the aortic arch and carotid sinus,
and peripheral chemoreceptors, located in the carotid and aortic bodies, respond to changes

in BP and blood chemicals to provide afferent signals to NTS (Guo et al., 1982).
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Figure 1. 5: Schematic diagram showing the major pathways involved in
cardiovascular reflex mechanisms.

Excitatory pathways are in red and inhibitory pathways are in blue. Open circle indicates
inhibitory neurons and filled circles indicate excitatory neurons. Figure modified from
(Pilowsky and Goodchild, 2002).
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The NTS interneurons perform an integrative function of processing sensory information
by connecting different NTS subnuclei. The NTS also receives afferents from almost all of
the brain sites that participate in regulating autonomic function (Haxhiu et al., 1993;
Hermes et al., 2006). These sites include the RVLM, the A5 noradrenergic cell group, the
parapyramidal region, the lateral hypothalamic area, the PVN, area postrema, the PBN, the
PAG, the dorsomedial hypothalamic nucleus, the central nucleus of amygdala, the insular
cortex and infralimbic area of the medial prefrontal cortex (Jansen et al., 1995a; Pyner and
Coote, 2000; Chen and Toney, 2010). This complex circuitry allows NTS to integrate and
coordinate the activity of various NTS output neurons. The growing evidence suggests that
NTS is a complex integrative centre that can influence outflow either through local
brainstem circuits or projections to other, more distal central autonomic sites, where it
influences more complex and integrated control over peripheral responses (Castle et al.,
2005).

1.2.3.2. Rostral ventrolateral medulla (RVLM)

The RVLM neurons, C1 and non-C1, are pressor and maintain sympathetic vasomotor tone
and BP through their direct projections to the IML (Card et al., 2006; Guyenet et al., 2013).
The RVLM is tonically active and gives rise to SNA to increase arterial pressure (AP) and
HR. Sympathetic reflex responses such as baroreflex, chemoreflex and
somatosympathetic-reflex are regulated by the RVLM neurons (Miyawaki et al., 2001;
Madden and Sved, 2003a; Guyenet, 2014). The detailed structural and functional
characteristics of the RVLM are described in section 1.2.4.

Another pressor cell group in the VLM, distinct from the RVLM, referred as the caudal
pressor area, which is situated 1-2 mm caudal to the CVLM and its properties are not well
known (Figure 1. 3). Neurons in caudal pressor area project to several medullary regions
associated with autonomic control, but not directly to the spinal cord (Sun and Panneton,
2005). Pressor responses evoked by the caudal pressor area are sympathetically mediated
and require activation of presympathetic RVLM neurons. Recently, further caudal to the
caudal pressor area, at the junction of the medulla and the cervical spinal cord, another
pressor nucleus termed the medullo-cervical pressor area was reported (Figure 1. 3)
(Seyedabadi et al., 2006). The medullo-cervical pressor area neurons do not contribute to

the basal sympathetic activity and their functional properties are yet to be investigated.
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1.2.3.3. A5 cell group

The A5 noradrenergic cell group of the ventrolateral pons sends descending projections to
the IML (Figure 1. 3). A catecholamine neurotoxin (6-hydroxydopamine)-induced lesion
study in rats confirmed that more than 90% of A5 noradrenergic neurons project to the
thoracic spinal cord (Byrum et al., 1984). A retrograde study with pseudorabies virus
injection into peripheral sympathetic target organs confirmed the dense projections of A5
neurons to the spinal cord (Sved et al., 2001). Although the findings support the idea that
AS5 neurons have a little tonic influence on the SNA, these neurons do play a crucial role in
the sympathetic chemoreflex response (Koshiya and Guyenet, 1994; Maiorov et al., 2000).
Inhibition of the neuronal activity of A5 cell group by microinjection of the GABA
receptor agonist, muscimol, attenuates the sympathetic chemoreflex by 65% in rats
(Koshiya and Guyenet, 1994). Moreover, muscimol microinjection in A5 cell group in
rabbits under normoxia has no effect whereas under the hypoxic condition it attenuated the
sympathetic reflex response (Maiorov et al., 2000). A5 neurons also influence the

parasympathetic outflow.

1.2.3.4. Paraventricular nucleus (PVN)

Although the PVN of the hypothalamus is primarily concerned with blood volume
regulation, transneuronal viral tracing studies confirmed that the PVN neurons innervate
the sympathetic preganglionic neurons (Jansen et al., 1995a). The PVN integrates the
specific afferent inputs to generate a differential sympathetic output (Figure 1. 2). The
PVN affects the sympathetic output (Allen, 2002) through three different pathways;
projections to the RVLM (Pyner and Coote, 1999), direct descending projections to the
IML and collateral projections to both IML and RVLM (Shafton et al., 1998; Pyner and
Coote, 2000). The functional study identified the role of PVN in hypertension and heart
failure. The firing rate of PVN neurons is higher in heart failure animals (Zhang et al.,
2002), while the bilateral inhibition of the PVN in spontaneously hypertensive rats
produces a large decrease in AP (Allen, 2002).

Another cell group similar to the PVN, called lateral hypothalamic area, also influences
autonomic function through direct descending projections to the preganglionic cell groups.
The lateral hypothalamic area contains neurochemically different types of neurons, which
have been confirmed with immunohistochemical and tract-tracing studies (Jansen et al.,
1995a).
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1.2.3.5. Parapyramidal area

The parapyramidal area consists of caudal raphe cell groups (raphe pallidus and raphe
magnus) and gigantocellular and paragigantocellular nuclei. Parapyramidal neurons give
projections to other central autonomic supraspinal nuclei (Téth et al., 2006; Kung et al.,
2010). Serotonin is the major neurotransmitter of these cell groups and is involved in
compensatory responses (to maintain oxygenation of peripheral tissues) that develop

during severe blood loss by inhibiting presympathetic RVLM neurons (Kung et al., 2010).

1.2.3.6. Caudal ventrolateral medulla (CVLM)

The CVLM is a depressor region, which is immediately caudal to the RVLM (Figure 1. 3).
CVLM GABAergic neurons are intermingled with the Al noradrenergic cell group
(Schreihofer and Guyenet, 2002). The CVLM is an essential component of the brainstem
circuitry responsible for reflex control of arterial BP. Baroreceptor afferents synapse on a
subpopulation of glutamatergic NTS neurons that excite neurons in the CVLM (Figure 1.
5). These GABAergic CVLM neurons, in turn, project to RVLM and produce a reduction
in arterial BP by inhibiting RVLM neurons that innervate sympathetic preganglionic
neurons. The CVLM is more than a simple relay of baroreceptor reflex and discussed in

more detail in section 1.2.4.

1.2.3.7. Al noradrenergic cell group

The Al noradrenergic cell group is intermingled with the CVLM neurons in the caudal
brainstem (Figure 1. 3) (Schreihofer and Guyenet, 2002). The Al neurons are distinct from
the CVLM neurons as they innervate different targets and are catecholaminergic instead of
CVLM GABAergic neurons. The Al neurons play an important role in
hypovolemia-induced release of vasopressin from the posterior pituitary (Day et al., 1992;
Gieroba et al.,, 1994). Haemorrhage-induced activation of A1l neurons produces
compensatory response via vasopressin release (Gieroba et al.,, 1994). The major
preautonomic cell groups, such as the lateral hypothalamic area, PVN, PBN and NTS,
receive dense innervations from Al cell group and control autonomic functions (McKellar
and Loewy, 1982).

1.2.3.8. Parabrachial nucleus (PBN)

The primary role of the PBN is to distribute the sensory information to regulate output
from other cell groups involved in central autonomic regulation (Figure 1. 3). The PBN

heavily innervates preautonomic cell groups and receives afferents from NTS (Hermann et
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al., 1997; Hermes et al., 2006). Stimulation of internal subdivision of the PBN, which
receives innervation from the NTS, produces sympathoexcitation and rise in BP suggestive
of its role in the regulation of SNA (Chamberlin and Saper, 1992). The PBN also gives
reciprocal innervations to NTS subnuclei, the medullary reticular formation, the central
nucleus of the amygdala, the bed nucleus of stria terminalis and hypothalamic nuclei

involved in autonomic regulation (Fulwiler and Saper, 1984).

Haemorrhage-induced hypotension studies outlined the role of PBN in autonomic
regulation, where initial blood loss decreases arterial BP, unloading baroreceptors and
causing a reduction in inhibition of RVLM presympathetic neurons by GABAergic CVLM
neurons so that AP is increased. The reduction in BP due to further blood loss causes the
PAG to induce bradycardia and reduced sympathetic drive (Dean, 2004). Finally, in the
third phase of the response, ventrolateral PBN neurons restore normal BP by reinstituting
sympathetic vasomotor drive, presumably through projections to the RVLM (Blair and
Mickelsen, 2006).

The PAG is functionally similar to the PBN and divided into dorsomedial, dorsolateral,
lateral and ventrolateral columns (Hermann et al., 1997). As explained above, PAG plays a

crucial role during haemorrhage-induced bradycardia and hypotensive responses.

1.2.3.9. Dorsomedial hypothalamic nucleus

Microinjection of a GABA antagonist or excitatory amino acid into dorsomedial
hypothalamic nucleus produces tachycardia and pressor responses, and these effects are
reversed with microinjection of GABA agonist muscimol (DiMicco et al., 2002). The
dorsomedial hypothalamic nucleus mediates cardiovascular responses through RVLM, as
inhibition of the RVLM reduces the sympathoexcitation induced with activation of the
dorsomedial hypothalamic nucleus (Horiuchi et al., 2004b). The dorsomedial hypothalamic
nucleus gives innervation to the PVN that activates the hypothalamic-pituitary-adrenal axis
and plays a crucial role in stress-induced activation of the autonomic and endocrine system
(Das et al., 2007).

1.2.3.10. Barrington’s nucleus

Viral labelling from tissues that receive only sympathetic innervations, such as the spleen
and brown adipose tissue, identified a role for Barrington’s nucleus in controlling
sympathetic outflow (Cano et al., 2001; Cano et al., 2003). Moreover, Barrington’s nucleus
densely innervates the parasympathetic preganglionic neurons in the lumbosacral cord and
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classically known as the “pontine micturition centre” (Sasaki, 2005). Collectively,
Barrington’s nucleus is involved in coordinating the activity of both the SNS and the
PSNS.

1.2.3.11. Bed nucleus of stria terminalis

The bed nucleus of stria terminalis receives dense noradrenergic innervations from the A2
neurons in the NTS and Al neurons in the caudal medulla (Shin et al., 2008). This nucleus
integrates information from cortical, limbic and subcortical nuclei including the amygdala
and the medial prefrontal cortex, and gives input to the PVN, lateral hypothalamic area,
Barrington’s nucleus, the NTS, and influence SNS and PSNS (Dong and Swanson, 2006).

The central nucleus of the amygdala is highly interconnected to the bed nucleus of the stria
terminalis. The GABAergic neurons of the lateral and medial subnucleus of the central
nucleus of the amygdala target multiple cardiovascular autonomic nuclei such as

hypothalamic area, PAG, and the dorsal vagal complex (Sah et al., 2003).

1.2.3.12. Cerebral cortex

The insular cortex and the medial prefrontal cortex innervate preautonomic nuclei, such as
the hypothalamus, PBN, NTS, RVLM, PAG, lateral hypothalamic area, nucleus of the
amygdala, bed nucleus of the stria terminalis and regulate autonomic function (Westerhaus
and Loewy, 2001; Gabbott et al., 2005).

1.2.4. RVLM, CVLM and spinal cord in autonomic requlation

Presympathetic RVLM neurons are located 1.8 mm lateral from the midline, 2-3 mm
rostral and ~3.2-3.6 mm ventral to calamus scriptorius in rats. The RVLM neurons are
ventral and slightly medial to the nucleus ambiguus with some neurons located near the
ventral surface, and the majority lying within 300 um of it (Figure 1. 6)(Farnham et al.,
2008; Nedoboy et al., 2016). The GABAergic CVLM neurons are approximately 1.5 mm
caudal to the facial nucleus or 1 mm rostral to calamus scriptorius (Miyawaki et al., 1996a;
Miyawaki et al., 1997; Paxinos and Watson, 2007).

The RVLM gives projections to excitatory presympathetic neurons to maintain basal
sympathetic vasomotor tone and integrates reflex responses mediated through changes in
SNA and arterial BP (Figure 1. 6 and Figure 1. 7) (Guyenet et al., 1989; Madden and Sved,
2003a; Guyenet, 2006). Excitation of the RVLM markedly increases SNA, arterial BP and
HR (Araujo et al., 1999). The RVLM neurons are extremely sensitive to changes in AP,
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which is identified through baroreceptors. Pressor responses silence baroreceptors with
decrease in the SNA (Ross et al., 1984a; Pilowsky and Goodchild, 2002; Schreihofer and
Guyenet, 2002).

Although two theories are proposed to explain the mechanism of generation of sympathetic
vasomotor tone by presympathetic RVLM neurons, the mechanism is still unclear.
Guyenet and colleagues proposed “Pacemaker theory”, which suggests that under certain
conditions, presympathetic RVLM neurons can display pacemaker-like activity and
generate an action potential that is independent of synaptic inputs (Sun et al., 1988a; Sun et
al., 1988b). This theory was challenged by a second theory, which proposed that synaptic
inputs are required to generate the sympathetic vasomotor tone by RVLM neurons, and
these neurons lack known pacemaker activity (Kangrga and Loewy, 1995; Lipski et al.,
1996). This was based on in vivo and in vitro experiments, which showed that the action
potential in the RVLM neurons is preceded by excitatory postsynaptic potentials (PSPs)
produced by synaptic inputs with no sign of pacemaker activity (Lipski et al., 1996; Piguet
and Schlichter, 1998). It is still not clear whether the activity of RVLM neurons is
determined by synaptic input or by intrinsic pacemaker potential as there are evidences to
support both theories (Lipski et al., 2002; Almado et al., 2014).

The RVLM receives dense afferent inputs and gives rise to efferent innervations to
multiple targets that signify its critical role in autonomic cardiovascular regulation. It
receives dense inputs from NTS (Koshiya and Guyenet, 1996), CVLM (Li et al., 1992b),
PVN of the hypothalamus (Shafton et al., 1998; Pyner and Coote, 2000; Chen and Toney,
2010), caudal pressor area (Sun and Panneton, 2005), contralateral RVLM (McMullan and
Pilowsky, 2012), dorsomedial hypothalamic nucleus (Horiuchi et al., 2004b), raphe nuclei
(Cao and Morrison, 2003; Horiuchi et al., 2004b), paratrigeminal nucleus (De Sousa Buck
et al., 2001), PAG (Chen and Aston-Jones, 1995; Farkas et al., 1998), Al cell group
(Woulfe et al., 1990) and prefrontal cortex (Gabbott et al., 2007) (Figure 1. 7).

The RVLM inputs play an essential role in presympathetic neuronal output and modulate
sympathetic activity however, their precise role is still unclear. On the other hand, RVLM
neurons project to multiple targets including the IML in thoracic spinal cord (Minson et al.,
1991; Morrison et al., 1991; Card et al., 2006), raphe pallidus (Card et al., 2006),
hypothalamic PVN (vasopressin response to haemorrhage) (Swanson et al., 1981;
Cunningham Jr et al., 1990), PAG (Herbert and Saper, 1992), locus coeruleus and Al and

A2 noradrenergic cell groups (involved in psychological stress) (Holloway et al., 2013).

24



A Other descending B 2507
pyN nputs 200
Arterial _—
omatosympathetic Pressure .
E (mmHg) 100 :
501 :
0- : :
Other inputs BER) | :
0.301 : !
Average 0-25 P |
RSNA 0.201 : |
(uV X 20) 0'15'»Ww,,,w~/\/vw“u ; !
0.107 s I |
A1 noradrenaline 0.051 ! \\_A__Lﬁ
neurons 0.00- ! |
. :
Raw .
RSNA ‘ ‘
Sympathetic . (uV X 20)

outflow to b5
blood vessels, he:r_t\-. /(
adrenal gland, etc. IML

control 30s
baseline

Figure 1. 7: Medullary reflex pathways.

A) Sympathetic reflexes are mediated through the baroreceptor and chemoreceptor pathways that influence the activity of major cardiorespiratory

autonomic nuclei including NTS, RVLM, CVLM and pre-ganglionic and postganglionic neurons. Figure modified from (Pilowsky and Goodchild,

2002). B) The activity of presympathetic RVLM neurons is directly correlated with SNA, which is tightly controlled by pressure sensitive

baroreceptors. The activity of presympathetic RVLM neurons increases during lowest AP (with i.v. SNP), and decrease with increase in AP (with i.v.
™ PE). Figure modified from (Zahner and Schramm, 2011). SNP- sodium nitroprusside; PE- phenylephrine; RSNA- renal SNA.

M3IASY aimesa) T Ja1deyd



Chapter 1: Literature Review

Presympathetic RVLM neurons which project through the lateral horn of the spinal cord
are excitatory to sympathetic preganglionic neurons innervating cardiac and
vasoconstrictor targets such as adrenal gland, blood vessels and heart (Figure 1. 6 and
Figure 1. 7) (Pilowsky et al., 1985; Guyenet et al., 1989; Pilowsky and Goodchild, 2002).
The activity of presympathetic RVLM neurons is directly correlated with SNA, which is
tightly controlled by pressure sensitive baroreceptors (Figure 1. 7). For example, RVLM
efferent nerve activity increases during lowest AP, and vice versa, which shows
rhythmicity between the SNA and BP changes (Figure 1. 7) (Guo et al., 2009) . The
RVLM has two subsets of neurons; a catecholaminergic phenotype called as C1 cell group
(C1 neurons) and non-catecholaminergic phenotype called non-C1 neurons that are located
slightly more rostrally (Phillips et al., 2001; Madden and Sved, 2003b).

The bulbospinal RVLM neurons are more likely to be glutamatergic as the majority of
them express one of the isoforms of vesicular glutamate transporter (Stornetta et al., 2002a;
Stornetta et al., 2002b). Injection of a broad-spectrum glutamate receptor antagonist,
KYNA, into the subarachnoid space at the thoracic sympathetic column blocks pressor
responses evoked by electrical stimulation of the RVLM (Mills et al., 1990).
Microinjection of glutamate into the RVLM causes pressor responses and
sympathoexcitation that are completely blocked by KYNA (Ito and Sved, 1997; Araujo et
al., 1999; Dampney et al., 2003). However, KYNA microinjection into the RVLM on its
own does not affect basal BP and SNA (Guyenet et al., 1987; Kiely and Gordon, 1994,
Araujo et al., 1999). Subsequently, Ito and Sved observed that if the CVLM (inhibitory
drive to the RVLM) is inhibited first, subsequent blockade of glutamate receptor in the
RVLM markedly reduces BP (Ito and Sved, 1997). In this paradigm, glutamatergic input to
the RVLM directly excite presympathetic neurons and indirectly inhibit GABAergic
inhibition of the RVLM, and the lack of change in AP with KYNA in the RVLM reflects
the balance of these two actions. Miyawaki and colleagues also observed that after
blockade of GABAergic input within the RVLM, injection of KYNA produced inhibition
of splanchnic and lumbar SNA (Miyawaki et al., 2002a). Together these findings illustrate
that there is a tonic glutamatergic input with the existence of additional sources of

neurotransmitter drive to RVLM neurons.

Angiotensin Il is another major neurotransmitter that has an excitatory effect on
presympathetic RVLM neurons (Averill et al., 1994; Hirooka et al., 1997a). Similar to
glutamate, the role of angiotensin Il in the generation of tonic vasomotor activity is not yet
Clear.
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Presympathetic neurons synthesise and release other neuropeptides, such as PACAP
(Chiba et al., 1996; Farnham et al., 2008), opioids (Strack et al., 1989a; Chalmers and
Pilowsky, 1991; Jansen et al., 1995a; Guyenet et al., 2002; Miyawaki et al., 2002b),
substance P (Strack et al., 1989a), neuropeptide Y (Strack et al., 1989a; Jansen et al.,
1995a), somatostatin (Strack et al., 1989a; Jansen et al., 1995a), vasoactive intestinal
peptide (VIP) (Jansen et al., 1995a), galanin (Melander et al., 1986) and orexin (Peyron et
al., 1998), which suggest that these neuropeptides modulate the activity of sympathetic
preganglionic neurons. The role of PACAP in regulating the activity of presympathetic
neurons is elaborated in further section 1.9. In addition, superoxides, cocaine, and
amphetamine-like compounds also modify the RVLM neuronal activity (Burman et al.,
2004; Guo et al., 2009). Thoracic region of the spinal cord showed the presence of
noradrenaline and non-detectable adrenaline, which suggest that presympathetic C1
neurons may use noradrenaline as a neurotransmitter when catecholamines are released
(Sved, 1989). The precise role of catecholamine as a neurotransmitter still remains the
matter of investigation even though 50-70% of presympathetic RVLM neurons are

catecholaminergic.

The CVLM is a major inhibitory control mechanism of presympathetic RVLM neurons
(Agarwal et al., 1990; Miyawaki et al., 1997; Chan and Sawchenko, 1998). Juxtacellular
labelling of baro-activated CVLM neurons paired with in situ hybridisation histochemistry
for GADG67 (glutamic acid decarboxylase-67) messenger ribonucleic acid (mMRNA)
demonstrates that CVLM neurons are GABAergic (Schreihofer and Guyenet, 2003).
Excitation of the CVLM neurons decrease SNA and MAP through activation of
GABAergic CVLM neurons which inhibit the RVLM neurons (Willette et al., 1987),
whereas inhibition of the CVLM produces pressor and sympathoexcitatory responses
(Figure 1. 5 and Figure 1. 7) (Ito and Sved, 1997; Horiuchi et al., 2004a). GABAergic
CVLM neurons control the activity of presympathetic RVLM neurons and overall
sympathetic output to maintain the normal AP. More importantly, all sympathoinhibitory
reflexes produced by inhibition of the RVLM are mediated through activation of
GABAergic CVLM neurons (Agarwal et al., 1990; Chan and Sawchenko, 1998). For
example, activated baroreceptor afferents, due to an increase in AP, activate second-order
neurons in the NTS which in turn excite GABAergic interneurons in the CVLM via a
glutamatergic input (Chan and Sawchenko, 1998). These baro-activated GABAergic
CVLM neurons most likely inhibit presympathetic RVLM neurons, thereby inhibiting

SNA and returning AP to normal levels (Figure 1. 7). Conversely, hypotension causes
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unloading of baroreceptors that is associated with a reduction in the activity of
baro-activated GABAergic CVLM neurons that coincides with an increase in SNA (Figure
1. 7) (Mandel and Schreihofer, 2008). Overall, changes in the GABAergic CVLM neurons
in either direction have profound effects on the SNA that regulates cardiovascular function.
The RVLM is the major integration site for generation of reflexes, mediated through the
NTS-CVLM-RVLM circuit, and are discussed in detail in section 1.2.5.

The NTS-mediated excitation of CVLM neurons plays an essential role in passing
inhibitory signals to RVLM, and providing required inhibitory link in reflex pathways
(Agarwal et al., 1990; Miyawaki et al., 1996a; Chan and Sawchenko, 1998). The NTS
integrates the afferent inputs and generates the differential excitatory output to either
RVLM or CVLM. The NTS is a major source of glutamate input to GABAergic CVLM
neurons (Suzuki et al., 1997; Chan and Sawchenko, 1998). Inhibition of the CVLM
continues to increase the SNA even after lowering AP below baroreceptor threshold, which
suggest that GABAergic CVLM neurons are tonically active independent of arterial
baroreceptor activity (Cravo and Morrison, 1993; Mandel and Schreihofer, 2008). The
baroreceptors-independent drive to the CVLM appears to be glutamatergic because
unloading of baroreceptors by hypotension or blockade of glutamatergic input in the NTS
produces a smaller rise in AP than blockade of glutamatergic input in the CVLM (Mandel
and Schreihofer, 2008). It is possible that the PVN is a source of remaining glutamatergic
drive to the CVLM, as the stimulation of the PVN produces depressor responses that
coincides with the activation of the baro-activated, pulse modulated CVLM neurons (Yang
and Coote, 1999). Evidence also suggests that central respiratory-related neurons may be
another possible source of excitatory drive to CVLM neurons (Mandel and Schreihofer,
2006). The activity of CVLM neurons is modulated in relation to the cardiac cycle, as most
of their activity is occurring during the rising phase of systole (Mobley et al., 2006). In
addition, baro-activated CVLM neurons display patterns of central respiratory modulation
that appear to be inversely related to patterns observed in presympathetic RVLM neurons
(Schreihofer and Guyenet, 2003).

1.2.5. Central autonomic reflexes

Central autonomic reflexes are vital in the maintenance of normal cardiovascular function.
Disturbances in homeostasis conditions, such as a sudden rise in AP, a drop in oxygen
content or prediction of defensive behaviour, produce reflex responses that are mediated

through changes in the SNA, which modifies and regulates the cardiovascular functions.
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Glutamate plays an essential role in almost all sympathoexcitatory reflexes through
activation of presympathetic RVLM neurons (Miyawaki et al., 1996a; Moraes et al., 2012).
In contrast, GABAergic CVLM neurons are crucial for passing baroreceptor reflex related
inhibitory input from NTS to RVLM (Chan and Sawchenko, 1998; Schreihofer and
Guyenet, 2003).

1.2.5.1. Baroreflex

The central baroreflex mechanism is crucial for regulation of AP. It is the first line defence
mechanism against abnormal BP and any abnormalities in baroreflex function lead to
uncontrolled AP and cardiovascular damage. High threshold arterial baroreceptors are
situated in the carotid sinus and aortic arch, whereas low threshold baroreceptors are found
in the atria and ventricles (McMahon et al., 1996). These receptors continuously monitor
the changes in BP, and are activated when there is increased vessel wall pressure to
provide moment-to-moment information to the NTS (Figure 1. 8) (Chan and Sawchenko,
1998; Andresen et al., 2001). The reflex circuitry in the brain detects these changes, and
sends signals back to the circulatory system to dilate the peripheral blood vessels, reduce

the force and rate of heart beat and adjust vasopressin secretion (Figure 1. 8).

Disruption or impairment of this reflex mechanism is associated with impairment of
short-term BP control and ultimately hypertension and cardiovascular dysfunction
(Billman et al., 1982; Pilowsky and Goodchild, 2002). The arterial baroreceptors can scan
the wide range of physiological pressures in rabbit (30-300 mmHg), where individual
receptor differs in upper and lower range (Chen et al., 2014). The high threshold carotid
sinus baroreceptors are divided into two types depending on their role in the regulation of
either acute change in BP; type I, or tonic and baseline BP change; type 1l (Seagard et al.,
1990), and contain myelinated A- and C-fibres (Fan et al., 1999).

Lesion or chemical inhibition of the medial NTS instantly increases AP and SNA through
the elimination of baroreflex response (Moreira et al., 2005). In contrast, electrical
stimulation of the same area produces a decrease in activity of presympathetic neurons
(Agarwal et al., 1990). Glutamic acid is considered as a major neurotransmitter for
baroreceptor afferent neurons that carry baroreflex information and terminate on NTS
neurons (Reis et al., 1981). The electrophysiological studies to demonstrate the baroreflex
mechanism are carried out with either electrical stimulation of the baroreceptor afferents
(such as aortic depressor nerve) or by intravenous (i.v.) administration of a

vasoconstrictive agents (Fan et al., 1999; Kashihara et al., 2008; Abbott and Pilowsky,
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2009). The aortic depressor nerve contains no functional chemoreceptor afferents, hence its
electrical stimulation is the most widely used method to test the baroreflex function (Figure
5. 1). There are certain limitations of this technique, such as stimulation of aortic depressor
nerve does not replicate the natural firing pattern of the baroreceptors. Alternatively,
baroreflex response is produced by systemic administration of vasoconstrictive substances
such as phenylephrine (Figure 1. 7B). In this method, the observed effect on SNA or AP
may not be entirely secondary to changes in AP. The vasoconstrictive substances may
affect the activity of the neurons that are directly or indirectly involved in the reflex

responses through undefined central and/or peripheral mechanisms.

1.2.5.2. Chemoreflex

Oxygen content in blood is carefully monitored and sensed by peripheral and central
chemoreceptors. Decrease in oxygen saturation rapidly triggers highly coordinated central
reflex pathways to adjust the cardiorespiratory responses (Figure 1. 9) (Rosin et al., 2006;
Michael Spyer and Gourine, 2009). Carotid bodies are the most important peripheral
chemoreceptors as they are sensitive to natural stimuli, which include hypoxic, anemic,
metabolic and respiratory acidosis and osmolar and temperature changes, whereas aortic
bodies play a minimal role in hypoxic chemoreception (Heeringa et al., 1979; Michael
Spyer and Gourine, 2009). Carotid body is a small organ located in the vicinity of the
common carotid artery bifurcation. In in vivo animal studies, chemoreflexes are activated
by a moderate reduction of PaO. below the normal resting level of 80-100 mmHg, and
functions maximally when haemoglobin is half saturated (Gonzalez et al., 1994). The
discharge of chemoreceptor afferent nerves rises sharply when PaO, falls to 60-75 mmHg,
and reaches maximum when PaO: is about 5-10 mmHg. Type | glomus cells are the
functional chemoreceptors in carotid bodies, which are round or ovoid cells with a
diameter of 10-12 um. The rat and cat carotid bodies contain about 1000 and 10,000 type |
glomus cells, respectively. Carotid bodies receive continuous innervations from carotid
sinus nerve and a thin branch of the glossopharyngeal nerve as well as a small filament of
the vagus nerve join the carotid sinus nerve on its way to carotid bodies (Gonzalez et al.,
1994). The chemical transmission between glomus cells and sensory nerve endings (carotid
sinus) is mediated by numerous neurotransmitters, including acetylcholine, dopamine,
noradrenaline, adenosine triphosphate (ATP) and opioids (Kato et al., 2013; Kahlin et al.,
2014; Yokoyama et al., 2015). Hypoxia triggers glomus cells to release neurotransmitters
and excite chemoreceptor afferents that further lead to changes in cardiorespiratory

responses (Figure 1. 9) (Gonzalez et al., 1994).
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The RTN is a prominent central respiratory chemoreceptor (Guyenet, 2014). The absence
of RTN causes severe central apnoea in diseases such as congenital central hypoventilation
syndrome (Amiel et al., 2009). Central respiratory chemosensitivity is caused by direct

effects of acid on neurons and indirect effects of CO; via astrocytes (Figure 1. 9).

Stimulation of central and carotid chemoreceptors raises AP primarily by increasing
sympathetic outflow to vasculature that is also mediated through increased activity of
respiratory pattern generator (Figure 1. 9). The respiratory pattern generator increases
breathing, which activates lung stretch receptors that in turn exerts a feedback regulation
on the respiratory pattern generator. The central chemoreflex-mediated sympathoexcitatory
response is relayed by RVLM spinal vasomotor neurons. Microinjection of KYNA into the

RVLM eliminates the sympathoexcitatory chemoreflex response (Moreira et al., 2006).

The chemoreflex response produced by stimulation of carotid chemoreceptors with
isotonic solution of inorganic phosphate might elicit a release of vasopressin since i.v.
administration of a vasopressin receptor antagonist inhibited the small pressor response

evoked by chemoreceptor activation in rats (Li et al., 1992a).

Chemoreceptor afferents arising from the carotid bodies terminate most densely in the
commissural subnucleus and the medial subnucleus of the NTS (Finley and Katz, 1992).
Their termination site is more caudal and medial compared to arterial baroreceptor
afferents. Chemoreceptor afferents also project to the CVLM in the region of the nucleus

retroambiguus and few projections to the DMV and area postrema (Finley and Katz, 1992).

1.2.5.3. Somatosympathetic reflex

The somatosympathetic reflex includes early spinal and late supraspinal reflex components
(Zanzinger et al., 1994b). The spinal reflex component is mediated through descending
inhibition from medullary brainstem region including the RVLM (Dembowsky et al.,
1981). The supraspinal somatosympathetic reflexes, both inhibitory and excitatory appear
to be mediated by the vasomotor neurons located in the RVLM as well through neurons in
the CVLM (Zanzinger et al., 1994b; Zanzinger et al., 1994a). The sympathetic responses to
somatic stimuli, induced through sciatic nerve stimulation, mediated by RVLM are
non-uniform and depend on specific sympathetic output; e.g. biphasic and monophasic
response in splanchnic and cervical SNA, respectively (McMullan et al., 2008). These
responses are evoked due to a specific activity of myelinated and unmyelinated nociceptors
to the medulla (Figure 1. 10). The somatosympathetic reflex was mediated through

synaptic activation of non-NMDA receptors in the RVLM (Kiely and Gordon, 1993).
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Figure 1. 10: Schematic of different somatosympathetic reflex responses generated by
splanchnic and cervical sympathetic nerves (SSNA and cSNA).

Figure modified from (McMullan et al., 2008). 4V: fourth ventricle.
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1.3. Epilepsy

Seizure is a characteristic of epilepsy, which is a chronic brain disorder arising from
excessively synchronous, and sustained discharge of groups of neurons in the brain
(McNamara, 1994; McNamara, 1999). Approximately 150,000 Australians and 50 million
people worldwide have epilepsy (WHO, 2005; Hackett et al., 2011). Seizure may remain
localised and restricted to certain part of the brain, or it can spread to other brain areas. A
clinical seizure occurs when the discharge area is of sufficient size; otherwise they remain
asymptomatic, and localised. The expression of seizure is determined by the area of brain
affected.

1.3.1. Epilepsy terminologies

The actual duration of seizure is called as “ictal or ictus period”. The time immediately
after seizure is referred as “post-ictal period”, whereas the interval between seizures is
called as “inter-ictal period”. “Aura” is the time before an actual seizure, and is the only

event remembered by the patient.

The “status epilepticus” is defined as a condition in which seizures occur very frequently,
and the patient does not recover fully from one seizure before having another. A seizure
lasting for more than 5 min is normally considered as status epilepticus (SE). There are
different types of SE depending on the clinical signs of the seizure and tonic-clonic SE is

the most common and most life-threatening (Sutter et al., 2013).

1.4. Classification of epileptic seizures and epilepsies

Epileptic seizures and epilepsies are classified independently (Dreifuss et al., 1981;
McNamara, 1994; Browne and Holmes, 2008; Berg et al., 2010). The classification of
epileptic seizures is based on clinical signs and symptoms, where each seizure is
considered as a separate event (Dreifuss et al., 1981; McNamara, 1999). The classification
of epilepsies considers all types of seizures as same, and is based on etiology, genetics, age
at epilepsy onset, and evidence of brain pathology (Browne and Holmes, 2008; Berg et al.,
2010). The classification of epileptic seizures and epilepsies are described in brief in

following sections.

1.4.1. Classification of epileptic seizures

Table 1.1 summarises the International Classification of epileptic seizures proposed in
1981 (Dreifuss et al., 1981). Accordingly, seizures are categorised into two broad types:
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1) Partial seizures (seizures begin in a relatively small location of the brain) and

2) Generalised seizures (seizures are bilaterally symmetric and without local onset). These

seizures are further sub-classified according to their clinical and EEG manifestations
(Table 1. 1) (Dreifuss et al., 1981; Berg et al., 2010). All the definations are derived from
(Browne and Holmes, 2008).

1. Partial (focal/ local) seizures

A

Simple partial seizures (consciousness not impaired)
a. With motor signs
b. With sensory symptoms
c. With autonomic symptoms or signs
d. With psychic symptoms
Complex partial seizures (temporal lobe; consciousness impaired)
a. Simple partial onset, followed by impairment of consciousness
1. With simple partial features followed by impaired consciousness
1. With automatism
b. With impairment of consciousness at onset
1. With impairment of consciousness only
1. With automatism
Partial seizures evolving to secondarily generalised seizures (tonic-clonic, tonic
or clonic)
a. Simple partial seizures evolving to generalised seizures
b. Complex partial seizures evolving to generalised seizures
c. Simple partial seizures evolving to complex partial seizure, evolving to
generalised seizures

2. Generalised seizures

MY 0w

Absence (petit mal) seizures
Myoclonic seizures

Tonic seizures

Atonic seizures

Clonic seizures

Tonic-clonic (grand mal) seizures

3. Unclassified epileptic seizures (cannot be classified as either focal or generalised)

Table 1. 1: International classification of epileptic seizures.
Table modified from (Browne and Holmes, 2008).

1.4.1.1. Partial/focal/local seizures

Simple partial seizures

Simple partial seizures are caused by a local discharge of neurons in the brain, which

results in seizure symptoms without impairment of consciousness. Simple partial seizures

are sub-classified and may consist of motor, sensory, autonomic, or psychic signs or

symptoms (Table 1.1).
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Complex partial seizures

Consciousness is impaired in complex partial seizures (Table 1.1). Initially, the signs or
symptoms of a simple partial seizure may occur without impairment of consciousness
providing an aura, followed by an impairment of consciousness. No other signs or
symptoms may present during the period of impaired consciousness. The attack

characteristically ends gradually with a period of post-ictal drowsiness or confusion.

Partial seizures evolving to secondarily generalised seizures

Secondarily generalised seizures commence in one part of the brain like simple partial
seizures and then spread throughout the brain to become a generalised seizure.
1.4.1.2. Generalised seizures

Generalised seizure is an outcome of simultaneous abnormal activity in both hemispheres
of the brain, which normally, but not necessarily, results in loss of consciousness at the

onset of a seizure (Dreifuss et al., 1981; Berg et al., 2010).

Absence (petit mal) seizures

These seizures start suddenly and last only for few seconds, although they can occur
multiple times in a day, and accompanied by a unique 3-Hz spike-wave-EEG pattern.
Absence seizures appear like a daydreaming, and therefore often remain unnoticed. These
seizures first manifest between 5-12 years of age, and often stop in teens.

Myoclonic

Myoclonic seizures are characterised by uncontrolled muscle jerks and a brief loss of
consciousness. These seizures do not cause impairment of consciousness, but if several

seizures occur over a short period of time the person may feel slightly confused or drowsy.

Tonic seizures

Tonic seizures are characterised by muscles stiffening and falling to the ground.
Consciousness is usually partially or completely lost. These seizures frequently occur in

clusters during sleep. Tonic seizures are relatively rare and occur between 1-7 years of age.

Atonic

Atonic seizures consist of sudden loss of muscle tone. The loss of muscle tone may be
confined to a group of muscles, such as the neck, resulting in a head drop. Alternatively,

atonic seizures may involve all trunk muscles, leading to a fall on the ground.
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Clonic seizures

Clonic seizures occur almost exclusively in early childhood. The attack begins with the
loss of consciousness associated with sudden hypotonia or a brief generalised tonic spasm,
which is followed by one to several minutes of bilateral jerks.

Tonic-clonic (grand mal seizures)

These seizures are characterised by two main phases: a tonic phase when person stiffens
and falls to the ground, and a clonic phase during which body begins strong jerking.
Prominent autonomic phenomena occur during the tonic-clonic phase. The patient awakens

by passing through stages of coma, confusional state and drowsiness.

1.4.2. Classification of epilepsies

Epilepsies are classified according to their etiology: idiopathic, symptomatic, or genetic
(Browne and Holmes, 2008; Berg et al., 2010). Idiopathic means arising spontaneously
from an obscure or unknown cause. Symptomatic epilepsies arise as symptoms of a known
brain abnormality. Genetic means arising from a known gene defect. Three special
categories of epilepsy are also included such as reflex epilepsies, epileptic
encephalopathies, and progressive myoclonic epilepsies. Moreover, some conditions may
result in seizures but are not likely to result in epilepsy, and are called as chronic

unprovoked seizures.

Based on these categories, epilepsies are divided into eight groups (Table 1. 2), and within
each group there are number of specific epilepsy syndromes based on clustering of specific
seizure type, specific etiology, genetics, age and evidence of brain pathology (Browne and
Holmes, 2008; Berg et al., 2010).
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. Idiopathic focal
epilepsies of infancy
and childhood

2. Genetic (autosomal

dominant) focal
epilepsies

. Unclassified

epileptic seizures

. Idiopathic
generalised epilepsies

. Reflex epilepsies

. Epileptic
encephalopathies (in
which the
epileptiform
abnormalities may
contribute to
progressive
dysfunction)

. Progressive
myoclonus epilepsies
Seizure not
necessarily requiring
a diagnosis of
epilepsy

Benign infantile seizures (non-genetic)
Benign childhood epilepsy with centrotemporal spikes
Early-onset benign childhood occipital epilepsy
Late-onset childhood occipital epilepsy (Gastaut type)
Benign genetic neonatal seizures
Benign genetic infantile seizures
Autosomal dominant nocturnal frontal lobe epilepsy
Genetic TLE
Genetic focal lobe epilepsy with variable foci
Limbic epilepsies
Mesial TLE with hippocampal sclerosis
Mesial TLE defined by specific etiology
Other types defined by location and etiology
Neocortical epilepsies
Rasmussen syndrome
Hemiconvulsion-hemiplegia syndrome
Other types defined by location and etiology
Migrating partial seizure of early infancy
Benign myoclonic epilepsy in infancy
Epilepsy with myoclonic astatic seizures
Childhood absence epilepsy
Epilepsy with myoclonic absences
Idiopathic generalised epilepsies with variable phenotypes
Juvenile absence epilepsy
Juvenile myoclonic epilepsy
Epilepsy with generalised tonic-clonic seizures only
Generalised epilepsy with febrile seizures plus (GEFS+)
Idiopathic photosensitive occipital lobe epilepsy
Other visual sensitive epilepsies
Primary reading epilepsy
Startle epilepsy
Early myoclonic encephalopathy
Ohtahara syndrome
West syndrome
Dravet syndrome (known as myoclonic epilepsy in infancy)
Myoclonic status in non-progressive encephalopathies
Lenox-Gastaut syndrome
Landau-Kleffner syndrome
Epilepsy with continuous spike-waves during slow-wave sleep

Benign neonatal seizures

Febrile seizures

Reflex seizures

Alcohol withdrawal seizures

Drug or other chemically induced seizures
Immediate and early post-traumatic seizures
Single seizure or 1solated clusters of seizures
Rarely repeated seizures (oligoepilepsy)

Table 1. 2: International classification of epilepsy syndromes.
Table modified from (Browne and Holmes, 2008).
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1.5. Pathophysiology of epilepsy

Epilepsy is a paroxysmal neuronal disorder characterised by a persistent increase in
neuronal excitability causing abnormal neuronal discharges. Paroxysmal neuronal
discharge occurs, when the neuronal membrane-firing-threshold decreases below the
intrinsic membrane-threshold-stabilising potential to prevent firing (McNamara, 1994,
McNamara, 1999). Although there are different causes of epilepsy, such as trauma
(Annegers et al., 1998), tumour (Beaumont and Whittle, 2000), infection (Ho et al., 2015),
oxygen deprivation, and metabolic derangements (Herman, 2002), the fundamental
disorder is secondary to either abnormal neuronal membrane potentials or an imbalance
between excitatory and inhibitory mechanisms (Wong, 2005; Li et al., 2015; Williams et
al., 2015). Although microglial function is not associated with a particular type of seizure
nor with a specific seizure generation mechanism, the following mechanisms are closely
related to the chosen potential targets (in this thesis) of the central autonomic

cardiorespiratory dysfunction in epilepsy.

1.5.1. Ictogenesis (generation of seizure activity)

Neuronal excitability, a key feature of ictogenesis, may originate from an individual
neuron, neuronal environment or a population of neurons (Traub et al., 1996). Each neuron
has a resting membrane potential that represents the separation of positive and negative
charges across the cell membrane (Figure 1. 11). Sodium (Na*) and chloride (CI") ions are
present in the extracellular space along the membrane, whereas K* is dominant in the
intracellular space. This generates an excess of positive charges outside, and negative
charges inside the cell with resting membrane potential of approximately -50 to -80 mV.
Change in membrane permeability causing Na" to enter the cell leads to depolarisation,
whereas K* outflow or CI" entry into the cell result in hyperpolarisation (Figure 1. 11).
Activation of GABA (ionotropic or metabotropic) receptors increase Cl- conductance and
give rise to inhibitory PSPs, which results in greater intracellular negativity than baseline
(hyperpolarisation). The action of excitatory amino acids acting on their receptors
increases Na* and Ca®" permeability that give rise to excitatory PSPs, leaving a relatively
negative extracellular environment (depolarisation). Whether a neuron generates an action
potential or not is determined by the relative balance of excitatory PSPs and inhibitory
PSPs (Browne and Holmes, 2008).

The EEG does not record an activity from a single neuron, and is dependent on the

summation of thousands to millions of PSPs, and therefore represents activity from a large
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neuronal population. During an ictal discharge, neurons generate high-voltage
(approximately 10-15 mV), and relatively long depolarisation (100-200 psec) causing
bursts of spike activity (Browne and Holmes, 2008). This depolarisation is much longer
than the depolarisation during excitatory PSPs, which is in the range of 10-16 psec. The
EEG activity is based on conduction volume of ionic currents generated by nerve cells
from summated excitatory and inhibitory PSPs. The long depolarisation generates a train
of action potentials that are conducted away from the neuronal cell body along the axon

and called the paroxysmal depolarisation shift (Browne and Holmes, 2008).

1.5.2. Mechanisms of interictal-ictal transition

The event that leads from interictal to ictal state is poorly understood. It may include
disturbances in neuronal membrane function (nonsynaptic mechanism) or balance between
excitatory or inhibitory neurotransmitters (synaptic mechanism) (Wendling et al., 2005).
The decrease in synaptic inhibition, an increase in synaptic excitation, alteration in K* or
Ca2" currents, or changes in the extracellular ion concentration may trigger prolonged
depolarisation. These changes may occur in microenvironment at the epilepticus focus as
well as at distant sites through synaptic pathways. This mechanism could be responsible

for generalisation and spread of seizures to the central autonomic nuclei in the brainstem.

1.5.2.1. Nonsynaptic mechanisms

Alterations in ionic microenvironment and transport

The nonsynaptic mechanisms of development of seizure activity include changes in
postsynaptic receptor proteins, activity of Na*-K* pump, number of Ca?* channels, and
CI"-K* co-transport. Functional and structural changes in postsynaptic membrane alter
characteristics of the receptor protein (conductance channels), which favours the
development of paroxysmal depolarisation shift and enhanced excitability (Wyneken et al.,
2001). In epileptic neurons, the number of Ca?* channels is chronically elevated that
increases Ca?" conductance (Yaari et al., 2007). Activation of Na*-K* pump is important
for regulation of neuronal excitability during excessive neuronal discharges (Ayala et al.,
1970). Hypoxia or ischemia can result in Na™-K* pump failure that promotes interictal-ictal
transition (Florence et al., 2009). A CI-K" co-transport mechanism controls the
intracellular CI- concentration, and the CI- gradient across the cell membrane, which
regulates effectiveness of GABA-activated inhibitory CI- currents. However, interference
in this process could cause a progressive decrease in the effectiveness of GABAergic
inhibition leading to increased excitability (Kaila et al., 1997; Pavlov et al., 2013).
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Excitability arising from neuronal microenvironment

Excessive extracellular K* depolarises neurons that lead to spike discharge. Endogenously,
astrocytes are able to clear neurotransmitters from the extracellular space, and to buffer K*
thus, correcting the increased extracellular K™ concentrations that occur during seizures.
However, the structural changes in glia (astrogliosis) affect their K* buffering capacity, and
may contribute to seizure generation (Coulter and Eid, 2012; Devinsky et al., 2013; Seidel
etal., 2015).

The epileptic neuronal population

Mossy fiber sprouting is an example of neuronal alterations during seizures (Kharatishvili
et al., 2006; Gurbanova et al., 2008). Normally, the dentate granule cells control the seizure
propagation through the hippocampal network. However, the formation of recurrent
excitatory synapses between dentate granule cells (mossy fiber sprouting) transforms them
into an epileptogenic population of neurons (Sharma et al., 2007). Ephaptic interactions
also produced when currents from activated neurons excite adjacent neurons in the absence

of synaptic connections (Jefferys et al., 2012).

1.5.2.2. Synaptic mechanisms (neurochemical mechanisms)

Two neurochemical mechanisms are involved in the pathophysiology of epilepsy:
decreased effectiveness of inhibitory synaptic mechanisms or facilitation of excitatory
synaptic events. The major neurotransmitters in the synaptic mechanism are discussed

below.

Gamma (y)-aminobutyric acid (GABA)

Gamma-aminobutyric acid is a major inhibitory neurotransmitter in the CNS. Decrease in
GABAEergic inhibition causes seizures, whereas an enhancement of GABAergic inhibition
results in an anti-epileptic effect (Domann et al., 1994; Wong, 2005). Several studies have
shown that GABA is involved in the pathophysiology of epilepsy in both animal models
and patients suffering from epilepsy (Sato et al., 1990; Wendling et al., 2005). Low GABA
levels and increased antibodies to glutamic acid decarboxylase (a catalytic enzyme that
converts glutamate into GABA) are evidenced in patients with chronic epilepsy (Stagg et
al., 2010). Glutamic acid decarboxylase levels are decreased in the substantia nigra of
amygdale-kindled rats (Loscher and Schwark, 1987). Seizure frequency is positively
correlated with a reduction in benzodiazepine receptor (allosteric modulatory sites on

GABAA receptors) in epilepsy patients (Savic et al., 1996). There are decreased levels of
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GABA in the epileptic model in dogs (Hasegawa et al., 2004). Mice with a genetic
susceptibility to audiogenic seizures have a lower number of GABA receptors than animals
of the same strain that are not seizure prone (Horton et al., 1982). The convulsant agent,
such as bicuculline, inhibits GABAergic transmission, whereas anti-epileptic drugs are

GABA analogues, such as valproate, and block GABA metabolism.

Glutamate (refer section 1.10 for detail)

Glutamate is a major excitatory neurotransmitter in the CNS that plays an important role in
epileptogenesis. Activation of both postsynaptic iGIuRs and metabotropic glutamate
receptors (mGIuRs) is proconvulsant. Antagonism of NMDA receptors produces powerful
anticonvulsant effects in animal models of epilepsy (Smolders et al., 1997; Rice and
Delorenzo, 1998). NMDA receptor function is altered in acquired animal models of
epilepsy and in humans (Brines et al., 1997; Rice and Delorenzo, 1998). Hippocampal
neuronal cultures showed a time-dependent increase in neuronal death with increasing
duration of SE. This causes an enhanced entry of Ca®" into neurons and increased
excitatory PSPs. The neuronal death was significantly reduced by addition of NMDA
receptor antagonist (Deshpande et al., 2008). Moreover, in patients with epilepsy, plasma
and cerebrospinal fluid (CSF) glutamate levels were found to be significantly increased
(Rainesalo et al., 2004).

Glutamate is also a major neurotransmitter in cardiovascular autonomic neuronal function,
and reflex responses (section 1.10.2). Therefore, this study was designed to evaluate the
significance of increased glutamate levels in epilepsy, and their correlation with the central

autonomic cardiovascular dysfunction.

Catecholamines

Abnormal catecholamine levels in the CNS have been reported in several genetic models
of epilepsy (Szot et al., 1996; Weinshenker and Szot, 2002). Low levels of dopamine in
nucleus caudatus and higher levels of noradrenaline in midbrain and brainstem are reported
in spontaneous epileptic rats (Hara et al., 1993). Dopamine is also decreased in epileptic
foci of epilepsy patients (Mori et al., 1987). Overall, increased levels of noradrenaline and

adrenaline in patients and animal models of epilepsy might account for increased SNA.
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1.6. Sudden unexpected death in epilepsy (SUDEP)

Sudden unexpected death in epilepsy is operationally defined as “sudden, unexpected,
witnessed or unwitnessed, non-traumatic and non-drowning death in patients with epilepsy,
with or without evidence of a seizure, and excluding documented SE, where post-mortem
examination does not reveal a toxicological or anatomical cause of death” (Nashef, 1997).
The mechanism of SUDEP is still unknown and is the major hurdle in finding the best
therapeutic solution for its prevention. Plausible mechanisms of SUDEP include ictal
arrhythmias (Darbin et al., 2002; Auerbach et al., 2013), ictal and postictal central apnoea
(Bateman et al., 2008; Seyal et al., 2010), acute neurogenic pulmonary oedema (Kennedy
et al.,, 2015), and autonomic dysfunction (Naggar et al., 2014) for each of which case
reports have been documented and described further in detail (sections 1.6.1 and 1.6.2).
SUDEP in epilepsy monitoring units showed an early postictal, centrally mediated, severe
alteration of respiratory and cardiac function induced by generalised tonic-clonic seizures
followed by terminal apnoea then cardiac arrest (Ryvlin et al., 2013). It therefore seems
unlikely that SUDEP is a failure of a single system; rather it is more likely to be due to the

collapse of multiple systems leading to fatal cardiac and respiratory dysfunction.

1.6.1. Cardiovascular dysfunction in seizure

1.6.1.1. Acute cardiac changes in epilepsy

Studies into the mechanisms of SUDEP in humans and animals, show that seizure causes
major cardiovascular changes with significant sympathovagal imbalance, tachycardia
(Figure 1. 12) or bradycardia (Ryvlin et al., 2013), and abnormal changes in the ECG
(Ponnusamy et al., 2012; Naggar et al., 2014). Acute seizure causes an increase in
sympathetic activity, pressor effects, tachycardia (Figure 1. 12), and prolongation of the
QT interval in rats (Sakamoto et al., 2008; Naggar et al., 2014). The increase in both
sympathetic and parasympathetic activity, baroreflex dysfunction, and hypoperfusion of
brain and heart is evidenced as the major cause of death in seizure-induced rats (Sakamoto
et al., 2008). Pilocarpine-induced SE causes severe shifts in sympathovagal balance
towards a sympathetic predominance in rats (Metcalf et al., 2009a). KA-induced chronic
seizures in rats showed decreased vagal tone, increased QT dispersion, and eccentric
cardiac hypertrophy without significant cardiac fibrosis (Naggar et al., 2014). Peri-ictal and
ictal ECG changes are potential features that can be used to detect seizure risk. In patients
with refractory or well-controlled TLE, HR variation during normal breathing and tilting

was lower compared to control subjects (Ansakorpi et al., 2000). In TLE patients, heart
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rate variability changes (RR interval, low and high-frequency domain analysed from ictal
ECG recording) were significantly lower and cardiosympathetic index was higher
compared to patients with psychogenic nonepileptic seizures (Ponnusamy et al., 2012).

Sudden unexpected death in epilepsy is closely linked to ictal cardiovascular changes.
ECG abnormalities, including ST-segment elevation or depression and T-wave inversion
occur in around 49% of patients during or after epileptic discharges and are common in
generalised seizures (Nei et al., 2000; Opherk et al., 2002). Tachycardia is present in 76 to
99% patients that suffer convulsive and non-convulsive seizures in epilepsy monitoring
unit (Figure 1. 12) (Opherk et al., 2002; Moseley et al., 2011). Activation of the central
autonomic cardiovascular network, including the RVLM, causes cardiac changes observed
in epilepsy (Silveira et al., 2000; Tsai et al., 2012). Overall, epileptic discharges are
thought to propagate to the central autonomic nuclei in the brainstem and disturb the
normal autonomic control through sympathetic and parasympathetic pathways (Figure 1.
1).

1.6.1.2. Chronic cardiac changes in epilepsy

Neurocardiac channelopathies are the most significant chronic cardiovascular changes in
patients with epilepsy. These changes lead to altered membrane excitability both in the
brain and the heart (Ludwig et al., 2003), and pose an increased risk of autonomic
dysfunction and cardiac arrhythmia (Biet et al., 2015). Patch-clamp recordings reveal that,
as in the brain, epilepsy is associated with an increased expression of the neuronal isoform
Navl.1l (voltage-gated sodium channel) in cardiomyocytes (Biet et al., 2015). In mice, the
HCN (hyperpolarisation-activated cyclic nucleotide-gated) channel plays a physiological
role in regulating the resting membrane potential, required for regular cardiac and neuronal
rhythmicity (Ludwig et al., 2003). In Genetic Absence Epilepsy Rats from Strasbourg
(GAERS) and acquired TLE rats, a significant reduction in HCN2
(hyperpolarisation-activated cyclic nucleotide-gated2) mRNA and protein expression in

heart is the mechanism for abnormal cardiac electrophysiology (Powell et al., 2014c).

Genetic mutations in the KCNQ1 gene cause familial long QT syndrome due to prolonged
cardiac action potentials (Goldman et al., 2009). Mutations in the KCNQ1 gene in
forebrain neuronal networks, and in the brainstem autonomic nuclei can produce seizures,

and dysregulate the autonomic control of the heart (Goldman et al., 2009).

Dravet syndrome (Table 1.2) is associated with a loss of function mutation in gene SCN1A

encoding for voltage-gated sodium channel Navl.5 that leads to ECG abnormalities.
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Increased excitability, prolongation of action potential duration, and triggered activity was
recorded in isolated Dravet syndrome ventricular myocytes (Auerbach et al., 2013).
Patients with Dravet syndrome have reduced heart rate variability that shows an imbalance
in autonomic cardiac function (Delogu et al., 2011). The findings in SCN1A heterozygous
knockout mice show that an increase in parasympathetic activity following tonic-clonic
seizures causes bradycardia and subsequently SUDEP (Kalume et al., 2013). SCN1A
mutant mice have a lower threshold for spreading depression that causes bradycardia,
apnoea, and SUDEP (Aiba and Noebels, 2015).

Loss of function mutations in the SCN5A gene causes Brugada syndrome (Table 1.2), and
is characterised by ECG abnormalities including ST-segment elevation, syncope as well as

seizures and sleep abnormalities (Wang et al., 2015).

Heart rate variability is used as a functional tool to investigate the state of the ANS.
Reduced heart rate variability is seen in epilepsy patients compared to their controls
(Ponnusamy et al., 2012) and is associated with increased mortality in patients with heart
failure. Abnormal BP variability with higher vasomotor tone is observed in patients with

chronic epilepsy (Devinsky et al., 1994).

1.6.2. Respiratory dysfunction in seizure

In epilepsy patients with severe respiratory dysfunction, as demonstrated using video-EEG
telemetry, the ictal hypoventilation period is associated with a severe hypercapnic hypoxia
(Figure 1. 12) (Bateman et al., 2008; Seyal et al., 2010).

Ictal and post-ictal end-tidal CO> (ETCO>) increased above 50 mmHg in 11 out of the 33
epilepsy patients with the post-ictal increase in respiratory rate, and amplitude (Seyal et al.,
2010). In humans, peri-ictal respiratory disturbances are likely to play a critical role in the
pathophysiology of SUDEP (Dlouhy et al., 2015).

In audiogenic seizure-prone dilute Brown Non-Agouti (DBA)/2 mice, death due to a
respiratory arrest can be prevented by mechanical ventilation (Venit et al., 2004).
Interestingly, SUDEP in DBA/2 mice can also be prevented by treatment with a selective
serotonin reuptake inhibitor (Tupal and Faingold, 2006). Serotonergic and/or glutamatergic
neuronal abnormalities are associated with central respiratory dysfunction (Hodges et al.,
2008; Hodges et al., 2009). Impaired ventilatory responses to hypercapnia may lead to
SUDEP by adversely affecting patients’ ability to reposition their head when prone after
convulsion.
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Figure 1. 12: Oxygen saturation falling below 40% in a 19-year-old male patient with
a complex partial seizure without generalisation.

Figure modified from (Bateman et al., 2008).
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Clinical evidence suggests that post-ictal pulmonary oedema, which may be mediated by
vasoconstriction induced by massive seizure-related sympathetic outburst with increased
pulmonary vascular resistance, could be associated with the pathophysiology of SUDEP
(Kennedy et al.,, 2015). Forensic autopsies of 52 cases of SUDEP showed marked
pulmonary congestion and oedema with an average combined lung weight of 1182 g,
compared with the normal average combined lung weight of 840 g in men (Zhuo et al.,
2012). In epileptic baboons that died suddenly without apparent cause, 96% had pulmonary
congestion or oedema, whereas only 12% of the control animals had pulmonary oedema
(Akos Szabo et al., 2009).

1.7. Animal models of seizures and epilepsy

Animal models of seizures and epilepsy have played a significant role in advancing and
understanding the mechanism of seizure and SUDEP. Epilepsy models can be used as
models of seizures (e.g. mutant animals with inherent epilepsy), whereas a pure seizure
model in a nonepileptic animal cannot be used as a model of chronic epilepsy (e.g.
maximal electroshock-induced seizures in rats). There are several animal models of
epilepsy and epileptic seizures. These animal models can be assigned into different
categories, e.g. models with spontaneously occurring seizures versus chemically or
electrically-induced seizures, models with recurrent seizures versus models with single
seizures (i.e., chronic versus acute models), models with partial seizures versus models
with generalised seizures and models with convulsive seizures versus models with
non-convulsive seizures. Animal models of partial seizures versus generalised seizures are

shown in Figure 1. 13.

In this thesis, a model of KA-induced TLE in rats is used (Figure 1. 14). The KA model of
TLE is described in detail in the following section and was chosen due to following
factors. This study was designed to investigate the effect of seizures on central autonomic
cardiorespiratory system, and its possible mechanism, which is considered as a major cause
of SUDEP (Glasscock et al., 2010; Auerbach et al., 2013; Naggar et al., 2014; Aiba and
Noebels, 2015). KA-induced seizures provide a useful way to initiate seizure activity in a
model where one can also record the central autonomic cardiorespiratory activity. The
systemic injection of KA requires a considerable amount of time before a seizure
propagates to the central autonomic nuclei (Lévesque et al., 2009) (Figure 4. 2), which
allows researchers to differentiate between the times of onset of seizure, and autonomic

cardiorespiratory changes.
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\ Potentially suitable animal models for epilepsy or epileptic seizures\
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Figure 1. 13: Animal models of epilepsy or epileptic seizures.
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Figure 1. 14: KA-induced acute and chronic TLE model in rat.

Pathophysiological changes occur during acute, latent and chronic phase of epilepsy and
contribute to observed behavioural manifestations.
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1.7.1. Kainic acid-induced TLE in rats

The KA model of TLE has contributed greatly to understand the molecular, cellular and
pharmacological mechanisms of epileptogenesis and ictogenesis. This model presents
neuropathological and EEG features of TLE in humans (Nadler, 1981; Ben-Ari, 1985). The
KA model is characterised by a latent period that follows the initial precipitating injury
(i.e. SE) until the appearance of recurrent seizures, as observed in humans (Figure 1. 14).
KA provides an easy way of induction of seizures, through systemic, intrahippocampal or
intra-amygdaloid injection, in a variety of species (Lévesque and Avoli, 2013).

1.7.1.1. Kainic acid (KA)

Kainic acid, a cyclic analog of glutamate, is an ionotropic kainate receptor agonist. It was
first isolated and extracted in early 1950s from red algae (Digenea simplex), and was
known as digenic acid. KA induces robust neuronal depolarisation and eventually cell
death, which is a central phenomenon in TLE (Nadler et al., 1978; Ben-Ari et al., 1981,
Lothman and Collins, 1981; Sperk et al., 1983). These findings helped to develop an
animal model of TLE characterised by a latent period followed by spontaneous seizures.

1.7.1.2. Kainic acid receptors

Kainic acid receptors are present in multiple regions in the brain, such as the hippocampus,
amygdala, pyriform cortex, striatum and cerebellum (Unnerstall and Wamsley, 1983).
They are highly expressed in the hippocampus on both presynaptic and postsynaptic
neuronal membranes (Wisden and Seeburg, 1993; Carta et al., 2014).

KA1 and KA2 subunits of the KA receptor are differentially expressed by subsets of
specific neurons in the brain. KA1 subunits (known as GluK4) are highly expressed in
CA3 pyramidal cells of the hippocampus and dentate gyrus, but weakly expressed in CAl
cells, cortical layers and white matters (Wisden and Seeburg, 1993). KA2 (known as
GIluKb5) subunits are instead highly expressed in both CA1 and CA3 pyramidal cells as
well as in dentate granule cells, the bed nucleus of stria terminalis, ventral medial
hypothalamic nuclei, dorsal raphe, locus coeruleus and cerebellar granule cells (Wisden
and Seeburg, 1993). Therefore, the high affinity of KAl and KA2 receptors to glutamate
and their high concentration in CA3 region of the hippocampus render this region highly
susceptible to the excitotoxic damage induced by KA. This often makes the hippocampus a
seizure onset zone in this model (Ben-Ari et al., 1981; Lothman and Collins, 1981;
Lothman et al., 1981; Sperk et al., 1983; Medvedev et al., 2000).
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Other KA receptor subunits (GIuR5 and GIuR6 subunits or GluK1 and GluKz2,
respectively) also contribute to the excitatory action of KA. GIuR6 subunits are highly
expressed in CA3 pyramidal cells and dentate granule cells of the hippocampus, while
GIuRS5 are highly expressed in cingulate and prefrontal cortex (Wisden and Seeburg, 1993;
Carta et al., 2014). Moreover, the formation of the epileptic cell population, such as mossy
fiber sprouting (section 1.5.2.1), is mediated through KA receptor mechanism and
correlated to GIuR5 upregulation, and is observed in histological brain samples of epileptic
patients and animals (Darstein et al., 2003; Li et al., 2010). Overall, KA receptors are
highly involved in the generation of epileptiform activity and used as a major tool in the

development of model of epilepsy.

1.7.1.3. Features of KA-induced seizures

Systemic (i.v./ intraperitoneal (i.p.)/subcutaneous) or local administration of KA leads to a
series of clinical manifestations, and pathological changes in rodents (Lévesque and Avoli,
2013). The clinical manifestations include recurrent seizures with behavioral changes
(Lothman and Collins, 1981; Mikulecka et al., 1999), accompanied by pathological
changes to neurons and glia including oxidative stress, generation of reactive oxygen
species and reactive nitrogen species (Penkowa et al., 2001; Wang et al., 2005),
hippocampal neuronal death and glial (astrocytes and microglia) activation (Figure 1. 14)
(Sperk et al., 1983; Drexel et al., 2012). The main advantage of using systemic
administration of KA compared to intracerebral injection is that many animals can be
injected at one time and it does not require surgical procedures, which therefore eliminates
post-surgical complications or damage to the brain tissue made by the cannula. However,
its main disadvantage is that one cannot control the bio-availability of KA in the brain,

thus, some animals require multiple systemic injections to induce SE (Hellier et al., 1998).

1.7.1.4. Behavioural manifestations

During SE-period, KA-treated animals show behavioural features that can be scored with
modified Racine scale (Racine, 1972). During seizures animals show automatism with a
catatonic posture such as facial movement and head bobbing (i.e. class | and Il seizures)
that often progresses to forelimbs clonus (class Ill), rearing with concomitant forelimb
clonus (class 1V), and forelimb clonus with rearing and falling (class V) (section 2.2.5)
(Sperk et al., 1983; Hellier et al., 1998).

Systemic injection of KA in the range of 6-15 mg/kg, to induce SE in rats, produces 5-30%
mortality (Sperk et al., 1983; Hellier et al., 1998; Sharma et al., 2008). However, multiple
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doses of 5 mg/kg/h of KA until the occurrence of SE can reduce the mortality rate
significantly. Moreover, initial 5 mg/kg dose of KA following by a half dose (2.5 mg/kg)
administered depending on the severity of behavioural symptoms induced by the initial

injection further help to reduce the mortality rate (Hellier et al., 1998).

1.7.1.5. EEG features

The epileptiform EEG changes occur during first 30 min following a systemic
administration of KA (Ben-Ari et al., 1981; Lothman and Collins, 1981; Lothman et al.,
1981). Immediately after KA injection, the incidence of “wet-dog shakes” increases, which
later gets masked by convulsions (Ben-Avri et al., 1981). Ictal discharges then appear in the
CA3 region and in the amygdala, followed by propagation to the thalamus, the CAl
region, and the frontal cortex. However, these ictal discharges are observed only on the
EEG signals and are not associated with any clinical signs, besides “wet-dog shakes”
(Lothman and Collins, 1981). The hippocampal EEG activity is characterised by an
increase in the gamma frequency range (25-30 Hz) (Medvedev et al., 2000). During
seizures, hippocampal gamma oscillations occur, which explains that the hippocampus is
the seizure onset zone in KA-induced seizures (Medvedev et al., 2000; Lévesque et al.,
2009). Overall, findings suggest that as with the intra-cerebral administration of KA, the
hippocampus plays a central role in the onset of seizures in systemic KA injection model
(Ben-Ari et al., 1981; Ben-Ari and Cossart, 2000). Thus, the KA-induced seizure in rats is
an ideal animal model to perform studies which aim to understand the neuronal

mechanisms of central autonomic cardiovascular dysfunction during seizures.

1.7.1.6. Neuropathological changes

Kainic acid-induced seizures produce a wide range of pathological changes ranging from
acute neuroexcitation to chronic necrotic cell death that depends on the seizure duration
and severity (Figure 1. 14) (Sperk et al., 1983). During the first 3 h after SE, swelling of
dendrites and axonal terminals occur, and is accompanied by signs of oedema across the
brain. Twenty-four hour after SE, neuropathological findings show incomplete tissue
necrosis with loss of nerve cells, oligodendrocytes and astroglial scar in pyriform cortex,
amygdala, hippocampus and gyrus and bulbus olfactorius (Sperk et al., 1983). At low
doses of intra-cerebral injection of KA (0.1 pg), more specific loss of hippocampal CA3
pyramidal cells occur, which extend into CA1l, CA2 and CA4 pyramidal cells at higher
doses (0.8 pg) (Nadler et al.,, 1978). This hierarchy explains the vulnerability of
hippocampal neurons to KA-induced SE. An extra hippocampal damage is seen only in
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animals presenting robust convulsions during SE, and is not caused by the KA toxicity, but

depends on the propagation of epileptiform activity (Nadler et al., 1978).

More importantly, astrocytes and microglia activate 24 h after SE, which become more
prominent 8 days after SE, and remain high even after 30 days and during chronic epilepsy
(Figure 1. 14) (Drexel et al., 2012). Seizure causes microglial activation, and
neuroinflammation in patients and animal models (Beach et al., 1995; Shapiro et al., 2008;
Eyo et al., 2014), which persist for many years during chronic epilepsy (Beach et al., 1995;
Papageorgiou et al., 2015). Microglia can play pro-inflammatory or anti-inflammatory role
in epilepsy (section 1.11) (Shapiro et al., 2008; Mirrione et al., 2010; Vinet et al., 2012).
Although pro-inflammatory or anti-inflammatory action of activated microglia is a topic of
debate, there is strong support for their dual role (Hanisch and Kettenmann, 2007; Loane
and Byrnes, 2010). Short-term microglial activation is considered as beneficial (Mirrione
et al., 2010; Vinet et al., 2012), whereas chronic microglial activation is deleterious, and

might produce a damaging response to injury (Qin et al., 2007; Loane et al., 2014).

1.7.1.7. Epileptogenesis

Approximately 10-30 days after SE, 60-80% of animals develop convulsive and
non-convulsive seizures that can be confirmed with video-EEG recordings (Figure 1. 14)
(Hellier et al., 1998; Sharma et al., 2008; Drexel et al., 2012). The rate of interictal spikes
during the latent period is higher in rats that develop chronic seizures compared to rats that
do not become epileptic, which suggests that in the KA model, interictal spikes are markers

of pathological network activity in limbic networks (White et al., 2010).
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1.8. Neurotransmitters involved both in seizure and autonomic cardiovascular
reqgulation

Glutamate, GABA, and glycine are the three major neurotransmitters within the CNS that
are responsible for regulating cardiorespiratory activity and reflexes (Ross et al., 1984a;
Suzuki et al., 1997). Antagonism of any of these three neurotransmitter systems causes
major, or even complete, disruption of central cardiorespiratory control (Ross et al.,
1984a). Microinjection of the broad-spectrum iGIluRs antagonist, KYNA, into either the
NTS, or VLM, reduces the vagal and sympathetic baroreflex (Guyenet et al., 1987).
Selective inhibition of NMDA, AMPA and kainate receptors in the CVLM has a similar
effect (Miyawaki et al., 1996a; Miyawaki et al., 1996b; Miyawaki et al., 1997). On the
other hand, as explained in section 1.5.2.2, the glutamate-GABA imbalance in the CNS is
primarily responsible for ictogenesis (Wong, 2005). GABA analogues (e.g. valproate) act
as antiepileptics; whereas drugs that block GABAergic transmission can be convulsant
(e.g. bicuculline). Expression of NMDA and AMPA receptors is increased in the hilus and
CA1 region in hippocampal foci removed from TLE patients (Brines et al., 1997). This
suggests that enhanced sensitivity to glutamate plays an important role in the

pathophysiology of epilepsy.

Other neurotransmitters and peptides, such as serotonin, catecholamines, PACAP, opioids,
substance P, neuropeptide Y, somatostatin, galanin, orexin and angiotensin Il play a
significant role in modulating cardiorespiratory function and reflexes (Callera et al., 1997;
Miyawaki et al., 2002b; Kashihara et al., 2008; Pilowsky et al., 2009; Farnham et al., 2011;
Rahman et al., 2011; Shahid et al., 2011). PACAP is a pleiotropic neuropeptide with
autocrine neuroprotective and paracrine anti-inflammatory properties (Shioda et al., 1998;
Reglodi et al., 2000; Chen et al., 2006; Baxter et al., 2011; Seaborn et al., 2011). In
cardiovascular regulation, PACAP acts as an excitatory neurotransmitter at central
autonomic nuclei in the brainstem, and the spinal cord (Farnham et al., 2008; Farnham et
al., 2011; Inglott et al., 2011; Farnham et al., 2012; Inglott et al., 2012). More importantly,
PACAP expression increases in KA-induced seizure rats in the central autonomic
cardiovascular nuclei such as PVN (Nomura et al., 2000). The potential role of PACAP
and glutamate in the regulation of central autonomic cardiorespiratory activity during
seizure and SUDERP is discussed in further sections.
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1.9. Pituitary adenylate cyclase-activating polypeptide (PACAP)

Pituitary adenylate cyclase-activating polypeptide was originally isolated from an ovine
hypothalamic tissue (Miyata et al., 1989) and stimulates cCAMP formation in rat pituitary
cells. PACAP is a 38 amino acid pleiotropic neuropeptide (Joo et al., 2004). It belongs to
the glucagon-secretin-VIP superfamily of peptides. PACAP is positively coupled to act on
its membrane-bound receptors and activate adenylyl cyclase to generate increased
intracellular levels of cAMP (Gordon et al., 2007). Subsequently, the increased level of
CAMP leads to enhanced phosphorylation and changes in intracellular proteins expression.
It inhibits the MAP kinase proteins (inhibit activation of c-Jun N-terminal kinase (JNK)/
stress activated protein kinase (SAPK), while it activates extracellular signal-regulated
kinase (ERK)), and stimulates interleukin (IL)-6 secretion (Shioda et al., 1998; Shoge et
al., 1999). PACAP achieves all these effects through three different G-protein coupled
receptors (GPCR) (PACL1, VPACI, and VPAC2) (Joo et al., 2004). Since the discovery of
PACAP, many studies have emphasised its neuroprotective and anti-inflammatory roles in
in vivo and in vitro models of neurodegenerative diseases (Shioda et al., 1998; Delgado et
al., 1999; Brifault et al., 2015), and are discussed in section 1.9.3.

1.9.1. Types of PACAP receptors

PACAP exerts its actions through three different GPCRs: PAC1, VPAC1, and VPAC2.
The biological effects of PACAP and VIP are mediated through common receptors due to
the high degree of sequence homology between these two peptides. PACAP binds to PAC1
receptors with high affinity and VIP has a lower affinity for it. Both PACAP and VIP bind
equally to VPACL1 and VPAC?2 receptors (Buscail et al., 1990). These three receptors are
GPCRs with 7 transmembrane domains and are positively coupled to stimulative regulative
G-protein (Gs) (Holighaus et al., 2011). PACAP receptors also exert their effects through
phospholipase C and phospholipase D (Kuri et al., 2009; Roy et al., 2013).

PAC1 receptor

The PACL receptor is specific for PACAP and binds to PACAP-27 and PACAP-38 with
equal affinity, whereas it has 1000-fold lower affinity for VIP (Miyata et al., 1989; Buscalil
et al., 1990). The predominant intracellular signalling pathway of the PAC1 receptor is via
Gs-coupled to adenylate cyclase leading to an increase in protein kinase A (PKA)
(Holighaus et al., 2011). PAC1 coupling to Gq activates the phospholipase C-inositol
trisphosphate pathway causing release of intracellular stores of calcium and an increase in
protein kinase C (PKC) and/or phospholipase D (Spengler et al., 1993; Kuri et al., 2009).
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VPAC1/VPAC?2 receptors

VPAC1 and VPAC2 receptors have equal affinity for PACAP-38, PACAP-27 and VIP,
and act primarily to increase CAMP through Gs-coupled receptors (Alexandre et al., 1999;
Dickson and Finlayson, 2009). The two VPAC receptors are able to activate the
phospholipase C pathway through Gq and Gi coupling (Dickson and Finlayson, 2009).

1.9.2. Distribution of PACAP and its receptors

PACAP immunoreactivity is found in specific regions of the brainstem and spinal cord.
PACAP-immunoreactive (ir) fibres innervate the PVN (Hannibal et al., 1995; Das et al.,
2007), the RVLM (Farnham et al., 2008), the ventromedial hypothalamus (Maekawa et al.,
2006), the arcuate nucleus (Ddrr et al., 2007), and the IML (Chiba et al., 1996), which are
major cardiorespiratory autonomic nuclei. PACAP is present in the brainstem, and spinal
cord autonomic nuclei that are important in central cardiorespiratory regulation (Farnham
et al., 2008). PAC and VPAC receptors are present at specific locations throughout the
CNS, on both neurons and glia (Delgado, 2002a; Joo et al., 2004). PAC1 and VPAC1 (but
not VPAC?2) receptors are present on microglia (Kim et al., 2000; Delgado, 2002b, a;
Pocock and Kettenmann, 2007; Nunan et al., 2014). Astrocytes express all three types of
VIP/PACAP receptors, whereas only PACL receptors are present in the oligodendrocytes
(Joo et al., 2004). PACL receptors have a more restricted pattern and are densely present in
the cerebellar cortex, deep cerebellar nuclei, epithalamus, hypothalamus, brainstem and
white matter of many brain regions. VPACL receptors are expressed in the cerebral cortex,
hippocampal formation, deep cerebellar nuclei, thalamus, hypothalamus, and brainstem.
VPAC2 receptors are concentrated in the cerebral cortex, hippocampal formation,
amygdalar regions, cerebellar cortex, deep cerebellar nuclei, hypothalamus, and brainstem
(Joo et al., 2004). The presence of PACAP/VIP receptors in the brainstem and spinal cord

suggests that they play a role in the regulation of autonomic cardiorespiratory function.

1.9.3. PACAP in the context of cardiovascular autonomic dysfunction in seizure
and SUDEP

PACAP activates adenylyl cyclase and produces both excitatory, through phosphorylation
of tyrosine hydroxylase (TH) at serine 40 (Bobrovskaya et al., 2007), and
anti-inflammatory effects (Shioda et al., 1998; Delgado et al., 1999; Kim et al., 2000; Kim
et al., 2002), which signifies its importance in the cardiovascular autonomic function
during seizures. The KA-induced seizures increase PACAP expression in PVN of the

hypothalamus in rats (Nomura et al., 2000). PACAP has excitatory effect on both the
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RVLM and preganglionic sympathetic neurons in rats, and produces pressor and
tachycardia responses (Lai et al., 1997; Farnham et al., 2008; Kuri et al., 2009; Farnham et
al., 2011; Inglott et al., 2011; Farnham et al., 2012; Inglott et al., 2012). There are a
number of possibilities that could explain the way in which PACAP is exerting its
protective and excitatory effects on neurons. First, PACAP may produce neuroprotective,
and anti-inflammatory effects to keep the neuronal firing threshold under control, and keep
them in healthy condition (Shioda et al., 1998; Dejda et al., 2011). Secondly, action of
PACAP on microglial PAC1 and VPAC1 receptors may polarise microglia towards an M2
(anti-inflammatory) phenotype, and increase the endogenous production of
anti-inflammatory cytokines, such as transforming growth factor-p (TGF-p), and IL-10
(Suk et al., 2004; Brifault et al., 2015). Thirdly, as reported earlier, PACAP may produce
an excitatory effect on the catecholaminergic neurons (Lai et al., 1997; Farnham et al.,

2008), and mediate sympathoexcitatory responses along with major effects on the ECG.

First, PACAP is anti-inflammatory and protects neurons against various in vitro toxic
insults (Delgado et al., 1999; Kim et al., 2000). Following ischemia, PACAP treatment
inhibits the activation of INK/SAPK and increases secretion of 1L-6, which further inhibits
activation of INK/SAPK (Shioda et al., 1998). The protective effect of PACAP is also seen
in in vivo models of cerebral ischemia where its expression increases after ischemic injury
in rats and mice (Skogltsa et al., 1999b; Chen et al., 2006). PACAP is upregulated
following sciatic nerve injury, suggesting a role for PACAP in the post-injury recovery of
the nervous system (Zhang et al., 1996). PACAP also influences the development of the
nervous system; specifically, it has neurotrophic action on primary culture of a
mesencephalic dopaminergic neurons (Takei et al., 1998; Skogldsa et al., 1999a). The
survival of the immature sympathetic neuron depends on nerve growth factor (NGF), and
in its absence neurons undergo a decrease in intracellular cAMP levels, and programmed
cell death (Chang and Korolev, 1997; Przywara et al., 1998). However, treatment with
PACAP can increase the cAMP levels, and delay neuronal death caused by NGF
deprivation (Przywara et al., 1998). The study suggest that PACAP can rescue chick
embryonic sympathetic neurons from apoptosis when the supply of NGF is compromised
(Przywara et al., 1998). These findings indicate that under normal conditions, PACAP
might not play a major role as a neurotrophic molecule for sympathetic neuroblasts
because NGF is sufficient, and is a dominant neurotrophic factor. However, if neurons
become vulnerable, as a result of unavailable NGF, PACAP released from presynaptic sites

could prevent neurons from apoptosis. Also caspases 3, 6 and 7 cleave protein substrates
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within the cell to trigger the final phase of apoptosis. PACAP inhibits caspase 3 in
NGF-deprived chicken sympathetic embryonic neuroblasts, which could be mediated
through PKA and PKC, but not by ERK-type mitogen-activated protein kinase (MAPK)
transduction pathways (Vaudry et al., 1998).

PACAP has a protective effect against glutamate-induced toxicity in vitro (Shoge et al.,
1999). In cultured retinal neurons, a 10 min exposure to 1 mM glutamate followed by
further 24 h incubation in 0.25% trypsin diluted in dissecting solution significantly
decreases cell viability. Application of PACAP simultaneously with glutamate attenuates
the glutamate-induced neurotoxicity and prevents the decrease in viability, via
CAMP/PKA/MAPK pathways (Shoge et al., 1999). Glutamate transporters play an
important role in the rapid clearance of synaptically released excess glutamate. Reverse
transcription polymerase chain reaction analysis of PACAP mRNA shows that PACAP is
synthesised exclusively by neurons, and not by glia. The exposure of cortical astrocytes to
PACAP increases the maximal velocity of glutamate uptake by promoting the expression
of glutamate transporter-1 (GLT-1) and glutamate aspartate transporter (GLAST) (Figiel
and Engele, 2000), and could be a mechanism of action of PACAP against
glutamate-induced neurotoxicity. PACAP-induced increased expression of glial glutamate
transporter by astrocytes is likely mediated through activation of cAMP-dependant
pathways (Swanson et al., 1997). PACAP also induces expression of glutamine synthetase,
which metabolises glutamate into glutamine. Results suggest that PACAP regulates
glutamate transport and metabolism that could produce neuroprotective effect on
cardiorespiratory neurons during seizures, as the increased synaptic glutamate mediates the
development of seizure and neuronal excitation (section 1.5.2.2). This hypothesis is
evaluated in Chapter 4.

Secondly, PACAP can produce a neuroprotective effect through its action on microglial
PAC1 and VPACLI receptors (Kim et al., 2000), causing the release of substances such as
IL-10, and TGF-B, compounds that protect neurons from overexcitation. PACAP
suppresses NMDA-induced cell loss in the ganglion cell layer of the retina and
significantly elevates the mMRNA levels of anti-inflammatory cytokines IL-10, and TGF-p
by increasing the number of microglia and macrophages (Wada et al., 2013). PACAP
inhibits activated microglia-induced production of tumor necrosis factor-a (TNF-a) by a
CAMP-dependent pathway in in vivo, and in vitro (Kim et al., 2000). The action of PACAP
on microglial cell surface receptors increases IL-10 protein expression, causing
downregulation of costimulatory molecules cluster of differentiation (CD)40, and B7
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mMRNA that are important in the further activation of microglia, and thereby acts as a potent
anti-inflammatory agent (Delgado et al., 1999; Kim et al., 2002). PACAP increases IL-10
expression, both in in vivo and in vitro, through PAC1 and VPACL1 receptors present on
microglia (Delgado et al., 1999). PACAP inhibits the activation of the MAPK family such
as JNK (Shioda et al., 1998; Delgado, 2002b), stimulates the secretion of IL-6 in CSF
(Gottschall et al., 1994; Shioda et al., 1998), and inhibits NF-xB (nuclear factor kappa B)
in activated microglia (Delgado, 2002a) to produce an anti-inflammatory effect. Under
hypoxic condition, PACAP attenuates transition of microglia into an inflammatory state
and protects co-cultured PC12 cells from microglial neurotoxicity via reduction of
hypoxia-induced activation of p38 MAPK (Suk et al., 2004). Activated microglia can
polarise into two different phenotypes depending on the type of the stimulus, and
participate in either neuroprotection or neurotoxicity (section 1.11.2). PACAP
administration after permanent cerebral ischemia by electrocauterisation of middle cerebral
artery improves function and recovery in mice (Brifault et al., 2015). Findings suggest that
PACAP treatment can redirect microglia towards a neuroprotective M2 phenotype in the
late phase of brain ischemia, suggesting its neuroprotective effect on activated microglia
(Brifault et al., 2015). Altogether, the actions of PACAP and its increased expression in
post-ictal period may produce a neuroprotective effect on cardiorespiratory neurons in the

brainstem and spinal cord during neurotoxic insults such as epilepsy.

A third possibility also occurs when increased PACAP expression during seizures excites
catecholaminergic neurons, and mediate sympathoexcitatory responses along with ECG
abnormalities. PACAP infusion into the intrathecal (IT) space (Lai et al., 1997; Farnham et
al., 2011), or microinjection into RVLM (Farnham et al., 2012) has long-lasting
sympathoexcitatory effects along with variable pressor responses in rats. Systemic
administration of low doses of PACAP in rats decreases the threshold for the development
of febrile convulsions. Conversely, administration of higher doses of PACAP increased the
threshold (Chepurnova et al., 2002). The observed effect is most likely to be an indirect
effect of PACAP-induced arginine vasopressin expression, where arginine vasopressin is
known to mediate the hypothermia-induced seizures (Kasting et al., 1981). In these
circumstances, PACAP seems to mediate the induction of seizures and acts as an excitatory

neurotransmitter, which may cause further sympathoexcitatory effects.

The investigation of the role of PACAP during seizure, and its effect on cardiovascular

autonomic function is a major aim of this thesis.
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1.10. Glutamate

Glutamate is the principal excitatory neurotransmitter of the CNS and is found in high
concentration (10 mM) throughout the brain (Meldrum, 2000). It is synthesised in
presynaptic terminals, predominantly from glutamine by phosphate-activated glutaminase,
which is also expressed in the brainstem cardiovascular and respiratory neurons (Minson et
al., 1991; Pilowsky et al., 1997). Glutamate is accumulated in synaptic vesicles, and
released by vesicular transporters controlled by Mg?*-ATP and the proton gradient that
requires CI” (Danbolt, 2001). Glutamate, released into the synaptic cleft, exerts its action
through distinct classes of receptors, the iGIuRs and the G-protein coupled mGIuRs.
Glutamate-induced activation of the ionotropic NMDA and AMPA receptors leads to an
influx of Ca?* and Na* (Mayer and Miller, 1990). During prolonged excitation, glutamate
causes neurotoxic insults through disruption of ionic homeostasis, and increase in oxidative
stress (Michaels and Rothman, 1990; Hartley et al., 1993). Glutamate also binds to
presynaptic and postsynaptic mGIluRs and to neuronal and glial glutamate transporters
(Biber et al., 1999; Alexander and Godwin, 2006b). Glutamate transporters play an
important role in the rapid clearance of the synaptically released glutamate (Swanson et al.,
1997). High affinity sodium-dependant glutamate transporters include GLAST/ excitatory
amino acid transporter (EAAT)-1, GLT-1/EAAT2, EAAC1 (excitatory amino acid
carrier-1)/EAAT3, EAAT4, and EAATS5. The GLAST and GLT-1 are expressed
predominantly by glia (Swanson et al., 1997). These two transporters are known to perform
over 90% of glutamate uptake in the brain, and unlike neurons, are capable of metabolising
incorporated glutamate into glutamine by glutamine synthetase, which diffuses through the
extracellular space back to neurons (Petr et al., 2015). EAAT3 and EAAT4 are expressed
by neurons, whereas EAATS are primarily localised to photoreceptors and bipolar neurons
in the retina (Lehre and Danbolt, 1998). The extracellular concentration of glutamate is
normally very low. (Danbolt, 2001). Glutamate is responsible for fast excitatory PSPs at
most synapses in the brain. It is also responsible for induction of paroxysmal depolarisation
shift characteristically recorded intracellularly in association with epileptic discharges (Sun
et al., 2001). Thus, the abnormalities in the transport of glutamate or in glutamate receptor
expression or function or in the synaptic release of glutamate could contribute to neuronal

excitation and epileptic phenomena.

1.10.1. Types of glutamate receptors and transporters

There are three families of iGluRs with intrinsic cation-permeable channels (NMDA,

AMPA and kainate) and eight metabotropic GPCR (mGIuR). The mGIuR are categorised
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into three groups that modify neuronal and glial excitability through G protein subunits,

and second messengers such as diacylglycerol and cCAMP.

lonotropic glutamate receptors (iGIuRs): AMPA, NMDA and kainate

The iGIuRs are ligand-gated ion channels that mediate the majority of excitatory
neurotransmission in the brain. The iGluRs comprise the AMPA, NMDA and kainate
families of receptors. The NMDA receptors are more permeable to Ca?*, whereas
non-NMDA receptors (AMPA and kainate) are permeable to Na* and Ca?* (Macdermott et
al., 1986). The different genes encode the iGIuRs; AMPA family is composed of GRIA
1-4, NMDA family include GRIN1, GRIN2(A-D) and GRIN3A-B and kainate include
GRIK 1-5 (Boulter et al., 1990). The heteromeric structures of iGIuRs are composed of
four to five subunits, where their biophysical properties (sensitivity to Na*, K* and Ca?*)
and pharmacological sensitivities are determined by their subunit composition, the splice
variants and mRNA editing (Pellegrini-Giampietro et al., 1997). For example, alterations
in the expression of GIUR2 mRNA subunit in AMPA receptor, important for Ca* ion flux,
serve as a molecular switch leading to the formation Ca?* permeable AMPA receptors, and
play a role in epilepsy and acute neurodegenerative processes (Pellegrini-Giampietro et al.,
1997; Vandenberghe et al., 2000).

NMDA receptors are highly permeable to Ca®* ions (Macdermott et al., 1986) and are
primarily present on neurons and also on microglia (Gottlieb and Matute, 1997). However,
glial and neuronal NMDA receptors are functionally and structurally different.

AMPA receptors are involved in fast glutamatergic neurotransmission that corresponds to
Ca?* influx. However, native AMPA receptor channel permeability to Ca?* is determined
by GIuR2 subunit. The Ca?* permeability of the GIuR2 subunit is controlled by
post-transcriptional editing of the GIuR2 mRNA, which changes a single amino acid
glutamine (Q) to arginine (R) and is called as Q/R editing (\Vandenberghe et al., 2000). The
edited subunit, GIuR2 (Q), is permeable to Ca?*, but GIuR2 is not. Generally, all the GIuR2
protein expressed in the CNS are in the GIuR2(R) form that give rise to Ca?* impermeable
AMPA receptors.

The kainate receptors have a close structural homology with AMPA receptors, but they
serve quite different functions. Although the kainate receptors are distributed throughout
the CNS, they are more localised in hippocampus and striatum and suggested to play an
important role in the generation of seizure. Findings have shown the role of postsynaptic

kainate receptors in the generation of chronic epileptic seizures (Epsztein et al., 2005;
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Artinian et al., 2011). However, whether kainate receptors play any role in the

pathophysiology of TLE is not known (Vincent and Mulle, 2009).

Metabotropic glutamate receptors (mGIuRs)

Metabotropic glutamate receptors are members of GPCR that are activated by extracellular
ligand and convert into intracellular signal via interaction with G protein. These receptors
contain an extracellular N-terminal domain, seven transmembrane-spanning domains and
an intracellular C-terminus (Conn and Pin, 1997; Niswender and Conn, 2010). mGIuR are
subclassified into three groups according to their sequence homology, G-protein coupling,
and ligand selectivity. Group | includes mGIuR 1 and 5, group Il includes mGIuR 2 and 3,
and group Il includes mGIuR 4, 6, 7 and 8 (Niswender and Conn, 2010). mGIuR are
broadly distributed throughout the CNS and are specifically localised at synaptic and
extrasynaptic sites on both neurons and glia (Biber et al., 1999; Niswender and Conn,
2010). Activation of mGIuRs leads to a wide variety of immediate and delayed effects on
neuronal excitability and synaptic transmission by modulation of ion channels and other
regulatory and signalling proteins. Group | mGIuR are often localised postsynaptically and
their activation leads to cell depolarisation and an increase in neuronal excitability (Zhao et
al., 2015). The neuronal excitability results from the modulation of a number of ion
channels, and NMDA and AMPA responses, and can range from robust excitation to subtle
changes in the pattern of frequency of cell firing. Glutamate release can be enhanced by
mGlul activation (Anwyl, 1999). In contrast, group Il and group Il mGIuRs are often
localised on presynaptic terminals or preterminal axon where they inhibit neurotransmitter
release (Niswender and Conn, 2010). They inhibit the excitatory (glutamatergic),
inhibitory (GABAergic), and neuromodulatory (i.e. monoamine, ACh and peptides)
synapses. Thus, the selective agonists of Group | mGIuR are convulsant and antagonists
are anticonvulsant in rodent models (Tizzano et al., 1995). Conversely, Group Il and Il
agonists produce anticonvulsant effects (Ghauri et al., 1996).

Glutamate transporters

Sodium-dependent glutamate transporters in the plasma membranes of neurons and glia
remove glutamate from the extracellular fluid and modify the time course of synaptic
excitatory potentials. These transporters are responsible for the long-term maintenance of
low and non-toxic concentration of glutamate in extracellular space. As mentioned above,
the GLAST and GLT-1 (homologous with EAAT1 and EAAT?2 in humans) are expressed
predominantly by glia (Swanson et al., 1997) and perform the majority of glutamate uptake
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in the brain (Petr et al., 2015). These transporters co-transport Na* and H* with glutamate
and counter transport K*. The excess Na* ions generate a net positive inward current that
drives the transport (Levy et al., 1998; Danbolt, 2001). Glutamate transporters located in
the plasma membrane of neurons and glia are different from vesicular glutamate
transporters located on synaptic vesicles within presynaptic terminals. In contrast to
sodium-dependent glutamate transporters, the vesicular transporters selectively concentrate
glutamate into synaptic vesicle in Na* independent and ATP-dependent manner that
requires CI (Bai et al., 2001). Glutamate binding to the transporter is very rapid but
transport is slower (Otis and Jahr, 1998), therefore, it is binding to the transporter that
initially removes glutamate from the synaptic cleft. The glial glutamate transporters are
differentially expressed according to the brain region, with GLT-1 (EAAT2)
predominating (4:1) over GLAST in the hippocampus and GLAST over GLT-1 (6:1) in the
molecular layer of the cerebellum (Lehre and Danbolt, 1998). The extent to which
astrocytic processes surround each synaptic cleft is responsible for the differences in
synaptic cross talks in some part of the brain compared to the other. The functional activity
of transporters is influenced by their expression, their location and their phosphorylation
(Lortet et al., 1999).

1.10.2. Glutamate as major neurotransmitter in cardiovascular requlation

There is abundant evidence to demonstrate that sympathetic premotor RVLM neurons use
glutamate as the primary excitatory neurotransmitter, as explained in detail in previous
sections 1.2.4 and 1.2.5. Collectively, all evidence suggest that glutamatergic excitatory
inputs to RVLM presympathetic neurons is essential for regulation of cardiovascular

system and is originated from a variety of sources within the brainstem and forebrain.

1.10.3. Glutamate: Role in neurotoxicity, and seizure-induced autonomic
dysfunction and SUDEP

Glutamate produces acute neurotoxicity and is involved in the development of chronic
neurological and psychiatric disorders, such as epilepsy, motor neuron disease,
Huntington’s, Alzheimer’s, Parkinson’s, stroke and traumatic brain injury, psychiatric
disturbances and pain (Coyle and Puttfarcken, 1993; Wagster et al., 1994; Bal-Price and
Brown, 2001; Mandal et al., 2011). Glutamate acting on NMDA, AMPA, kainate or group
| metabotropic receptors induces severe stress leading to necrotic cell death, whereas if it is
less severe, apoptosis may be the consequence (Sun et al., 2016). The relative contribution
of these different classes of receptors varies according to the neurons involved and
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multiple other factors. For example, the acute neurodegeneration after transient global or
focal cerebral ischemia is likely to be dependent on AMPA and not on NMDA receptors
(Nellgard and Wieloch, 1992; Sheardown et al., 1993). On the contrary, selective neuronal
death subsequent to SE appears to be highly dependent on NMDA receptor activation
(Rice and Delorenzo, 1998; Deshpande et al., 2008). Neuronal susceptibility to excitotoxic
cell death is under genetic control, such as single-gene defect may enhance vulnerability,
as in the case of superoxide dismutase (Boillée et al., 2006). The genetic background can
be protective, such as C57BL/6 and BALB/c mice are relatively insensitive to the
excitotoxic effect of KA in the hippocampus (Schauwecker and Steward, 1997). The
primary mechanism involved in neuronal cell death is ionic disequilibrium related to the
excessive entry of Na® and Ca?" through ligand-gated and voltage-sensitive channels.
There is a complex interaction between the ionic changes, altered energy metabolism with
mitochondrial toxicity and oxidative or free radical mediated damage (Coyle and
Puttfarcken, 1993).

Glutamate acting on AMPA, NMDA and probably mGIuR1 receptors is thought to play an
important role in cell death in neurodegenerative diseases including epilepsy (Nellgard and
Wieloch, 1992; Sacaan and Schoepp, 1992; Brines et al., 1997; Arias et al., 1999; Takeuchi
et al., 2008). The predominant effect of group I mGIuR receptor activation is excitatory.
Extracellular glutamate exposure to mouse hippocampal slices facilitates group | mGIuR
activation and epileptogenesis (Zhao et al., 2015). However, activation of group Il mGIuR
reduced behavioural and electrographic seizures in pilocarpine-induced seizure in mice,
which suggest that group | receptor antagonists can produce a neuroprotective effect in

models of neurodegenerative diseases (Caulder et al., 2014).

Glutamatergic pathways are involved in acute and chronic neurodegenerative diseases
including epilepsy. Seizure elevates glutamate levels in the extracellular fluid of the rat
hippocampus (Rainesalo et al., 2004; Kanamori and Ross, 2011) and produces
down-regulation and functional failure of glutamate transporters (Tanaka et al., 1997; Ueda
et al., 2001; Petr et al., 2015). Induction of seizures in rat with mild or no behavioural
manifestations causes 2- to 6-fold increase in extracellular glutamate levels, which also
suggest that the rate of glutamate release is faster than its uptake during seizures
(Kanamori and Ross, 2011). In addition, patients with acute and chronic epilepsy showed
increased levels of glutamate both in CSF and plasma (Rainesalo et al., 2004). The
homozygous mice lacking GLT-1 are highly prone to spontaneous seizures and acute
cortical injury, which is attributed to elevated levels of glutamate in the brain (Tanaka et
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al., 1997). This is also supported by the findings in which conditional deletion of GLT-1
from astrocytes in mouse resulted in excess mortality, lower body weight and seizures
(Petr et al., 2015). Activation of both iGIuRs and mGIuRs is pro-convulsant (Faingold et
al., 1992; Sacaan and Schoepp, 1992; Brines et al., 1997; Deshpande et al., 2008; Zhao et
al., 2015). In genetically-epilepsy prone rat, development of audiogenic seizures was
blocked by NMDA and non-NMDA receptor antagonist microinjection in the inferior
colliculus, where NMDA receptor antagonist was 200 times more effective that
non-NMDA (Faingold et al., 1992). KA-induced seizures in rats modify and increase the
postsynaptic density of NMDA receptor protein (Wyneken et al., 2001). In hippocampus
foci from TLE patients, hilus and CAL region showed increased NMDA and AMPA
receptor density (Brines et al., 1997). Subsequently, the activation of group I mGIuR
mediates the induction of seizures, which can be blocked with specific antagonist treatment
(Sacaan and Schoepp, 1992; Zhao et al., 2015). On the contrary, activation of group Il
mGIuR reduces behavioural electrographic manifestations of pilocarpine-induced SE in
mice, suggestive of the protective role of group Il mGIuR during seizures (Alexander and
Godwin, 2006a; Caulder et al., 2014).

The RVLM contains sympathetic premotor neurons responsible for maintaining tonic
excitation of sympathetic preganglionic neurons involved in cardiovascular regulation as
detailed in section 1.2.4. The activity of presympathetic RVLM neurons is directly
correlated with SNA, and stimulation of neuronal cell bodies in the RVLM with glutamate
produces dose-dependent increases in AP, that is sympathetically mediated (Madden and
Sved, 2003a). It is likely that increased glutamate levels during seizure induces
excito-neurotoxicity of presympathetic RVLM neurons or preganglionic IML neurons, and
may contribute to cardiovascular autonomic dysfunction in epilepsy as detailed in section
1.6.1. Extracellular glutamate activates either AMPA, NMDA or group | metabotropic
receptors, resulting in oxidative stress and cellular excitability causing sympathoexcitation
during epilepsy, and on long-term, this might lead to neurodegeneration, and inflammation
(Coyle and Puttfarcken, 1993; Mueller et al., 2014). Moreover, increased oxidative stress,
and inflammation in RVLM during seizure (Tsai et al., 2012) could be mediated through
increased glutamate levels or functional failure of glutamate transporters on astrocytes
(Ueda et al., 2001). Overall, seizure-induced increase in glutamate might cause
sympathoexcitation and other cardiovascular autonomic changes, which could be reversed
with the glutamate receptor antagonist microinjection into the RVLM, and is one of the

major aims of this study.
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1.11. Microglia
1.11.1. Role of microglia in the CNS

Microglia are the principal resident immune cells of the CNS, contributing ~10% of total
brain population (Hanisch and Kettenmann, 2007; Mosser and Edwards, 2008; Kettenmann
et al.,, 2011; Benarroch, 2013; Biber et al., 2014). Since the first morphological
characterisation of microglia, enormous research has been conducted; however, their
precise role in the healthy and diseased CNS remains unclear. Initially, microglia were
classified into two types, “resting” microglia, which are “inactive”, and present in
uninjured CNS; and “activated” microglia that are present in response to injury. However,
recent work suggests that this classical active/inactive classification is misleading. Using in
vivo two photon imaging of fluorescently-labelled neurons and microglia in mice, it is
shown that resting microglia continuously survey their microenvironment for maintaining
homeostatic conditions by making brief and direct contact with synapses. The frequency of
microglial contact is directly proportional to neuronal activity, and also reflects the
functional status of the synapses (Nimmerjahn et al., 2005; Wake et al., 2009; Kapoor et
al., 2016a; Kapoor et al., 2016b; Kapoor et al., 2016c). On the other hand, resting
microglia undergo drastic changes, and transform into an activated state. Activated
microglia are ramified, with an amoeboid morphology, and acquire their phenotype
depending on the type of the stimulus; participating in either neuroprotection or
neurotoxicity (Ayoub and Salm, 2003; Li et al., 2007; Lai and Todd, 2008; Beck et al.,
2010; Pisanu et al., 2014). The important role of highly dynamic microglial cells is to
maintain synaptic and neuronal homeostasis during both normal and diseased CNS

conditions.

Microglia play a key role in healthy and diseased brain. During early development,
microglia clear apoptotic neurons, promote survival of cortical neurons, and prune
synapses (Awasaki and Ito, 2004), whereas in the mature CNS they perform highly
dynamic functions. The interaction between neuron and microglia is crucial for network
formation in developing brain (Katz and Shatz, 1996; Paolicelli et al., 2011; Ueno et al.,
2013). However, their role in developed brain has remained elusive, as they are capable of
inducing both neuroprotective (Eleuteri et al., 2008; Neumann et al., 2008; Mirrione et al.,
2010; Vinet et al., 2012; Eyo et al., 2014) and neurodegenerative responses (Gao et al.,
2011; Loane et al., 2014). Exquisitely motile processes and stationary somata of microglial
cells make contacts with neurons, and synapses to constantly survey the microenvironment

(Wake et al., 2009). Microglia express almost all types of receptors such as, PACAP
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receptors (Delgado, 2002b, a; Nunan et al., 2014), mGIuRs (Biber et al., 1999; Taylor et
al., 2002; Taylor et al., 2003), iGIuRs (Noda et al., 2000; Hagino et al., 2004), P2Y
receptors (Eyo et al., 2014; Du et al., 2015), EAAT1 (Chrétien et al., 2004), Ccr2 (El
Khoury et al., 2007), fractalkine receptors (Cardona et al., 2006) and many more others
(Pocock and Kettenmann, 2007). Microglial processes are closely associated with dendritic
spines and their activity can modulate the neuronal synapses through different chemokines.
These chemokines are expressed by neurons whose receptors are present on microglia such
as CX3CL1 (fractalkine receptor) (Paolicelli et al., 2011), caspase 3 and 8 (Burguillos et
al., 2011), and ATP (Davalos et al., 2005). With regard to this thesis, two most significant
types of receptors/transporters expressed by microglia are PACAP receptors and GLT-1
transporter. PACAP produces a neuroprotective effect (as explained previously in section
1.9.3) that is partly mediated through its action on microglial PAC1 and VPACL receptors.
PACAP acts on microglia and inhibit CD40 expression (Kim et al., 2002), TNF-a
production (Kim et al., 2000), MAPK and JNK activity (Delgado, 2002b) or nuclear
factor-xB (Delgado, 2002a). However, recently it has shown that PACAP can also promote

microglial neurotoxic function in amyotrophic lateral sclerosis (Ringer et al., 2013).

The substantial amount of experimental evidence suggests that activated microglia express
a high amount of GLT-1 (Swanson et al., 1997; Persson et al., 2006). This provides a
neuronal defence mechanism from toxic insults such as facial nerve axotomy (Lopez-
Redondo et al., 2000) and herpes simplex virus infection (Persson et al., 2007). Findings
suggest that activated microglia can regulate the neurotoxicity through increased uptake of
excess synaptic glutamate that can be converted back into glutathione and prevent neuronal

overexcitation (Lopez-Redondo et al., 2000; Persson et al., 2007).

1.11.2. Neurotoxic M1 and neuroprotective M2 phenotypes

In healthy brain, microglia are in the resting, or quiescent state with ramified morphology
(Kettenmann et al., 2011). This morphology with thin and long processes, allows them to
quickly assess and respond to CNS injury or pathogens. As a consequence of excitotoxic
insult or inflammation, such as brain injury, infection or diseases, microglia become
activate and polarise into either “neurodegenerative MI1” phenotype (produces
pro-inflammatory cytokines) or “neuroprotective M2” phenotype (produces
anti-inflammatory cytokines) (Kettenmann et al., 2011; Benarroch, 2013). Microglia
acquire either M1 or M2 phenotype, depending on the type of injury, severity, neuronal

microenvironment and other multiple factors, and produce “beneficial” or “deleterious”
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effects on neurons (Li et al., 2007; Lai and Todd, 2008; Pisanu et al., 2014). Activated
microglia retract their processes and change into round amoeboid morphology, which
become proliferative and migratory (Hellwig et al., 2013). Microglia perform a neurotoxic
function once they acquire the amoeboid shape through increased pro-inflammatory
cytokines (Bal-Price and Brown, 2001; Cunningham et al., 2005; EI Khoury et al., 2007).
However, studies performed with tetracycline derivatives, minocycline and doxycycline,
which are microglial activation antagonists through inhibition of MAPK pathway (Tikka et
al.,, 2001), have shown their wide range of functions (from neuroprotective to
neurodestructive) under different experimental conditions, such as ischemia (Yrjanheikki
et al., 1998), excitotoxic stimulus (He et al., 2001; Tikka et al., 2001; Filipovic and
Zecevic, 2008), inflammation-induced hyperalgesia (Hua et al., 2005; LeBlanc et al.,
2011), Alzheimer’s disease (Seabrook et al., 2006) and amyotrophic lateral sclerosis
(Gordon et al., 2007). Tetracycline derivatives do not alter the neuronal function and thus

can be exquisitely used to modify the microglial activation (Filipovic and Zecevic, 2008).

Activated microglia can perform a neurotoxic function during conditions such as
inflammation, where they produce NADPH oxidase, and dopaminergic neurodegeneration
during Parkinson’s disease (Gao et al., 2011) or neurodegeneration after traumatic brain
injury (Loane et al., 2014). On the contrary, microglia can protect neurons through local
tissue repair by phagocytosing injured neurons and neuronal debris, such as amyloid-f in
Alzheimer’s disease (ElI Khoury et al., 2007). Microglia facilitate this through initial
mobilisation of cells near the site of injury and recruitment of distant microglia into the
damaged area, which release pro-inflammatory mediators. At appropriately minimal and
transient microglial activation, this process is ultimately neuroprotective (Vilhardt, 2005).
However, neuronal hyperactivity and release of toxic factors, such as nitric oxide (NO),
peroxynitrite, and reactive oxygen species, may result in excessive oxidative stress and
polarisation of microglia into M1 phenotype. The polarisation of microglia into M1
phenotype further causes neuroinflammation by recruitment of peripheral immune cells
into the damaged brain, and might occur through a compromised blood-brain-barrier as
seen in epilepsy (Van Vliet et al., 2007; Orihuela et al., 2016).

Activated microglia secrete anti-inflammatory or pro-inflammatory mediators upon
activation, including IL-6, IL-10, brain-derived neurotrophic factor (BDNF), NGF, IL-p,
TNF-a, prostaglandins, tissue plasminogen activator, monocyte chemo-attractant protein-1
(MCP-1), wvascular endothelial growth factor (VEGF), lymph toxin, matrix
metalloproteinases (MMPs), and macrophage inflammatory protein-la (MIP-1a) (Ajmone-
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Cat et al., 2003; Taylor et al., 2005; Qin et al., 2007; Benarroch, 2013). The quantity and
duration of release of these factors can widely vary based on the specific injury. Some of
these molecules can be toxic in high amounts, whereas others promote neuronal stability
and certainly can have a direct impact on neuronal function during conditions including
epilepsy (Mirrione et al., 2010; Eyo et al., 2014). Microglia produce a neuroprotective
effect during glutamate-induced neuro-excitotoxicity through the removal of excess
glutamate (L6pez-Redondo et al., 2000; Persson et al., 2007). Activated microglia express
the high affinity glutamate transporter GLT-1, and thus, can contribute to ~10% of
glutamate recycling (Swanson et al., 1997; Van Landeghem et al., 2001; Persson et al.,
2006; Persson et al., 2007), which may become more important under pathological
conditions, such as seizure (Ueda et al., 2001), especially if astrocytes are overburdened or
impaired. Neuroprotective properties of activated microglia were also evidenced with
marked increases in infarct size and neuronal apoptosis when the proliferation of resident
microglia was selectively ablated in a mouse model of cerebral ischemia (Lalancette-
Hébert et al., 2007). Similar findings were observed in in vitro studies, where ablation of
ramified microglia severely enhanced NMDA-induced neuronal cell death (Vinet et al.,
2012). Microglia also produce a neuroprotective effect by building tolerance to
autoimmune self-antigens that could involve priming or preconditioning of microglia cells.
Preconditioning of microglia with lipopolysaccharide modulates seizures (Mirrione et al.,
2010). With lipopolysaccharide preconditioning, microglia could attain the neuroprotective
M2 phenotype and release neurotrophins, such as NGF and BDNF. Moreover, the
exogenous application of microglia during ischemia can produce a protective effect
(Suzuki et al., 2001; Kitamura et al., 2004; Kitamura et al., 2005; Imai et al., 2007).

Overall, the primary role of activated microglia is to return injured tissue to homeostasis.

1.11.3. Role of microglia in cardiovascular dysfunction during seizure and SUDEP

Extensive microglial activation is well described in animal models of seizures (Drage et
al., 2002; Borges et al., 2003; Shapiro et al., 2008; Drexel et al., 2012), as well as in
humans (Beach et al., 1995). Patients with intractable seizures display an 11-fold increase
in microglial reactivity in the hippocampus suggesting that microglia change their state in
response to altered neuronal activity (Beach et al., 1995).

Brainstem and spinal cord autonomic nuclei are important in central cardiorespiratory
regulation (section 1.2.4) whose function is disturbed in seizure cases (Schauwecker and

Steward, 1997; Sakamoto et al., 2008; Naggar et al., 2014). Microglia are closely
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associated with sympathetic premotor RVLM neurons (Figure 1. 15), and help to maintain
normal homeostasis. During seizure, microglial responses are not necessarily neurotoxic.
Ablation of preconditioned hippocampal microglia in mice causes significant increases in
acute seizure scores compared to non-ablated and preconditioned microglia in control
mice, suggestive of a protective effect of microglia (Mirrione et al., 2010). However,
neurotoxic effects of microglia can occur in cases of overshooting, and uncontrolled
stimulation, and are widely attributed to the release of cytokines such as caspases, TNF-a
and IL-1p (Li et al., 2007; Burguillos et al., 2011). Activated microglia are major
contributors to neuroinflammation, via secretion of pro-inflammatory cytokines, and
chemokines, in addition to non-specific inflammatory mediators such as reactive oxygen
species, and NO. However, there is little information available about the effect of seizure
on microglial activation in the brainstem, and spinal cord cardiovascular autonomic nuclei,

and their possible neuroprotective or neurotoxic role.

Recent findings provide increasing evidence for microglial communication with neurons
(Wake et al., 2009). There is increasing evidence suggesting a direct role of microglia in
the regulation of homeostasis of cardiovascular autonomic neurons. During myocardial
infarction in rats, microglial activation in the PVN mediates the production of
pro-inflammatory cytokine that further drives the sympathoexcitation (Du et al., 2015).
Neurogenic hypertension in rats involves the activation of microglia and increase in
pro-inflammatory cytokines in the PVN suggestive of the role of microglia in regulation of
central cardiovascular activity (Shi et al., 2010). The substantial amount of evidence
suggests central autonomic cardiorespiratory neurons are active during seizure (Kanter,
1995; Kanter et al., 1996; Silveira et al., 2000), which causes the dysfunction in a
sympathovagal imbalance in favour of sympathetic activity. The disturbed cardiovascular
autonomic function is considered as one of the major mechanisms of the SUDEP.
However, the effect of activated microglia during seizure on presympathetic and
preganglionic neurons remains elusive. Therefore, investigation of the role microglia in
regulation and modulation of sympathetic and cardiovascular activity, during acute and

chronic seizures, is the major aim of this thesis.
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Figure 1. 15: Image illustrating close relationship between microglia and sympathetic
premotor RLVVM neurons.

Microglia (Ibal-ir; red) with a round cell body and normal processes with few
ramifications are closely associated and distributed in the vicinity of premotor TH-ir
RVLM neurons (green). Sympathetic premotor RVLM neurons (green) are shown with a
closed arrow and microglia (red) with open arrow. Image was acquired from brainstem
section of ~300 g SD rat using a Zeiss Axio Imager Z2 at 40X magnification. Image was
acquired and processed by Ms Komal Kapoor.
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Glutamate plays a crucial role in the development of seizures and is a major
neurotransmitter in cardiorespiratory reflexes. Increased glutamate levels in seizure
activates neuronal NMDA and non-NMDA receptors followed by calcium influx, and ATP
release, which attracts microglial processes through activation of P2Y12 receptor (Eyo et
al., 2014). Normally, astroglial glutamate transporters, GLT-1, and GLAST, perform the
majority of glutamate uptake in the brain to mediate a high signal to noise ratio in synaptic
signalling. However, in pathological conditions, such as epilepsy, astroglial glutamate
transporter proteins are downregulated, causing excitotoxicity (Ueda et al., 2001). It is
possible that microglia may be neuroprotective during seizure by increasing glutamate
transporter (GLT-1) expression, and reducing synaptic glutamate concentrations, as
demonstrated during facial nerve axotomy (LOpez-Redondo et al., 2000), infectious
diseases (Persson et al., 2007), and neurodegenerative diseases (Chrétien et al., 2004).
Collectively, findings support the notion that during seizures, microglia might exert a
neuroprotective effect on cardiovascular neurons in the brainstem that could be partly
mediated by PACAP.
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1.12. Aims

Overall, the aims of this thesis were to investigate the role of PACAP, microglia and
glutamate during acute and chronic epilepsy and their effects on central autonomic
cardiorespiratory function in rats. These aims are investigated in the following three

chapters, which contain specific sub-aims.

Chapter 3:

Evaluate the dose-response of KA-induced seizures, and its effect on autonomic

cardiorespiratory function in rats.

Investigate the effect of IT administration of (1) PACAP and the PACAP antagonist,
PACAP(6-38); and (2) microglial antagonists, minocycline and doxycycline, on acute

seizure-induced cardiovascular responses in rats.

Chapter 4:
Identify the significance of PACAP, microglia and glutamatergic receptors in the RVLM

to regulate the catecholaminergic neuronal hyperexcitability and other cardiovascular

changes in rats that occur following a low dose KA-induced acute seizures.

Characterise the changes in microglial morphology and the expression of the
anti-inflammatory M2 microglial phenotype in the vicinity of RVLM catecholaminergic
neurons in response to 2 and 10 mg/kg KA-induced acute seizures in rats.

Chapter 5:

Investigate the role of PACAP and microglia, at the IT level, in the regulation of SNA,
reflex responses, and arrhythmogenic changes in rats with chronic TLE.

Characterise the changes in microglial morphology and the expression of the
anti-inflammatory M2 microglial phenotype in the vicinity of RVLM catecholaminergic

neurons in chronic TLE and control rats.
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2.1. Animals

The acute seizure electrophysiology experiments were performed on adult male
Sprague-Dawley (SD) rats weighing between 250-350 g. Animals were resourced from
Animal Resource Centre, Perth, WA, and housed in the animal house facility at the Heart

Research Institute, Sydney NSW Australia.

To generate chronic seizures, continuous seizure activity (status epilepticus) was induced
in 12 weeks old male Wistar rats, also resourced from Animal Resource Centre, Perth,
WA. Initially, Wistar rats were housed at the Melbourne Brain Centre, The University of
Melbourne, Parkville Vic. Australia, where chronic seizures were induced as detailed in
section 2.2.5 and 2.2.7. After confirmation of spontaneous recurrent seizures with video-
electroencephalogram (EEG)- electrocardiogram (ECG) recording (section 2.2.7), rats
were transported to the animal house facility at the Heart Research Institute. The chronic
seizure electrophysiology experiments were performed on 19-20 weeks old chronic
epileptic rats at the Heart Research Institute.

Sprague-Dawley and Wistar rats were housed in small groups (< 3 animal per cage),
whereas post-status epilepticus (post-SE) and non-epileptic control Wistar rats that had
EEG-ECG head mount were housed in individual cages. Animals were housed under the
standard temperature controlled conditions (i.e. at 22 + 2°C, humidity: 50-55% and 12 h
light/dark cycle) and fed with the standard chow pellet and water ad libitum.

2.1.1. Ethics

The animal usage and protocols were in accordance with the Australian code of practice
for the care and use of animals for scientific purposes. The protocols were approved by the
Animal Care and Ethics Committee of Macquarie University (2013/017), The University
of Melbourne (15/072/UM) and the Sydney Local Health District (2013/082 and 2014/024)
(Appendix 3).

2.2. General procedures

The specific details of all chemicals, reagents, materials, equipment and recording software

used and mentioned in this section are listed in Appendix 2.

2.2.1. Tail cuff

Systolic and diastolic blood pressure (BP) was measured with non-invasive BP

measurement technique in chronic epileptic and control rats at least 2-3 days prior to the
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electrophysiology experiments. IITC software was used for recording of BP, which
records, analyses and reports systolic, diastolic and mean BP and heart rate (HR) values,
and can be imported into a spreadsheet at the end of the test.

The tail cuff system was turned “ON” at least for half an hour before the measurement of
the BP. This allows measurement chamber and rat holder to adjust the set temperature.
Rats were individually removed from the cage and sedated with isoflurane, and
immediately placed in an animal holder pre-warmed at 32°C. Chronic epileptic rats are
aggressive compared to other normal strains and therefore they were sedated during
placement into the holder. Sedation helps to avoid the stress that rat experiences during
handling and positioning into the chamber, and animal recovers within 10-20 s. Animals
were kept in the chamber for 5-10 min with a cuff attached to their tail and allowed to
acclimatise to the chamber. The software setup was adjusted for cuff inflation pressure to
reach up to 200 mmHg. The BP was recorded when rats were stable and comfortable inside
the chamber and was acquired in triplicate and averaged. The BP was re-recorded
whenever there was a noise or rat movement artefact. The total amount of time rats were
kept in the chamber was 10-15 min. The systolic and diastolic BP was recorded from the
waveform. The HR and mean BP was derived from the BP waveform channel. At the end

of the test, rats were carefully removed from the holder and placed back into their cages.

2.2.2. Induction of anesthesia

Rats were anesthetised with different anesthetics depending on the purpose of the
experiment. For all electrophysiology experiments (both acute and chronic seizure
models), rats were anesthetised with urethane (ethyl carbamate). Rats used for acute
seizure histology experiments were anesthetised with sodium pentobarbital. After injection
of anesthetic, rats were placed on the heating pad until they were surgically anesthetised.
Subsequently, rats were placed on a homeothermic blanket, and the body temperature was
recorded with a rectal probe and maintained between 36.5 and 37.5°C throughout the
experiment. The depth of anesthesia was monitored by observing reflex responses
(withdrawal or pressor >10 mmHg) to nociceptive stimuli (periodic tail/paw pinches). If
reflex responses were observed, additional anesthetic was injected intraperitoneally or
intravenously depending on the accessible route. Atropine sulfate (100 pg/kg,
intraperitoneal (i.p.)) was administered with the first dose of anesthetic (urethane or
sodium pentobarbital) to ensure the complete blockage of parasympathetic activity and

prevent bronchial secretions.

82



Chapter 2: General Methods

In non-epileptic control and post-SE rats, EEG-ECG electrode implantation surgeries were

performed under isoflurane anesthesia (section 2.2.2.3).

2.2.2.1. Urethane

Urethane is a long acting anesthetic with an average half-life of 15 h. It produces minimal
effects on the cardiovascular and pulmonary system and spinal reflex responses (Maggi
and Meli, 1986). Rats used for the electrophysiology experiments were anesthetised with
urethane (1.3-1.5 g/kg). Urethane (10%) was dissolved in 0.9% saline (0.9% sodium
chloride (NaCl)) to reduce peritoneal irritation, and injected into the peritoneal cavity using
a 26 G needle. If required, additional top-ups were injected (30-40 mg, 10% urethane; i.p.

or intravenous (i.v.)).

2.2.2.2. Sodium pentobarbital

Sodium pentobarbital was used as an anesthetic for the acute seizure histology experiments
(50 mg/kg). Sodium pentobarbital offers fast induction, short action and stimulates the
least c-Fos in the brain compared to other anesthetics (Takayama et al., 1994). Three
percent sodium pentobarbital solution (50 mg/kg) was prepared by diluting stock solution
in 0.9% saline and injected i.p. using a 26 G needle. The depth of anesthesia was
monitored as mentioned above in section 2.2.2, and additional anesthetic was injected as

and when required (1.5-2.0 mg sodium pentobarbital; i.p. or i.v.).

2.2.2.3. Isoflurane

Isoflurane was used as a general inhalational anesthetic for recovery surgeries in rats to
implant ECG-EEG electrodes. Isoflurane offers a large margin of safety, ease of control of
anesthesia and quick recovery. Initially, isoflurane flow was connected to an induction
chamber with 5% isoflurane combined with 2.0 L/min oxygen. Rats were placed in the
induction chamber and monitored until recumbent. Rats were removed from the induction
chamber and positioned into a nose cone and gas flow initiated with isoflurane at 1.5-2.5%
at a flow rate of 0.5-1.0 L/min oxygen. Rats were monitored for the respiration and
response to the stimulus during surgical procedure and the vaporiser was adjusted
accordingly. After completion of the surgical procedure (section 2.3.7), the vaporiser was
turned off and rats were allowed to breathe supplied oxygen until they began to awaken.

2.2.3. Collection of blood samples and plasma catecholamine analysis

At the conclusion of electrophysiology experiments, 3-4 ml of blood was withdrawn from
post-SE and control rats for the analysis of plasma adrenaline and noradrenaline. Blood
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samples were withdrawn from the carotid artery over a minute and collected in heparinised
tubes containing additive metabisulphite. Blood samples were immediately centrifuged at
4°C for 10 min at 900 g, and collected plasma samples were stored at -20°C until analysis.

The plasma catecholamine analysis was performed by the pathology laboratory at Royal
Price Alfred hospital. In brief, adrenaline and noradrenaline content in plasma samples
were extracted onto activated alumina in a buffered environment. The alumina bound
catecholamines were washed and isolated. The extracted catecholamines were then
separated by high-performance liquid chromatography on a reverse phase C18 column.
Peak height response as measured by electrochemical detection is proportional to
catecholamine concentration. The analyte peak heights from samples of unknown
concentration were compared with the peak heights from calibrators with known
concentrations. The concentrations of unknown samples were calculated with the use of an

internal standard.

2.2.4. Transcardial perfusion

At the conclusion of electrophysiology and histology experiments, rats were
over-anesthetised with urethane (1 ml of 10% solution) and sodium pentobarbital (0.5 ml
of 3% solution), respectively. Rats were heparinised with 1 ml of heparin (5000
international units (1U)/ml) through the venous line and the chest opened to expose the
heart. An 18 G needle connected to a peristaltic pump was inserted through the left
ventricle into the aorta and secured with a haemostat. Ice-cold phosphate-buffered saline
(PBS) (10 mM sodium phosphate buffer and 0.9% NaCl at pH 7.4) was infused using a
peristaltic pump followed by incision of the right atrium. Approximately 400 ml of
ice-cold PBS was infused and then animals were perfused with a 4% paraformaldehyde
(PFA) fixative solution (approximately 400 ml). Brain and spinal cord were removed and
post-fixed overnight in the same fixative for 18-24 h at 4°C. Subsequently, samples were
transferred into PBS with merthiolate (PBSm) (10mM sodium phosphate buffer, 0.9%
NaCl, 0.1% merthiolate at pH 7.4) until further processing.

2.2.4.1. Paraformaldehyde (PFA) solution (4%)

Paraformaldehyde solution was prepared a day before the animal perfusion. Milli-Q water
(300 ml) was heated to 60°C on a heater with a magnetic stirrer. Sixteen grams of PFA
powder was added to the water and stirred to dissolve. Sodium hydroxide (NaOH) (1N)
was added with a dropper until the solution was clear. Sodium phosphate monobasic
(1.28 g) and sodium phosphate dibasic (4.36 g) were added to the solution and stirred to
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dissolve. The solution was cooled down to room temperature and pH was adjusted to 7.4
with IN hydrochloric acid (HCI). The final volume was adjusted to 400 ml with milli-Q

water and the solution was stored at 4°C until use.

2.2.5. Induction of status epilepticus (SE)

The procedure described in this section and section 2.2.7, 2.3.7 were performed at the
Melbourne Brain Centre, The University of Melbourne, Parkville Vic. Australia, by our

collaborator Prof. Terence J. O’Brien and his research team.

The post-SE model of acquired epilepsy was generated by 1.p. injection of the glutamate
receptor agonist, kainic acid (KA), to induce a period of continuous seizure activity (status
epilepticus) in non-epileptic rats as described previously (Hellier et al., 1998; Powell et al.,
2008b; Jupp et al., 2012; Powell et al., 2014b; Vivash et al., 2014). This model reflects
many features of temporal lobe epilepsy (TLE) in humans, including histopathologic
changes in limbic structures, a “latent period” following the initiating insult, and the

eventual occurrence of both non-convulsive and convulsive spontaneous seizures.

On the day of induction of SE, twelve weeks old male Wistar rats were collected from
animal holding room and placed in individual cages. Repeated 1.p. injections of KA were
given with a 26 G needle (5 mg/kg, 1.p., followed by 2.5 mg/kg, 1.p., injections once per
hour) until animals exhibited the first stage 4/5 seizure, as defined by the Racine scale
(Table 2.1) (Racine, 1972). Stage 4 or 5 for > 4 h was considered when rats had at least one
stage 4 or 5 seizure during each consecutive one-hour period. After four hours of SE, all
rats were given diazepam injection (Smg/kg 1.p.) to terminate the SE. At the conclusion of
behavioural monitoring, rats were monitored until their full recovery (ambulatory and
eating pellets). Rats were returned to their home cages in animal house and maintained
with normal animal house care and diet. Rats were monitored twice daily from next day.
Nommally, all post-SE rats develop spontaneous seizures, and none were observed in

control rats.

Stage Behavioural change
0 No any obvious change
1 Mouth and facial movement
2 Head bobbing
3 Forelimb clonus
4 Forelimb clonus with rearing
5 Forelimb clonus with rearing and falling

Table 2. 1: Racine scale.
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2.2.6. Induction of acute seizures

After recording of baseline activities, acute seizures were generated by i.p. injection of KA
in anesthetised, paralysed and artificially ventilated SD rats. In pilot study, nine different
doses of KA enabled to generate a dose-response curve and decide the lowest dose (used in
further studies), which induces seizures and produces significant effect on cardiovascular
system. Responses were recorded for at least 2 h post-KA injection, during which
continuous monitoring of EEG was used to identify the development of seizures. To
quantify the EEG, the area under curve (AUC) between gamma frequencies (25-45 Hz) at
60 and 120 min after the KA injection relative to the area before the injection was
calculated (explained in section 2.5.1) (Olsson et al., 2006; Gurbanova et al., 2008). A

seizure was considered to have occurred if the AUC increased by at least 50%.

In the histology study, two doses of KA (2 and 10 mg/kg; i.p.) were used to elicit mild and
severe seizures in rats to analyse their effects on the microglial morphology in the vicinity
of the rostral ventrolateral medulla (RVLM) catecholaminergic neurons. Two mg/kg is the
lowest dose of KA required to induce seizure and sympathoexcitation (Figure 3. 2),
whereas 10 mg/kg KA induces SE with generalised tonic-clonic seizures (Nadler, 1981;
Sperk et al., 1983). However, in our study rats were paralysed and had no behavioural
seizures. EEG activity was recorded as explained above. To investigate the duration of
seizure-induced cardiovascular responses, 2 mg/kg KA-induced seizures were recorded

until cardiovascular parameters returned to baseline.

2.2.7. Video-EEG-ECG recording in post-SE and control rats

One week after recovery from the surgery (section 2.3.7), a continuous 24 h
video-EEG-ECG recording was acquired for one week using Compumedics EEG
acquisition software digitised at 2048 Hz as previously described (Powell et al., 2008b;
Powell et al., 2014b). Each recording was reviewed for seizure activity, and the start and
end of a seizure was manually marked on the EEG to allow quantification of the number of
seizures and seizure duration. Seizure activity on the EEG was defined as the development
of high-amplitude, rhythmic discharges that clearly represented a new pattern of tracing
(Kharatishvili et al., 2006; Bouilleret et al., 2011). This included repetitive spikes,
spike-and-wave discharges, and slow waves. The event must have lasted at least 5 s and
showed an evolution in the dominant frequency, and be accompanied by behavioural
change observable on the video recording consistent with a seizure. Almost all post-SE rats

were documented to have spontaneous seizures, and none were observed in control rats.
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2.3. General surgical procedures

The general surgical procedures were performed on rats as shown in Figure 2. 1, and
explained in detail in following sections. Rats were anesthetised with general anesthetic
urethane, sodium pentobarbital or isoflurane depending on the purpose of the experiment
(section 2.2.2).

2.3.1. Cannulation of artery and vein

In rats, the carotid artery and right jugular vein were cannulated during electrophysiology
and histology experiments for the recording of BP, and for the administration of drugs and
fluids, respectively. The jugular vein was isolated and freed from the connective tissues.
Polyethylene tubing (internal diameter = 0.50 mm; outer diameter = 0.90 mm) was filled
with 0.9% saline and inserted through a slit in vein wall and secured in place with silk
thread. The right carotid artery was located, cleared of the connective tissue and cannulated
similar to the jugular vein with polyethylene tubing filled with heparinised 0.9% saline (5

IU heparin/ml) to prevent blood clotting.

2.3.2. Cannulation of trachea to allow artificial ventilation

Tracheostomy was performed to enable mechanical ventilation. The trachea was isolated
from the neck region from the same area of cannulated carotid artery. Blood vessels and
muscles were cleared off the trachea. A small slit was given between two cartilages and a
14 G catheter was slit through the trachea and secured in place with silk threads. The other
end of tracheal tube was kept open until rat was vagotomised and paralysed. Subsequently,
the open end of the tracheal tube was connected to the ventilator and rat was artificially
ventilated with oxygen-enriched room air. To analyse the expired CO., another tube was
connected to the expiratory line and expired air was monitored with the CO> analyser.
Arterial blood gases were analysed with an electrolyte and blood gas analyser. A ventilator
stroke volume and frequency were adjusted to keep the blood gases and pH in
physiological range. Partial pressure of carbon dioxide (PaCO) was maintained at 40 + 2
and pH between 7.35-7.45.

2.3.3. Paralysing animal

After rats were vagotomised and artificially ventilated, they were paralysed with
pancuronium bromide (0.4 mg given as a 0.2 ml bolus i.v. injection) followed by an
infusion of 10% pancuronium in 0.9% saline at a rate of 2 mi/h.
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Figure 2. 1: Schematic of general surgical procedure in rat.

Rat was anesthetised and body temperature was monitored and controlled with rectal probe and homethermic heating pad. Carotid artery and jugular
vein were cannulated with polyethylene tubing for recording of BP and administration of drugs and fluids, respectively. Trachea was cannulated to
allow the artificial ventilation and recording of expired CO». Rats were fixed in a stereotaxic frame. EEG electrodes were implanted and recorded.
ECG was recorded with three wire electrodes and HR was derived from it. Phrenic and splanchnic nerves were isolated and recorded with a bipolar
stainless steel electrodes. Aortic depressor nerve and sciatic nerve were isolated and stimulated to generate baroreflex and somatosympathetic reflex.
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2.3.4. Electrocardiogram (ECG)

A three lead ECG was recorded, where two silver electrodes were inserted into the front
paws and ground electrode into the exposed muscle on the back of rat. The signals were
recorded and amplified. HR was derived from the peak of the R-wave and drawn as an
event channel. After the completion of the general surgical procedure, rats were secured in
a stereotaxic frame and body temperature was recorded and maintained between 36.5 and

37.5°C throughout the experiment using a homeothermic blanket.

2.3.5. Isolation and preparation of nerves

2.3.5.1. Vagus nerve transection

The right vagus nerve was located, isolated and cut at the time of right carotid artery
cannulation. Left vagus nerve was located from the dorsomedial approach from the neck at
the time of isolation of phrenic nerve. The nerve was cut only after all surgical procedures

were completed and rat was ready for artificial ventilation.

2.3.5.2. Greater splanchnic nerve

The left greater splanchnic sympathetic nerve at a site proximal to the coeliac ganglion was
isolated after the strat of artificial ventilation through dorsomedial approach, dissected, tied
with 5/0 silk thread and cut distally. The greater splanchnic nerve enables good
measurement of sympathetic output to the adrenal gland. The nerve was placed on a

bipolar stainless steel electrode, electrically isolated and recorded (section 2.3.6).

2.3.5.3. Phrenic nerve

The phrenic nerve was isolated with a dorsomedial approach from a neck region before the
start of artificial ventilation. The nerve was cleared of connective tissue and tied with 5/0
silk thread and cut distally. The nerve was placed on a bipolar stainless steel electrode,
electrically isolated and recorded as explained in section 2.3.6.

2.3.5.4. Aortic depressor nerve

For the stimulation of baroreflex response in post-SE and control rats, the aortic depressor
nerve was isolated from the same cavity as phrenic and left vagus nerve before the strat of
artificial ventilation. The aortic depressor nerve was isolated, confirmed with a sound
similar to trains of HR, tied with suture and cut distal to the knot. The nerve was placed on
a stimulating stainless steel bipolar electrode and fixed with silgel. The electrode was

connected to a stimulator and operated through pulser Spike2 software (section 2.4.1).
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2.3.5.5. Sciatic nerve
The sciatic nerve was isolated at the mid-thigh, cleared of tissues and tied with silk thread
before the start of artificial ventilation. The nerve was cut distal to the silk tie.

Subsequently, it was placed on a stimulating electrode similar to the aortic depressor nerve

and stimulated using pulser Spike2 software (section 2.4.1).

2.3.6. Nerve recordings

The isolated phrenic and splanchnic nerves were placed across a bipolar stainless steel
electrodes and recorded. The nerves were electrically isolated either with paraffin oil or
silgel. Signals were amplified with bioamplifiers (sampling rate: 6 kHz, gain: 2,000,

filtering: 30-3,000 Hz) and 50/60-Hz frequency noise was eliminated (Humbug).

2.3.7. Implantation of EEG and ECG electrodes in post-SE and control rats

Seven weeks after KA-induced SE (n = 15) (or saline administered controls (n = 9)), two
ECG and four EEG electrodes were implanted in each rat under isoflurane anesthesia
(section 2.2.2.3). Two small incisions were made to expose the thoracic muscle directly
above the heart, and to expose the muscle overlying the xiphoid process of the sternum.
The distal end of an ECG lead was sutured to each muscle using polypropylene (4-0). The
leads of both ECG electrodes were then tunnelled up through the left side of the neck
subcutaneously and the skin layer was sutured. A single midline incision was then made on
the scalp. Two ECG leads were located and tunneled through the neck and protruded
through the incision. Each rat was then placed into a stereotaxic frame, and four extradural
electrodes comprised of gold-plated sockets attached to stainless steel screws (outer
diameter 1 mm) were implanted into the skull: one on each side approximately 2 mm from
the midline, 3 mm anterior to the Bregma, one at approximately the centre of the midline
and another 6 mm posterior to the Bregma, 4 mm right of midline. These EEG coordinates
(chronic seizures) used in Prof. O’Brien’s laboratory are different from one used for acute
seizure study that were performed at HRI. The electrodes were fixed to the skull using
dental cement. The gold-plated sockets were fixed into the small plastic barrel (Figure 2. 2)
that was fixed on the skull surface with dental cement and animals observed until recovery.

Rats were left to recover for at least one week before EEG-ECG recordings were taken.

2.3.8. Implantation of EEG electrodes during acute seizure recordings

For the placement of EEG electrodes during acute seizure experiments, the scalp over the

dorsal surface of the skull was incised, the skin retracted, and the periosteum scraped from
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the skull surface. Burr holes were drilled bilaterally for recording over the dorsal
hippocampus (5.2 mm anterior to lambda, 3 mm lateral to midline and 2-3 mm below the
skull surface). Teflon-insulated stainless steel wire (75 pum) was inserted into each hole
using stereotaxic manipulator and fixed with superglue. Signals were amplified, band-pass
filtered from 1 Hz to 10 kHz, and digitised at 6 kHz (Chapter 3) or 20 kHz (Chapter 4 and
5) with a 100x gain.

2.3.8.1. EEG electrodes site confirmation

The fixed hippocampal brain samples were coronally sectioned (100 um). The sections
were stained with cresyl violet method (section 2.7.2) and bright field images were
acquired using Zeiss microscope. The tip of EEG electrode was identified and the position

was confirmed.

2.3.9. Intrathecal (IT) drug administration

2.3.9.1. Intrathecal catheterisation

The skin cut for the phrenic and vagus nerve was extended rostrally up to the skull. The
muscles overlying occipital bone were gently cauterised to prevent any bleeding and
removed. The next muscle layer attached to the occipital bone was carefully scraped with
the cotton swabs to expose the membrane over the atlanto-occipital junction. The
membrane was cleared of any blood stain and the slit was made with the sharp edge of a
26 G needle. The surge of cerebrospinal fluid (CSF) provided the confirmation of correct
site and was stopped by holding dry cotton swab. A catheter (polyethylene tubing, outer
diameter = 0.50 mm; internal diameter = 0.20 mm) with a dead space of ~6 pl was inserted
into the IT space through a slit in the dura and advanced caudally to the level of T5/6. A
micro-syringe was attached to the silastic on the other end of the catheter and CSF was
pulled out up to the tip of the catheter. This gives the confirmation of the IT catheterisation
and fills the void space with the CSF.

2.3.9.2. Drug administration protocol

IT injections were made after stable baseline recordings. Drugs were dissolved in PBS, and
if required pH was adjusted to 7.4. A 25 pl syringe was filled with 6 pl of PBS followed by
1 ul void space and then 10 pl of drug solution. The void space between drug and PBS
separates them. A 10 pl of drug was administered slowly over 10 to 15 s. Six pl of PBS
flushes the drugs from IT catheter into the subarachnoid space. Followings drugs were

administered intrathecally.
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Third (EEG)

Fourth (Reference) Second (EEG)

Fifth (ECG) First (ECG)

— Sixth (Ground)

Figure 2. 2: A small plastic barrel with EEG and ECG electrode positions on the rat
skull.
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Drug Concentration Volume Specific action
PBS 10 mM 10 pl Vehicle control
PACAP-38 300 pmol/L 10 pl PACAP receptor agonist
PACAP(6-38) 1 mM 10 pl PAC1 and VPAC?2 receptor antagonist
Minocycline 10 mg/ml 10 pl Microglial antagonist
Doxycycline 10 mg/ml 10 pl Microglial antagonist

Table 2. 2: List of drugs administered intrathecally.

2.3.9.3. Validation of site of injection

At the end of experiment and death level recording, 10 pl of Chicago Sky Blue was
mnjected intrathecally and flushed with 6 pl of PBS. The spinal cord was exposed from the
dorsal side, and position of the tip of the cannula and dye were recorded and noticed with

reference to the position of the thoracic vertebrae.

2.3.10. RVLM microinjection

2.3.10.1. Occipital craniotomy and confirmation of the RVLM site

The dorsal surface of the medulla oblongata was exposed similar to the IT catheterisation
as explained above. The occipital bone was cleared, broken into small pieces with a fine
rongeur and bone pieces were removed carefully. After completion of the craniotomy, the
dura was removed with fine forceps and scissors. The bilateral RVLM stereotaxic
coordinates were measured with reference to the calamus scriptorius and confirmed if a
50 nl microinjection of 100 mM glutamate increased BP > 30 mmHg. After glutamate
confirmation, stable baseline parameters were recorded at least for 30 min before the start

of the protocol.

2.3.10.2. Drugs microinjection protocol

Micropipettes were pulled from borosilicate capillaries with internal diameter 0.58 mm and
outer diameter 1 mm. A laser pipette puller was used to pull fine and straight tip pipettes.
Then micropipettes were placed in eppendorf tubes containing drug solution with their tip

facing upward. Drug solution sucks into the micropipette in 5-10 min with capillary action.

Micropipettes were attached to a long silastic tubing with 5 ml syringe on the other end and
fixed into the stereotaxic manipulator. The upper meniscus of drug solution was matched
with grading on the manipulator. At the time of drug microinjection, a syringe piston was
pushed carefully and lower meniscus level was monitored for the amount of drug
administered. The piston pressor was controlled manually to inject the desired amount of

drug into the RVLM. Following drugs were microinjected into the RVLM.
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Drug Concentration Volume Specific action
PBS 10 mM 50 nl Vehicle control
Kynurenic 100 mM 50 nl Glutamate receptor antagonist
acid (KYNA)
PACAP(6-38) 15 pmol 50 nl PAC1 and VPAC?2 receptor antagonist
Minocycline 10 mg/ml 50 nl Microglial antagonist

Table 2. 3: List of drugs microinjected into the RVLM.

2.3.10.3. RVLM microinjection site confirmation

At the conclusion of the experiment, Chicago Sky Blue (50 nl) was microinjected into each
RVLM, rats were perfused and brainstems were fixed. The brainstem was sectioned at
100 pm and cresyl violet staining was performed (section 2.7.2). The microinjection sites

were checked and confirmed with reference to the rat atlas (Paxinos and Watson, 2007).

2.3.11. Euthanasia

Rats were euthanised after the electrophysiology experiments when the tissue collection
was not required. A 0.5 ml bolus injection of 3M potassium chloride (KCI) solution was
mfused via jugular vein. Subsequently, the recordings were continued and monitored for

10-15 min to record the death level and background noise in nerve activity.

2.4. Sympathetic reflex responses protocols

2.4.1. Baroreflex and somatosympathetic reflex

The effect of stimulation of aortic depressor and sciatic nerve on splanchnic sympathetic
nerve activity (SNA) was assessed to estimate the baroreflex and somatosympathetic reflex
function mm post-SE and control rats. Stimuli were generated by isolated stimulators
controlled by a Spike2 script. Stimulus threshold was determined by increasing or
decreasing the stimulus voltage until no response was observed. During the experimental
protocol, the aortic depressor nerve was stimulated at 4 times the threshold (1-10 V, 0.2-ms
pulse width, 100 cycles at 1 Hz across 100 s) and the average SNA response was analysed
before and 60, 90 and 120 min after IT treatment. The left sciatic nerve was stimulated to
generate the somatosympathetic response. Stimulus threshold was determined as above,
and sciatic nerve was stimulated at 4 times the threshold (1-20 V, 0.2 ms pulse width, 100
pulses at 0.4 Hz across 250 s). The average SNA response was analysed before and 60, 90

and 120 min after IT treatment. The voltage was kept constant across both the protocols.

2.4.2. Peripheral and central chemoreflex

Peripheral chemoreceptors were stimulated by ventilating rats with 10% O in N> for 45 s.

Central chemoreceptors were stimulated by ventilating animals with 5% CO> i O> for
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3 min. Under these conditions, the observed reflex responses are generated due to
stimulation of the central chemoreceptors as the oxygenation of the blood was maintained
throughout the challenge. Both the central and peripheral chemoreflex responses were
generated (with the same minute ventilation as used for the baseline) prior to IT treatment

and 60, and 120 min after the treatment.

2.5. Data analysis

Data were acquired using a CED 1401 ADC system and Spike2 acquisition and analysis
software. The SNA, phrenic nerve activity (PNA), EEG, ECG, mean arterial pressure
(MAP) and HR were analysed as below.

2.5.1. Electroencephalogram (EEG)

The EEG activity raw data was filtered for the zero Hz frequency to remove the low
frequency component (DC removed). The power in the gamma frequency range
(25-45 Hz) was analysed, as shown previously (Olsson et al., 2006; Gurbanova et al.,
2008). A power spectrum analysis was done from 5-min blocks taken 1 min before the
drug treatment and 60 and 120 min after the treatment. The percent change in power
spectrum area was calculated for each rat at 60 and 120 min post i.p. injection compared to
the pre-treatment area (taken as 100%), and grouped together.

The video-EEG data in chronic epileptic and control rats was analysed as explained above
in section 2.2.7.

2.5.2. Phrenic nerve activity (PNA)

Phrenic nerve activity was rectified and smoothed (t 0.5 s). The PNA was analysed from
1-min blocks taken 1 min before and 60 and 120 min after the treatment. The percent
change in PNA AUC was analysed at 60 and 120 min post-treatment and compared to the

pre-treatment area (taken as 100%).

2.5.3. Sympathetic nerve activity (SNA)

Sympathetic nerve activity was rectified, smoothed (t 2 s) and normalised to zero by
subtracting the residual activity 5-10 min after death or after nerve pinch. The integrated
SNA trace was calibrated (baseline as 100%) and analysed by two different methods. The
AUC between 60 to 120 min after the treatment was analysed and compared with the
pre-treatment AUC (considered as 100%) for results presented in Chapter 4 and 5. The

sigmoid curve was fitted to the SNA processed channel and % low, % high, % range and
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%lIs slope were calculated for results presented in Chapter 3. Both the sigmoid curve-fit
and AUC methods provide accurate measures of changes in SNA. The AUC provides the
total change in the activity, whereas sigmoid curve-fit provides change in activity
(% range) as well as its rate (%l/s slope). However, the sigmoid curve fit method requires
the smooth nerve recording preferably in a sigmoid shape. The results presented in Chapter
3 were more suitable to analyse with the sigmoid curve-fit methods, whereas results in
Chapter 4 and 5 were not and analysed with the AUC method.

2.5.4. Mean arterial pressure (MAP) and heart rate (HR)

Mean arterial pressure and HR were analysed from 1-min blocks taken 1 min before the
treatment and 30, 60, 90 and 120 min after the treatment (only 120 min results are shown
in graphs). MAP and HR results presented in Chapter 3 were analysed whenever the
respective values were at their maximum during the two-hour recording period and

compared with the pre-treatment period.

2.5.5. Baroreflex and somatosympathetic reflex responses

Baroreflex and somatosympathetic reflex responses were analysed before, and 60, 90 and
120 min after IT treatment. The percent change in baroreflex response (AUC) was
calculated considering pre-treatment response as 100%. The somatosympathetic reflex
response was analysed with a sigmoid curve fit analysis. A sigmoid curve was fitted to the
averaged waveform of the somatosympathetic response curve (both fast conducting A-fibre
and slow conducting C-fibre response). The low, high, range, and slope values were
calculated (only range is shown in graphs). The pre-treatment range is considered as 100%

response, and percent change is calculated at 60, 90 and 120 min post-treatment.

2.5.6. Chemoreflex responses

Peripheral and central chemoreflex responses were analysed as percent change in SNA at
60 and 120 min post-treatment compared to the pre-treatment response. The pre-treatment

response was considered as 100%.

2.5.7. End-tidal CO, (ETCO3), and core temperature

End-tidal CO. and core temperature were analysed from 1-min blocks taken 1 min before
the treatment and 30, 60, 90, and 120 min after the treatment. In all animals, arterial blood
gas levels (PaCO., and pH) were measured 10 min before the treatment and 120 min after

the treatment or before the end of the experiment.
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2.5.8. Duration of KA-induced seizures

In rats used to investigate the duration of KA-induced seizures, the duration of effect was
analysed from the time of i.p. KA injection up to the point where SNA, MAP, and HR
returned to baseline. Changes in EEG activity were analysed at the point where SNA
returned to baseline and compared to the pre-KA (control) and 60 min post-KA injection
(seizure control) period. A log transformation was applied to EEG raw values since

variances were not normally distributed, and/or heterogeneous.

2.5.9. Calculation of corrected QT (QTc) interval

The QT interval values change in proportion with change in HR. The increased HR
shortens the duration of QT interval in proportion with the RR interval (heart beat/HR).
Hence, to compare QT interval values at two different time points, it is essential to correct
the QT interval at a specific HR.

QT, PR, and RR intervals were calculated from the ECG recordings. ECG raw data was
processed (DC remove), wherever baseline fluctuations were prominent. QTc interval was
calculated by dividing the QT interval in seconds by the square root of the RR interval in
seconds (Bazett, 1920). The QTc was obtained before and 120 min after vehicle or KA
injection. Additionally, QTc was analysed at the different time points depending on the

protocol and specific aims.

2.6. Statistical analysis

Statistical analysis was carried out in GraphPad Prism software. Statistical significance
was determined using one-way analysis of variance (ANOVA) followed by t-tests with the
Dunnett’s correction for dose response study and with the Holm-Sidak correction for the
rest of the studies. Multiple comparisons were done between groups. p < 0.05 was

considered significant.

2.7. General molecular procedures

2.7.1. Tissue collection and storage

The brainstem was removed from PFA solution after an overnight period of fixation and
rinsed in PBS. Brainstems were sectioned coronally (40 um thick) with a vibrating
microtome, collected sequentially into five different pots containing a cryoprotectant
solution (30% sucrose, 30% ethylene glycol, 1% polyvinylpyrrolidone in 0.1 M sodium
phosphate buffer at pH 7.4) and stored at -20°C until further processing.
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2.7.2. Cresyl violet staining protocol

The cerebrum and brainstem were sectioned coronally (100 um) and stained with cresyl
violet for histological verification of the EEG electrode positions in the hippocampus and
microinjection site in the RVLM, respectively.

Sections were washed three times in PBS if they were stored in cryoprotectant.
Free-floating sections were mounted on gelatinised slides and slides were air-dried.
Sections were dehydrated by immersing slides in graded ethanol 50%, 70%, 95% and
100% for 5 min. Subsequently, slides were delipidated in chloroform, and then immersed
in decreasing grades of ethanol (100%, 95%, 70% and 50%) for 5 min. Sections were
rehydrated by immersing in deionised water. Subsequently, slides were immersed in cresyl
violet stain (5% solution in water) for 2 min and in deionised water twice for 1 min. Slides
were again immersed in graded ethanol to rehydrate them (50%, 70%, 95% and 100% for 5
min) followed by glacial acetic acid in 95% ethanol which is a clearing agent (makes
unstained part of the tissue transparent). Finally, slides were immersed in 95% ethanol for
5 min followed by xylene for 10 min. Slides were coverslipped with DPX (dibutylphthalate

polystyrene xylene) and allowed to set.

2.7.3. Immunohistochemistry protocol

Free-floating sections were used for all immunohistological procedures. Sections stored in
cryoprotectant solution were washed three times, for 30 min each, in 0.1 M PBS containing
0.3% Triton X-100 at room temperature. Sections were incubated for > 48 h in TTPBSm
(10 mM Tris-HCI, 10 mM sodium phosphate buffer, 0.9% NaCl, 0.3% Triton X-100, 0.1%
merthiolate at pH 7.4), 10% normal donkey serum and primary antibodies as mentioned in
Table 2.4, at 4°C while shaking.

Subsequently, sections were washed three times (30 min each) in TPBS (10 mM Tris-HCl,
10 mM sodium phosphate buffer, 0.9% NaCl at pH 7.4) and incubated overnight with
secondary antibodies, as mentioned in Table 2.4, in TPBSm (10 mM Tris-HCI, 10 mM
sodium phosphate buffer, 0.9% NaCl, 0.1% merthiolate at pH 7.4) with 2% donkey serum
at room temperature while shaking. The binding of secondary antibodies revealed the
tyrosine hydroxylase (TH) (C1 neurons), cluster of differentiation (CD)206 (a mannose
receptor present on M2 phenotype of microglia) and ionised calcium-binding adapter
molecule-1(lbal) (a microglia/macrophage specific calcium binding protein)

immunoreactivity. Sections were washed three times in TPBS at room temperature,
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sequentially mounted on glass slides, and coverslipped with Vectashield (H-1000) and

sealed with clear nail polish.

Antibody Primary/ Concentration Supplier

Secondary
Mouse anti-TH Primary 1:500 Sigma-Aldrich and Avanti

Antibodies

Rabbit anti-CD206 Primary 1:2000 Abcam
Goat anti-Ibal Primary 1:1000 Novus Biologicals
cyanine dye (Cy)5- Secondary  1:500 Jackson Immunoresearch
conjugated donkey Laboratories
anti-mouse
Alexa Fluor 488-conjugated Secondary  1:500 Jackson Immunoresearch
donkey anti-rabbit CD206 Laboratories
Cy3-conjugated donkey Secondary  1:500 Jackson Immunoresearch
anti-goat Ibal Laboratories

Table 2. 4: List of antibodies.

2.8. Microscopy

All images were acquired using a Zeiss Axio Imager Z2 (Zen software, Zeiss, Germany).
Images were captured at 20X and 40X magnifications. The RVLM 1s defined as a
triangular area ventral to the nucleus ambiguus, medial to the spinal trigeminal tract (Sp5),

and lateral to the inferior olive or the pyramidal tracts (Figure 1. 6 and Figure 4. 9).

2.9. Morphological analysis of microglia

A 0.16 mm? box was placed within the imaged RVLM and this area was used for analysis.
The morphological analysis (branch length and a number of endpoint processes) of
Ibal-labelled microglial cells in the vicinity of TH-labelled RVLM neurons was carried out
using Image] plugin software (Kapoor et al., 2016b; Kapoor et al., 2016c).

2.10. Histology statistical analysis

GraphPad Prism was used for chi-square test for goodness of fit to analyse the difference
between the number of microglia. The proportions of CD206 labelled anti-inflammatory
M2 microglia in the RVLM of treatment group of rats were compared with the
vehicle-treated group. The proportion of M2 microglia is equal to the number of M2
microglia divided by the total number of microglia multiplied by 100. GraphPad Prism was
used to analyse differences between % CD206 microglia and their morphological changes.
The statistical significance was determined using nonparametric Kruskal-Wallis or

Mann-Whitney test (Sokal and Rohlf, 2012).
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3.1. Abstract

Seizures are accompanied by cardiovascular changes that are a major cause of sudden
unexpected death in epilepsy (SUDEP). Seizures activate inflammatory responses in the
cardiovascular nuclei of the medulla oblongata and increase neuronal excitability. Pituitary
adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide with autocrine and
paracrine neuroprotective properties. Microglia are key players in inflammatory responses
in the central nervous system (CNS). We sought to determine whether PACAP and
microglia mitigate the adverse effects of seizure on cardiovascular function in a rat model
of temporal lobe epilepsy (TLE). Kainic acid (KA)-induced seizures increased splanchnic
sympathetic nerve activity (SNA) by 97%, accompanied by an increase in heart rate (HR)
but not blood pressure (BP). Intrathecal (IT) infusion of the PACAP antagonist
PACAP(6-38) or microglial antagonists minocycline and doxycycline augmented
sympathetic responses to KA-induced seizures. PACAP(6-38) caused a 161% increase,
whereas minocycline and doxycycline caused a 225% and 215% increase, respectively. In
IT PACAP antagonist treated rats both BP and HR increased, whereas, after treatment with
microglial antagonists only BP was significantly increased compared with control. Our
findings support the idea that PACAP and its action on microglia at the level of the spinal
cord elicit cardioprotective effects during seizure. However, IT PACAP did not show
additive effects, suggesting that the agonist effect was at maximum. The protective effect
of microglia may occur by the adoption of an M2 phenotype and expression of factors such
as transforming growth factor-p (TGF-B) and interleukin (IL)-10 that promote neuronal
quiescence. In summary, therapeutic interventions targeting PACAP and microglia could

be a promising strategy for preventing SUDEP.
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3.2. Introduction

Epileptic seizures are commonly accompanied by autonomic changes that include
disturbances in BP, HR, and heart rhythm (Wannamaker, 1985; Darbin et al., 2002;
Mingen et al., 2010; Pansani et al., 2011). These cardiovascular changes may be dramatic
and lead to SUDEP, a syndrome that accounts for 5-17% of deaths in people with epilepsy
(Sakamoto et al., 2008; Brotherstone et al., 2010; Tolstykh and Cavazos, 2013).

PACAP is a 38 amino acid peptide that activates three receptors: PAC1R, VPACIR, and
VPAC2R. The canonical pathway in each case is activation of adenylate cyclase, leading
to two main effects on neurons. First, it is able to act as an excitatory neurotransmitter (Lai
et al., 1997; Farnham et al., 2008; Farnham et al., 2011; Farnham et al., 2012), and second,
as a neuroprotective and anti-inflammatory agent by inhibiting the activation of
mitogen-activated protein kinase (MAPK) family and by stimulating secretion of IL-6
(Shioda et al., 1998). In patients who are recovering from tonic-clonic seizure, there is an
upregulation of MAPK in the hippocampus, and IL-6 is elevated in cerebrospinal fluid
(CSF) (Peltola et al., 2000). Conversely, IL-6 knock-out mice are more susceptible to
seizure-induced hippocampal damage (Penkowa et al., 2001), suggesting that IL-6 is
neuroprotective. Nomura et al. (2000) showed that PACAP gene expression increases in
the paraventricular nucleus (PVN) of the hypothalamus after KA-induced TLE in rats.
Based on these findings, we hypothesised that PACAP itself or its action on activated
microglia might have neuroprotective effects that inhibit seizure-induced neuronal
excitation and protect against the adverse autonomic effects of seizure. Activated microglia
are associated with neurodegeneration both in patients and animal models of TLE
(Mirrione et al., 2010; Ahmadi et al., 2013); however, their action as either neurotoxic or
neuroprotective in the brainstem and spinal cord cardiovascular nuclei remains unclear. A
number of recent studies suggest that microglia may acquire the neuroprotective M2
phenotype, and increase endogenous production of TGF-B and IL-10 (Li et al., 2007,
Mosser and Edwards, 2008; Neumann et al., 2008; Loane and Byrnes, 2010; Vinet et al.,
2012). These findings led to our second hypothesis that microglia in cardiovascular nuclei
may Dbe neuroprotective and provide a defense mechanism by attenuating

sympathoexcitatory cardiovascular responses during seizure.

This study, therefore, aimed to investigate the role of PACAP and microglia in
seizure-induced cardiovascular responses. Specifically, the aims of this study were to
determine the effect of IT administration of PACAP and the PACAP antagonist

PACAP(6-38) and microglial antagonists minocycline and doxycycline on seizure-induced
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cardiovascular responses. We used in vivo physiological and pharmacological approaches

in anesthetised rats using the KA-induced seizure model (Sakamoto et al., 2008).

3.3. Materials and methods

3.3.1. Animals

All protocols were approved by the Animal Care and Ethics Committee of Macquarie
University and the Sydney Local Health District (section 2.1.1). All experiments were
conducted on adult male Sprague-Dawley (SD) rats (250-350 g) in accordance with the
Australian code of practice for the care and use of animals for scientific purposes.

3.3.2. Surgical preparation

Rats (n = 64) were anesthetised with 10% urethane (1.3-1.5 g/kg, intraperitoneal (i.p.)) and
additional top-ups were given as required (section 2.2.2). Atropine sulfate (100 pg/kg, i.p.)
was administered with the first dose of urethane to prevent bronchial secretions. After the
completion of the general surgical procedures described below, rats were secured in a
stereotaxic frame. Core body temperature was monitored with a rectal thermometer and

maintained between 36.5 and 37.5°C throughout the experiment.

3.3.3. General surgical procedures

The right carotid artery and jugular vein were cannulated for the recording of BP, and for
the administration of drugs and fluids, respectively (section 2.3.1). Tracheostomy was
performed to enable mechanical ventilation (section 2.3.2). Electrocardiogram (ECG) was
recorded from leads connected to the forepaws of the rat and HR was derived (section
2.3.4). Rats were vagotomised (section 2.3.5.1), artificially ventilated with oxygen
enriched room air, and paralysed with pancuronium bromide (section 2.3.3). Arterial blood
gases were analysed with an electrolyte and blood gas analyser, and partial pressure of
carbon dioxide (PaCO>) and pH were maintained at 40.0 £ 2 and 7.35-7.45, respectively.
The left greater splanchnic sympathetic nerve at a site proximal to the celiac ganglion
(section 2.3.5.2) and the left phrenic nerves (section 2.3.5.3) were isolated, dissected, and
tied with 5/0 silk thread. Nerve activity was recorded with bipolar stainless steel electrodes

and signals were amplified and filtered with a 50/60-Hz line filter (section 2.3.6).

3.3.4. |Intrathecal (IT) catheter placement

The atlanto-occipital junction was exposed and a catheter with a dead space of ~6 pl was
inserted into the IT space of all rats through a slit in the dura and advanced caudally to the

level of T5/6 (section 2.3.9.1).
107



Chapter 3: PACAP and Microglia are Cardioprotective in Seizure

3.3.5. Electroencephalogram (EEG) electrode placement

Bilateral EEG electrodes were placed over the dorsal surface of the skull (section 2.3.8). A
single electrode wire was inserted into each hole using stereotaxic manipulator. Signals
were amplified, band-pass filtered from 1 Hz to 10 kHz, amplified 100X, and digitised at
6 kHz.

3.3.6. Seizure induction

Intraperitoneal injection of KA was used to generate seizures and KA dose-response curve
in SD rats (section 2.2.6). Responses were recorded for at least 2 h after KA injection,
during which continuous monitoring of EEG was used to identify the development of
seizures (section 2.5.1). To determine the presence or absence of seizure, the amplitude of
the area under curve (AUC) of the EEG before and after KA administration was measured.

The log-transformation was applied to EEG data as variance was very high.

The dose-response study showed that 2 mg/kg dose of KA was sufficient to induce seizure
and a significant increase in SNA (Figure 3. 1 and Figure 3. 2) and was used for the rest of
the study. At the conclusion of the experiment, rats were killed with 0.5 ml of 3 M
potassium chloride (KCI, intravenous (i.v.)) (section 2.3.11) or deeply anesthetised and
perfused with 400 ml of ice-cold 0.9% saline followed by 400 ml of 4% paraformaldehyde
(PFA) solution (section 2.2.4). Brains were removed from the perfused rats and postfixed
in the same fixative overnight. Brains were sectioned coronally (100 pm) and stained with

cresyl violet for histological verification of the electrode positions (section 2.7.2).

3.3.7. IT drug administration protocol

The drugs were administered intrathecally as mentioned in section 2.3.9.2. Briefly, in all
dose-response studies, a control injection of 10 pl of 10 mM phosphate-buffered saline
(PBS) was washed in with 6 pl PBS 10 min before the i.p. injection of KA. The same IT
PBS infusion protocol was followed for the vehicle control group of rats, 10 min before i.p.
PBS injection.

Ten microliters of 1 mM PACAP(6-38), 300umol/l PACAP, minocycline (100ug/10ul) or
doxycycline (100pug/10ul) were administered intrathecally and flushed in with 6ul of PBS
in respective groups. In all groups of rats, IT infusion was made 10 min before i.p. KA or
PBS injection. All infusions were made over a 10 to 15 s period. At the conclusion of
experiments, rats were euthanised and post-mortem verification of the position of catheter

tip was carried out (section 2.3.9.3).
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3.3.8. Data acquisition and analysis

Data were acquired using a CED 1401 ADC system and Spike2 acquisition and analysis
software. The EEG activity raw data was DC removed. The power of the gamma range
was analysed with power spectrum analysis from 5-min blocks taken 1 min before IT
infusion and 60 and 120 min after i.p. injection of either KA or PBS (section 2.5.1).
Phrenic nerve activity (PNA) was rectified and smoothed (t 0.5 s). PNA was analysed
from 1-min blocks taken 1 min before IT infusion and 60 and 120 min after i.p. injection of
either KA or PBS (section 2.5.2). SNA raw data was rectified and smoothed (t 2 s) and
normalised to zero by subtracting the residual activity 5-10 min after death. SNA was
analysed with a sigmoid curve-fit analysis method. The % low, % high, % range, and slope
(%/s) were calculated (only % range is showed in graphs) (section 2.5.3). Mean arterial
pressure (MAP) and HR were analysed from 1-min blocks taken 1 min before IT infusion
and the time at which it was peaked (section 2.5.4). End-tidal CO. (ETCO2) and core
temperature were analysed from 1-min blocks taken 1 min before IT infusion and 30, 60,
90 and 120 min after i.p. injection of either KA or PBS (section 2.5.7). Arterial blood gas
levels (PaCO2, and pH) were measured 10 min before IT infusion and 120 min after KA or
PBS injections in all animals (section 2.5.7). Log transformation was applied to EEG and
SNA raw values where necessary if variances were not normally distributed, or
heterogeneous. Statistical analysis was carried out in GraphPad Prism software. Statistical
significance was determined using one-way analysis of variance (ANOVA) followed by
t-tests with Dunnett’s correction for dose-response studies and with the Holm-Sidak
correction for the rest of the study. Multiple comparisons were done between groups. p <
0.05 was considered significant (section 2.6). Because the length of the QT interval can be
affected by HR, corrected QT (QTc) interval was calculated (Bazett, 1920). The QTc was
obtained in all rats before and after vehicle or KA injection (section 2.5.9).

3.4. Results

3.4.1. KA-induced seizures cause sympathoexcitation, tachycardia, and pressor
responses

Intraperitoneal injection of KA in urethane-anesthetised rats (Figure 3. 1) was used to
determine the most effective dose for use in this study (Figure 3. 2). One-way ANOVA of
peak EEG AUC responses revealed that the 2 mg/kg was the lowest dose of KA effective
in significantly elevating EEG (120 min after KA: 64.0 £ 17.7%; p < 0.0001; Figure 3.
2D, E), SNA (% range: 97.2 £ 7.4%; p < 0.001; Figure 3. 2A) and HR (AHR: 46.5 + 4.8
beats per minute (bpm); p < 0.05; Figure 3. 2C). Therefore, a 2 mg/kg dose of KA was
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used in the rest of the study. SNA percentage low was same in all groups, whereas
percentage high was significantly different in 2 mg/kg (194.3 £ 6.0%; p < 0.05) and in all
higher doses of KA compared to the vehicle-treated group. The change in MAP was
significantly higher only in 8 (AMAP: 48.3 + 4.5 mmHg; p < 0.0001) and 12 mg/kg
(AMAP: 28.2 + 14.6 mmHg; p < 0.05) doses of KA compared to vehicle control (Figure 3.
2B), whereas the change in HR was significantly different in 2 mg/kg and all higher doses
of KA compared to vehicle control (Figure 3. 2C). There were no significant differences in
PNA (as shown in supplementary results in section 3.6.1; Figure 3. 8C-D), expired CO>
and rectal temperature in any of the groups studied. Blood gas analysis revealed that blood
PaCO- and pH were within a normal physiological range in all animals (PaCO was 40.0 =
2 and pH between 7.35 and 7.45). There was no significant change in pre-treatment and
post-treatment blood PaCO- and pH levels (results not shown). A 2 mg/kg i.p. injection of
KA increased EEG amplitude beyond 50% above the baseline and was classified as a
seizure. The EEG seizure response was followed by an increase in SNA (Figure 3. 1).
Importantly, SNA did not begin to increase before the first instance of seizure, eliminating
the possibility of the increase in SNA being due to a peripheral effect of KA. The EEG
activity started to increase at 25.6 £ 3.6 min after KA injection, followed by SNA, MAP,
and HR. SNA, EEG, and HR were significantly increased post-KA injection compared to
the vehicle-treated group.

3.4.2. Antagonism of PACAP exacerbates the cardiovascular effects of seizure

The PACAP antagonist PACAP(6-38) was administered intrathecally, 10 min before i.p.
KA injection, to test the hypothesis that PACAP has a neuroprotective and
anti-inflammatory role in KA-induced seizure rats that might be responsible for attenuating
the seizure-induced sympathoexcitation. The seizure-induced cardiovascular responses
were significantly increased by infusing PACAP(6-38) in KA-induced seizure rats
compared with the KA control group (SNA high: 255.1 + 15.3%; p < 0.01, SNA range:
160.8 + 16.0%; p < 0.01, Figure 3. 3A; SNA slope: 0.043 + 0.0095%/s; p < 0.01, AMAP:
31.84 + 3.5 mmHg; p < 0.05, Figure 3. 3B; and AHR: 56.1 + 4.9 beats/min; p < 0.05,
Figure 3. 3C). IT infusion of 300 pumol/l PACAP had no effect on the SNA increase in
response to KA-induced seizures (Figure 3. 3A). IT PACAP agonist and antagonist
treatment had no effect on EEG activity in seizure-induced rats compared with the KA

control group (Figure 3. 3D).
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Figure 3. 1: Effect of IT PBS (10 ul) followed by 2 mg/kg i.p. KA in an anesthetised
rat.

From the top: HR (bpm), BP (mmHg), SNA (1V), and EEG (1V). Time of administration
of IT PBS and i.p. KA are marked with an arrow. Pre-KA EEG and post-KA EEG refer to
the expanded periods as indicated.

111



Figure 3. 2: Dose-response curve for i.p. KA.

Change in SNA (log transform of percentage range) (A), maximum change in MAP (on y-axis) at respective time point after i.p. PBS or KA injection
(on x-axis) (B), maximum change in HR (on y-axis) at respective time point after i.p. PBS or KA injection (on x-axis) (C) and log transform of
percentage change in AUC of EEG activity at 60 min (D) and 120 min (E) after i.p. PBS or KA injection, in PBS (n=5)and 0.1 (n=3),0.3(n=3), 1
(n=3),2(n=5),3(n=3),5(n=3),8(n=3), 10 (n=3),and 12 (n = 3) mg/kg i.p. KA-treated rats. Statistical significance was determined using
one-way ANOVA followed by t tests and Dunnett’s correction to compare effects with the control value. Data are expressed as mean + SEM. ****p <
0.0001; ***p <0.001; **p <0.01 and *p < 0.05 compared with vehicle control group.
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Figure 3. 3: In vivo effects of IT PACAP(6-38) and PACAP-38 in 2 mg/kg KA-induced seizure rats.

Change in SNA (% range) (A), maximum change in MAP (on y-axis) at respective time point after i.p. PBS or KA injection (on x-axis) (B), maximum
change in HR (on y-axis) at respective time point after i.p. PBS or KA injection (on x-axis) (C), and log transform of percentage change in AUC of
EEG activity at 60 and 120 min after i.p. PBS or KA injection (D) in different groups of rats after development of seizure. In all groups, n = 5.
Statistical significance was determined using one-way ANOVA followed by t tests with a Holm-Sidak correction. Data are expressed as mean + SEM.
*Hx% n <0.0001; *** p <0.001; ** p<0.01; * p <0.05 compared with vehicle control group; ## p <0.01 and # p < 0.05 compared with KA control

group.
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Figure 3. 4: In vivo effects of IT minocycline and doxycycline in 2 mg/kg KA-induced seizure rats and vehicle control rats.

Change in SNA (% range) (A), maximum change in MAP (on y-axis) at respective time point after i.p. PBS or KA injection (on x-axis) (B), maximum
change in HR (on y-axis) at respective time point after i.p. PBS or KA injection (on x-axis) (C), and log transform of percentage change in AUC of
EEG activity at 60 and 120 after i.p. PBS or KA injection (D) in different groups of rats after development of seizure. In all groups, n = 5. Statistical
significance was determined using one-way ANOVA followed by t tests with a Holm-Sidak correction. Data are expressed as mean + SEM. **** p <
0.0001; *** p<0.001; ** p<0.01; * p<0.05 compared with vehicle control group; ## p < 0.01 and # p < 0.05 compared with KA control group.
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Figure 3. 5: Representative Poincare plots illustrate the increase in QT interval after KA-induced seizures in individual rats.

Black box symbols show pre-PBS or KA and red plus symbols show 120 min post-PBS or KA i.p. injection in the respective groups. A, Pre- (black)
and 120 min post- (red) vehicle. B, Pre- (black) and 120 min post- (red) KA. C, Pre- (black) and 120 min post-KA with IT PACAP (6-38) (red). D,
Pre- (black) and 120 min post-KA with IT PACAP-38 (red). E, Pre- (black) and 120 min post-KA with IT minocycline (red). F, Pre- (black) and 120
min post-KA with IT doxycycline (red). Scale bar in milliseconds. HR triggered ECG was drawn pre- and post-treatment and is shown in the right
corner of each box (continuous black and dotted red lines represent pre-treatment and post-treatment ECG). ST segment elevation is shown with an
arrow (C).
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Chapter 3: PACAP and Microglia are Cardioprotective in Seizure

3.4.3. Microglial antagonism worsens the cardiovascular dysfunction in seizure

The effect of blocking microglial activation on seizure-induced cardiovascular responses
was evaluated at the spinal cord level. IT injection of microglial antagonists minocycline
and doxycycline in KA-induced seizure rats more than doubled the sympathoexcitatory
and MAP responses, but did not affect HR. Microglial antagonists alone had no effect on
measured cardiovascular parameters in vehicle-treated control rats (Figure 3. 4A-C). These
results indicate that microglia have a neuroprotective or anti-inflammatory role during
seizure. IT minocycline significantly increased sympathoexcitation in KA-induced seizure
rats compared with the KA control group (SNA high: 314.1 + 33.4%; p < 0.01, SNA range:
224.8 + 33.6%; p < 0.01, Figure 3. 4A; and SNA slope: 0.04 £ 0.006%/s; p < 0.05). A
similar response was observed with IT doxycycline which augmented the
sympathoexcitation in KA-induced seizure rats compared with the KA control group (SNA
high: 313.2 + 31.0%; p < 0.01, SNA range: 214.5 £+ 33.6%; p < 0.01, Figure 3. 4A; and
SNA slope: 0.05 £ 0.008%/s; p < 0.01). MAP was also significantly increased in both
minocycline- and doxycycline-treated rats after KA treatment compared with the KA
control group (AMAP: 31.0 + 2.9 mmHg; p < 0.05 and 30.0 £ 2.9 mmHg; p < 0.05,
respectively; Figure 3. 4B). HR response were not different between the IT microglial
antagonist treated seizure-induced group and the KA control group (Figure 3. 4C). IT
minocycline and doxycycline treatment in the KA-induced seizure group had no effect on

EEG activity compared with KA control (Figure 3. 4D).

3.4.4. Proarrhythmogenic changes in ECG after seizure

In vehicle-treated rats, the change in QTc interval (AQTc) duration between pre-treatment
and 120 min after injection was 2.5 + 1.0 ms (Figure 3. 6). The AQTc interval was
significantly increased in seizure-induced rats compared with vehicle control (13.1 £ 1.5
ms; p < 0.001; Figure 3. 6). Compared with the vehicle control group, the AQTc interval
duration was significantly increased in the KA control, IT PACAP-38, PACAP(6-38), and
doxycycline-treated groups, but not in the minocycline-treated group (Figure 3. 6). The QT
interval was prolonged in KA control, PACAP(6-38), PACAP-38, and doxycycline-treated
rats compared with vehicle treatment (Figure 3. 5). PACAP antagonist treatment not only
prolongs the QT interval but also causes a clear ST-segment elevation (Figure 3. 5C,
arrows), both of which are prominent proarrhythmogenic changes (HR triggered ECG was
drawn pre-treatment and post-treatment and shown in the right side corner of each graph,
Figure 3. 5). IT minocycline treatment in the KA-treated group showed significant
differences in AQTc interval compared with the KA control group (p <0.01, Figure 3. 6).
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Figure 3. 6: Group data showing changes in QTc interval 120 min after i.p. injection
of KA or PBS in the different groups of rats.

Statistical significance was determined using one-way ANOVA followed by t tests with a
Holm-Sidak correction. Data are expressed as mean + SEM. **** p < 0.0001; *** p <
0.001; ** p < 0.01; * p < 0.05 compared with vehicle control group; ## p < 0.01 compared
with the KA control group.
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3.5. Discussion

The main findings of the study are, first, that SNA begins to rise several minutes after the
start of a seizure. Second, we find that induction of seizure activity in the hippocampal
EEG that follows i.p. KA is associated with significant and dose-dependent increases in
SNA, MAP, and HR and a prolongation of the QT interval. Third, in KA-induced seizure
rats, IT administration of the PACAP antagonist, PACAP(6-38), exacerbates the
cardiovascular responses, whereas IT administration of PACAP has no beneficial effect.
Fourth, IT infusion of tetracycline-derived microglial antagonists exacerbate the
cardiovascular responses after the induction of seizures. Overall, antagonism of PACAP or

microglia tends to worsen the sympathoexcitatory effects of seizures.

Findings demonstrate that KA-induced seizure has a powerful effect on the cardiovascular
system. It increases SNA, MAP, and HR; prolongs QTc; and, after PACAP antagonist,
causes ST elevation. Together, these changes markedly increase the risk of arrhythmia.
The present study revealed a neuroprotective role of endogenous PACAP that is
antagonised by IT infusion of PACAP(6-38) in KA-induced seizure rats. Therefore,
PACAP attenuates KA seizure-induced sympathoexcitation. The failure to see a beneficial
effect of PACAP agonist infusion may be due to an inadequate dose being provided.
Alternatively, local neurons secreting PACAP may cause a maximal effect on local
PACAP receptors so that additional 1T doses of PACAP provided exogenously have no
effect. This creates the need for further study of the effect of PACAP during seizure on
catecholaminergic and other bulbospinal sympathoexcitatory neurons in the rostral
ventrolateral medulla (RVLM) (Schreihofer and Guyenet, 1997). It is possible that
microinjection of low doses of exogenous PACAP in RVLM might provide an additional
neuroprotective effect during seizure and inhibit the sympathoexcitation. Microglia are
activated by increased phosphorylation of the MAPK pathway. PACAP act on microglia
via membrane-associated PAC1 and VPAC1 (PACAP) receptors, causing the release of
substances such as IL-10 or TGF-B, compounds that protect neurons from overexcitation
(Figure 3. 7). The finding that an increase in sympathetic activity after PACAP antagonism
with PACAP(6-38) or of microglial antagonism (doxycycline and minocycline) suggests
that, in this model of epilepsy, there is strong activation of a neuroprotective PACAP and
microglial pathway. The physiological effect of PACAP on microglia may act to dampen
the sympathoexcitatory effects of seizure, an idea that is strengthened by the finding that

tetracycline drugs had no effect in vehicle-treated animals.
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Figure 3. 7: A proposed mechanism by which PACAP and microglia may have
protective effects on sympathetic neurons in the brainstem and spinal cord during
seizure.

Seizure activates brainstem presympathetic neurons and changes cardiac and vascular
reactivity. In seizure, microglia respond by changing from a quiescent surveillance state
toward a more activated state. Activated microglia produce neurotrophic and anti-apoptotic
molecules, including TGF-p and IL-10. These molecules have protective effects on
sympathetic neurons. Seizure increases the expression of PACAP, which inhibits the
activation of MAPK and stimulates the secretion of IL-6 into the CSF. PACAP then acts
on microglial PAC1 and VPAC1 receptors to cause increased IL-10 protein expression,
followed by downregulation of the expression of the pro-inflammatory receptors CD10 and

B7.
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To investigate the role of sympathoexcitation in acute seizure, we used a
urethane-anesthetised, KA-induced model of seizure in rat. A single injection of KA in the
range of 6-15 mg/kg, leads to a syndrome of recurrent status epilepticus (SE), with each
seizure lasting 30 min or longer over a prolonged period in conscious rats (Lévesque and
Avoli, 2013). At these doses, it is well known that seizure activity causes autonomic
dysfunction with acute cardiovascular changes (Sakamoto et al., 2008; Hotta et al., 2009).
Here, we aimed to determine the lowest dose of KA that elicited seizure and
sympathoexcitation. It is possible that this sympathoexcitation might be responsible for the
progressive deterioration of cardiovascular function in susceptible individuals and
ultimately SUDEP. Several studies in human subjects during electroconvulsive therapy
reported changes in ECG that are proarrhythmogenic or ischemic. Because patients having
seizures during electroconvulsive therapy are under general anesthetic and neuromuscular
blockade (Mokriski et al., 1992; Luckhaus et al., 2008), it is likely that any autonomic
features would be blunted. Nevertheless, the finding that changes do occur suggests that
seizures occurring during daily life would exhibit worse changes in ECG.

We aimed to elucidate PACAP-dependent differences in  seizure-induced
sympathoexcitation and a neuroprotective role of PACAP. PACAP exerts its autocrine
neuroprotective (Shioda et al., 1998; Ringer et al., 2013) and paracrine anti-inflammatory
(Shioda et al., 2006; Ringer et al., 2013) effects in two ways. PACAP not only inhibits the
activation of members of the MAPK family such as c-Jun N-terminal kinase (JNK)
(Shioda et al., 1998) but also stimulates the secretion of IL-6 in CSF (Gottschall et al.,
1994; Shioda et al., 1998). This effect may be the mechanism of action of PACAP in
attenuating seizure-induced sympathoexcitation (Figure 3. 7). An increased activity of
MAPKS during seizures (Jeon et al., 2000; Ferrer et al., 2002) is associated with cell death
in several experimental paradigms (Chan et al., 2003; Sakon et al., 2003). Although there
are controversies about the pro-inflammatory and anti-inflammatory properties of IL-6,
increased levels are reported to have neuroprotective effects on sympathetic neurons (Mérz
et al., 1998) and neuroprotective and anti-inflammatory effects in KA-induced seizure rats
(Penkowa et al., 2001). Nomura et al. (2000) showed that PACAP gene expression
increases in the PVN after KA-induced TLE in rats. Our findings suggest a mechanistic
role for PACAP during epilepsy because blockade of PACAP activity during acute seizure
has a detrimental effect on seizure-induced cardiovascular dysfunction. Microglia activated
during seizure also express costimulatory molecules cluster of differentiation (CD)40 and

B7 that may lead to further activation of microglia. PACAP, acting on microglial PAC1
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and VPACLI receptors (Delgado et al., 1999), increases IL-10 protein expression, causing a
downregulation of CD40 and B7 messenger ribonucleic acid (mRNA) expression in
activated microglia, thereby acting as a potent anti-inflammatory agent (Delgado et al.,
1999; Kim et al., 2002). We propose that this effect of PACAP is a likely mechanism of

action for the responses observed in this study (Figure 3. 7).

Microglia are the innate immune cells of the CNS and represent ~10% of the total brain
cell population. Microglia can be either neuroprotective or neurodegenerative depending
on circumstances (Mosser and Edwards, 2008; Loane and Byrnes, 2010; Benarroch, 2013;
Biber et al., 2014). There is extensive microglial activation in animal models of seizure
(Beach et al., 1995; Drage et al., 2002; Shapiro et al., 2008) and preconditioning of
hippocampal microglia during the acute phase seizure results in a neuroprotective effect
(Mirrione et al., 2010). Other studies report a neuroprotective role of microglia in different
animal models of neurodegenerative diseases (Li et al., 2007; Lai and Todd, 2008; Mosser
and Edwards, 2008; Neumann et al., 2008; Loane and Byrnes, 2010; Vinet et al., 2012;
Benarroch, 2013; Biber et al., 2014), such as ischemic injury (Kitamura et al., 2004;
Kitamura et al., 2005; Imai et al., 2007; Lalancette-Hébert et al., 2007) and chronic
stress-induced depression (Kreisel et al., 2014). Until now, a role for microglia in
seizure-induced cardiovascular responses was unclear. Our results demonstrate that
inhibition of microglial activation and proliferation during KA-induced seizure worsens the
sympathoexcitation. The microglial antagonists minocycline and doxycycline act by
inhibiting the p38 MAPK pathway. Current findings suggest a neuroprotective potential of
activated microglial cells on sympathetic preganglionic neurons. This neuroprotective
effect of microglia may occur through an endogenous production of neurotrophic and
anti-apoptotic molecules such as TGF- and IL-10 (Benarroch, 2013) or by increased
glutamate uptake (Persson and Ronnbdck, 2012). In this scenario, TGF-f and IL-10
mediated activation of microglia into regulatory or M2 type has potent anti-inflammatory

and neuroprotective potential.

Resident microglia actively survey their environment and are referred to as surveilling
microglia (Nimmerjahn et al., 2005). Activated microglia dynamically change into two
different phenotypes, M1 or M2, that are generally considered to be inflammatory and
protective respectively, and depending on the type of the stimulus and microenvironment,
participate not only in mechanisms of injury, but also in neuroprotection, repair, and circuit
refinement in the CNS (Mosser and Edwards, 2008). Our current findings suggest that
acute seizure causes microglia to adopt the M2 phenotype and protect sympathetic neurons
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from excitotoxicity. The neuroprotective effect on sympathetic neurons may be due to
microglial production of IL-10. Inhibiting microglial activation with IT minocycline or
doxycycline infusion in seizure-induced rats increased sympathoexcitation, leading to
increased HR and BP. Recent phase 3 clinical trials of minocycline in amyotrophic lateral
sclerosis patients showed that minocycline has a harmful effect on an amyotrophic lateral
sclerosis functional rating scale and greater mortality during the 9-month treatment phase
compared with placebo treatment (Gordon et al., 2007). These findings are consistent with
our current findings, which suggest that microglial antagonists worsen the effect of
cardiovascular dysfunction during seizure. Overall, we propose that microglial activation
during acute seizure has a neuroprotective effect due to adoption of the M2 phenotype or
“protective” state. Microglial inactivation during acute seizure produces more

neuroexcitation and cardiovascular dysfunction.

In conclusion, low doses of KA, which are adequate to produce seizures, lead to slowly
developing, but prolonged and significant increases in SNA, MAP, HR, and EEG activity
and a prolongation of the QTc interval. This type of severe disruption in central autonomic
function may ultimately lead to progressive deterioration of cardiovascular function and
SUDEP.

The clinical implications of our findings are that PACAP may exert a protective role
against known adverse cardiovascular effects of seizure because antagonism of the PACAP
receptor exacerbated the seizure-induced cardiovascular effects. PACAP may exert
neuroprotective effects by preventing the activation of MAPKSs and increasing levels of
IL-6 and by its action on microglia. Together, our findings suggest that targeting PACAP
and microglial activation may provide new therapeutic avenues for the prevention of

seizure-induced cardiovascular dysfunction and SUDEP.

3.6. Supplementary results

3.6.1. Effects of KA-induced seizures on PNA and phrenic nerve frequency (PNF)

The phrenic nerve frequency (PNF) did not change in KA-induced seizure group of rats,
except 10 mg/kg, compared to vehicle control. 10 mg/kg KA-induced seizure rats showed
significant increase in PNF compared to vehicle control at 60 min (APNF: 31.6 £ 11.2; p <
0.01, Figure 3. 8A) and 120 min post-treatment (APNF: 48.7 + 19.8; p < 0.01, Figure 3.
8B). However, % change in PNA was not significant in any of the groups of rats treated
with KA compared with vehicle-treated group, both at 60 (Figure 3. 8C) and 120 min
(Figure 3. 8D) post-KA treatment.
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Figure 3. 8: In vivo effects of different doses of KA on PNF and PNA at 60 and 120
min post KA.

Change in PNF at 60 min (A), and at 120 min (B) and % change in PNA at 60 min (C),
and at 120 min (D) post i.p. KA or PBS in different groups of rats. Statistical significance
was determined using one-way ANOVA followed by t tests and Dunnett’s correction to
compare effects with the control value. Data are expressed as mean + SEM. ** p < 0.01
compared with vehicle control group.
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3.6.2. Confirmation of positions of recording EEG electrodes

A position of recording EEG electrodes was confirmed with cresyl violet staining (Figure

3.9). A tip of electrodes was found into the area of the hippocampus.
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EEG electrode positions

Figure 3. 9: Bilateral hippocampal EEG electrode positions.

Stereotaxic coordinates are 5.2 mm anterior to lambda, 3 mm lateral to midline and 2-3
mm below the skull surface.
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Activation of glutamaterqgic receptors in RVLM
mediates sympathoexcitation during acute
seizures that also causes proarrhythmogenic
changes mediated by PACAP and microglia in
rats

The work in this Chapter is published and fluorescence image is illustrated as a cover art
for the “Journal of Neuroscience-An Official Journal of Society for Neuroscience” Issue:
13 January 2016: (36) 2.

Bhandare AM, Kapoor K, Pilowsky PM, Farnham MMJ (2016) Seizure-induced
sympathoexcitation is caused by activation of glutamatergic receptors in RVLM that also
causes proarrhythmogenic changes mediated by PACAP and microglia in rats. J Neurosci
36:506-517.
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4.1. Abstract

Cardiovascular autonomic dysfunction in seizure is a major cause of sudden unexpected
death in epilepsy (SUDEP). The catecholaminergic neurons in the rostral ventrolateral
medulla (RVLM) maintain sympathetic vasomotor tone and blood pressure (BP) through
their direct excitatory projections to the intermediolateral cell column (IML). Glutamate,
the principal excitatory neurotransmitter in the brain, is increased in seizures. Pituitary
adenylate cyclase-activating polypeptide (PACAP) is an excitatory neuropeptide with
neuroprotective properties whereas microglia are key players in inflammatory responses in
the central nervous system (CNS). We investigated the roles of glutamate, PACAP and
microglia on RVLM catecholaminergic neurons during the cardiovascular responses to
2 mg/kg kainic acid (KA)-induced seizures in urethane-anesthetised, male Sprague-Dawley
(SD) rats. Microinjection of the glutamate antagonist, kynurenic acid (KYNA) (50 nl; 100
mM) into RVLM, blocked the seizure-induced 43.2 £ 12.6% sympathoexcitation (p < 0.05)
and abolished the pressor responses, tachycardia, and QT interval prolongation. PACAP or
microglial antagonists (50 nl), (PACAP(6-38) (15 picomoles); minocycline (10 mg/ml)),
microinjected bilaterally into RVLM had no effect on seizure-induced sympathoexcitation,
pressor responses or tachycardia, but abolished the prolongation of QT interval. The
actions of PACAP or microglia on RVLM neurons do not cause sympathoexcitation, but
they do elicit proarrhythmogenic changes. Microglia surrounding catecholaminergic
neurons are in a surveillance state with no change in the number of M2 microglia
(anti-inflammatory) in 2 and 10mg/kg KA-induced seizure rats. In conclusion,
seizure-induced sympathoexcitation is caused by activation of glutamatergic receptors in

RVLM that also cause proarrhythmogenic changes mediated by PACAP and microglia.

4.2. Significance statement

Sudden unexpected death in epilepsy (SUDEP) is a major cause of death in epilepsy.
Generally, seizures are accompanied by changes in brain function leading to uncontrolled
nerve activity causing high BP, rapid heart rate (HR), and abnormal heart rhythm.
Nevertheless, the brain chemicals causing these cardiovascular changes are unknown.
Chemicals, such as glutamate and PACAP, whose expression is increased after seizures,
act on specific cardiovascular nuclei in the brain and influence the activity of the heart, and
blood vessels. Microglia, which manage excitation in the brain, are commonly activated
after seizure and produce pro-inflammatory and/or anti-inflammatory factors. Hence, we
aimed to determine the effects of blocking glutamate, PACAP, and microglia in the RVLM
and their contribution to cardiovascular autonomic dysfunction in seizure.
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4.3. Introduction

Seizure-induced cardiovascular autonomic dysfunction is a common cause of SUDEP,
which accounts for 5-17% deaths in people with epilepsy (Sakamoto et al., 2008; Surges et
al., 2009; Bardai et al., 2012; Massey et al., 2014). The RVLM contains sympathetic
premotor neurons (C1), which are a subset of catecholaminergic neurons that express all of
the enzymes necessary for the synthesis of adrenaline (Schreihofer and Guyenet, 1997;
Phillips et al., 2001). Sympathetic vasomotor tone and BP is regulated by C1 neurons, and
another smaller population of neurons that is also located in the RVLM, through their
direct projections to the IML (Ross et al., 1984b; Guyenet, 2006; Pilowsky et al., 2009).
Seizure-induced increased activity of C1 catecholaminergic neurons (c-Fos) is well
documented (Kanter, 1995; Silveira et al., 2000). Seizure causes an increase in sympathetic
nerve activity (SNA) and has a significant effect on cardiac electrophysiology and HR (Nei
et al., 2004; Metcalf et al., 2009b; Damasceno et al., 2013). There is no information about
the neurotransmitters mediating activation of brainstem catecholaminergic neurons

contributing to the autonomic manifestations that frequently accompany epileptic seizures.

As we have documented previously (Chapter 3), a low-dose KA-induced seizures in rat
cause sympathoexcitation, increases in mean arterial pressure (MAP) and HR, and
proarrhythmogenic changes, including prolongation of the QT interval (Bhandare et al.,
2015). The evidence suggests that PACAP and microglia have a protective effect on
sympathetic preganglionic neurons in the IML where they ameliorate the
sympathoexcitatory effect of seizures. PACAP is well established to be neuroprotective
(Shioda et al., 1998; Ohtaki et al., 2006), through its effect on microglia (Wada et al.,
2013). Recently, we investigated the excitatory effect of PACAP in cardiovascular
autonomic nuclei (Farnham et al., 2008; Farnham et al., 2012). KA-induced seizures
dramatically increase PACAP expression in central autonomic nuclei (paraventricular
nucleus (PVN)) (Nomura et al., 2000). Additionally, microglia can be pro-inflammatory or
anti-inflammatory in some models of diseases, such as temporal lobe epilepsy (TLE)
(Shapiro et al., 2008; Mirrione et al., 2010; Vinet et al., 2012). In seizure, there is extensive
activation of microglia in patients and in animal models (Beach et al., 1995; Shapiro et al.,
2008; Eyo et al., 2014). Moreover, there are reports suggesting that PACAP modulates the
activated microglial state (Wada et al., 2013; Brifault et al., 2015). This important
relationship between PACAP, microglia, and seizure-induced increase in its expression or
activation in cardiovascular autonomic nuclei makes them a very promising target for the

development of therapy for seizure-induced sympathoexcitation and cardiovascular
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dysfunction. In addition, brain glutamate levels are increased in patients and animal models
of TLE (Meldrum et al., 1999; Blimcke et al., 2000) and play a major pathogenic role for
neuronal hyperexcitability. However, glutamatergic drive within RVLM neurons is not
important for maintenance of basal tonic activity of catecholaminergic neurons or BP
(Guyenet et al., 1987; Araujo et al., 1999; Sved et al., 2002). Collectively, the
sympathoexcitation during seizure may be due to an increased glutamate turnover that
could be reversed by glutamate antagonist microinjection into RVLM without affecting
basal sympathetic output and BP.

Overall, the aims of this study were to identify the role of PACAP, microglia and
glutamatergic receptors in the RVLM to regulate catecholaminergic neuronal
hyperexcitability and other cardiovascular changes following low dose KA-induced
seizures in rats. To achieve these aims we used a combination of electrophysiological and
neuroanatomical approaches with KA-induced seizures in rats. Seizures were induced with
2 mg/kg intraperitoneal (i.p.) KA injection in urethane-anesthetised, vagotomised,
paralysed and artificially ventilated rats and 50 nl of each PACAP antagonist,
PACAP(6-38); microglial antagonist, minocycline; or glutamate antagonist, KYNA were
microinjected into the RVLM of a different group of rats. The changes in microglial
morphology and the expression of the anti-inflammatory M2 microglial phenotype in the
vicinity of RVLM catecholaminergic neurons in response to 2 and 10 mg/kg KA-induced

seizures in rats was analysed with immunohistochemistry.

4.4. Materials and methods

4.4.1. Animals

The animal usage and protocols were in accordance with the Australian code of practice
for the care and use of animals for scientific purposes. The protocols were approved by the
Animal Care and Ethics Committee of Macquarie University and the Sydney Local Health
District (section 2.1.1; Appendix 3). All electrophysiology and histology experiments were
conducted on adult male SD rats (250-350 g).

4.4.2. Surgical preparations

For electrophysiology experiments (n = 31) rats were anesthetised with 10% urethane
(1.3-1.5 g/kg i.p.) (section 2.2.2.1) and for histology experiments (n = 15) with 3% sodium
pentobarbital (50 mg/kg i.p.) (section 2.2.2.2) and the depth of anesthesia was monitored
and maintained as specified in respective sections. Atropine sulfate (100 pg/kg) was

administered with the first dose of anesthetics to prevent bronchial secretions. After the
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completion of the general surgical procedures described below, rats were secured in a

stereotaxic frame and body temperature was recorded and maintained between 36.5 and
37.5°C throughout the experiment using a homeothermic blanket.

4.4 3. General surgical procedures and electroencephalogram (EEG) electrode
placement

The right carotid artery and jugular vein were cannulated, as detailed in section 2.3.1, for
the recording of BP, and for the administration of drugs and fluids, respectively, with a
tracheostomy to enable mechanical ventilation (section 2.3.2). A three lead
electrocardiogram (ECG) was recorded and HR was derived from it (section 2.3.4). Rats
were vagotomised (section 2.3.5.1), artificially ventilated with oxygen-enriched room air
and paralysed with pancuronium bromide (section 2.3.3). Arterial blood gases were
analysed with an electrolyte and blood gas analyser and partial pressure of carbon dioxide
(PaCO-) was maintained at 40 + 2 and pH between 7.35-7.45.

Two EEG electrodes were placed over the dorsal surface of the skull. A single electrode
wire was inserted into each hole using stereotaxic manipulator (section 2.3.8). Signals were
amplified, band-pass filtered from 1 Hz to 10 kHz, amplified 100X, and digitised at

20 kHz. Electrode positions were confirmed with cresyl violet staining (section 2.7.2).

4.4.4. Seizure induction

For electrophysiology experiments, seizures were induced by i.p. injection of 2 mg/kg KA
in SD rats (section 2.2.6). In the histology study, two doses of KA (2 and 10 mg/kg; i.p.)
were used to elicit mild and severe seizures in rats to analyse their effects on the
morphology of microglia in the vicinity of catecholaminergic neurons in the RVLM
(section 2.2.6). In the study, rats were paralysed and had no behavioural seizures. KA
responses were recorded for 2 h post-KA injection, during which continuous monitoring of
EEG was used to identify the development of seizures (section 2.2.6). To investigate the
duration of seizure-induced cardiovascular responses, 2 mg/kg KA-induced seizures were
recorded until cardiovascular parameters returned to baseline (n = 4) (section 2.5.8).

4.4.5. In vivo electrophysiology

4.4.5.1. Isolation and preparation of nerves

The left splanchnic sympathetic nerve and the left phrenic nerve were isolated, dissected
and tied with 5/0 silk thread (sections 2.3.5.2 and 2.3.5.3). Nerve activity was recorded
with bipolar stainless steel electrode and filtered with a 50/60-Hz line filter (section 2.3.6).
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4.4.5.2. RVLM site detection, confirmation, and microinjection

The detailed procedure is explained in section 2.3.10. Briefly, the dorsal surface of the
medulla oblongata was exposed by occipital craniotomy and the dura was removed. The
bilateral RVLM stereotaxic coordinates were measured with respect to calamus scriptorius
and confirmed if a 50 nl microinjection of 100 mM glutamate increased BP > 30 mmHg.

After glutamate confirmation, stable baseline parameters were recorded at least for 30 min.

In vehicle and KA control groups of rats (n = 5), 50 nl of 10 mM phosphate-buffered saline
(PBS) was microinjected bilaterally in the RVLM (section 2.3.10.2). PACAP(6-38)
(n =6), minocycline (n = 5) and KYNA (n = 5) (Miyawaki et al., 2002a) were bilaterally
microinjected in the RVLM in a dose of 50 nl in a different group of rats. In all rats,
microinjections were made 15 min before i.p. KA or PBS injection. Microinjections were
not made in n = 4 rats that were used to investigate the duration of KA-induced
cardiovascular effects. At the conclusion of the experiment, 50 nl of Chicago Sky Blue
(2%) was microinjected at the site of the RVLM, and rats were either euthanised with
0.5ml of 3 M potassium chloride (KCI; intravenous (i.v.)) (section 2.3.11), or deeply
anesthetised and perfused with 400 ml of ice-cold 0.9% saline followed by 400 ml of 4%
paraformaldehyde (PFA) solution (section 2.2.4). The brains were removed from the
perfused rats and postfixed in the same fixative overnight. Cerebrum and brainstem were
sectioned coronally (100 um) and stained with cresyl violet for histological verification of
the EEG electrode positions in hippocampus and microinjection site in the RVLM,

respectively (section 2.7.2).

4.4.6. Histology
4.4.6.1. Perfusions

At the conclusion of the experiment, rats used for histology study (in all groups n = 5) were
deeply anesthetised with an overdose of sodium pentobarbital and given 1 ml of heparin
via the venous line. Rats were transcardially perfused with 400 ml of ice-cold 0.9% saline
followed by 400 ml of 4% PFA solution as detailed in section 2.2.4. The brains were then

removed and postfixed in the same fixative for 18-24 h.

4.4.6.2. Sectioning and immunohistochemistry

Immunohistochemical analysis was done in n = 3 out of 5 rats in each group and the
methods are specified in detail in section 2.7.1 and 2.7.3. In brief, brainstems were

sectioned coronally (40 um thick) with a vibrating microtome and collected sequentially
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into five different pots containing a cryoprotectant solution and stored at -20°C until
further processing. Free-floating sections were used for all histological procedures.
Sections were rinsed, blocked and incubated in primary antibodies: mouse anti-tyrosine
hydroxylase (TH) (1:500), rabbit anti-cluster of differentiation (CD)206 (1: 2,000) and
goat anti-ionised calcium-binding adapter molecule-1(lbal) (1: 1,000). After 48 h, sections
were rinsed and TH, CD-206 and Ibal immunoreactivity was subsequently revealed by
overnight incubation with the following secondary antibodies at 1:500 dilutions: cyanine
dye (Cy)5-conjugated donkey anti-mouse, Alexa Fluor 488-conjegated donkey anti-rabbit,
and Cy3-conjugated donkey anti-goat (Table 2.4). Sections were rinsed, mounted

sequentially on glass slides, and coverslipped with Vectashield.

4.4.7. Data acquisition and analysis

4.4.7.1. Electrophysiology data

Data were acquired using a CED 1401 ADC system and Spike2 acquisition and analysis
software. The EEG activity raw data was DC removed. The power in the gamma frequency
range was analysed, as mentioned in section 2.5.1. A power spectrum analysis was done
from 5-min blocks taken 1 min before microinjection or i.p. injection and 60 and 120 min
after i.p. injection. The percent change in power spectrum area was calculated for each rat
at 60 and 120 min post i.p. injection compared to the pre-treatment area (taken as 100%)
and grouped together. Phrenic nerve activity (PNA) was rectified and smoothed (t 0.5 s)
and the area under curve (AUC) was analysed from 1-min blocks taken 1 min before
microinjection and 60 and 120 min after i.p. injection (section 2.5.2). SNA was rectified,
and smoothed (t 2 s), and normalised to zero by subtracting the residual activity 5-10 min
after death. The integrated SNA trace was calibrated (baseline as 100%) and analysed for
AUC between 60 to 120 min after i.p. KA or PBS injection as detailed in section 2.5.3.
MAP and HR were analysed from 1-min blocks taken 1 min before microinjection or i.p.
injection and 30, 60, 90 and 120 min after i.p. injection (only 120 min results are shown in
graphs) (section 2.5.4). End-tidal CO2 (ETCO2), and core temperature were analysed from
1-min blocks taken 1 min before microinjection or i.p. injection and 30, 60, 90, and 120
min after i.p. injection of either KA or PBS (section 2.5.7). Arterial blood gas levels
(PaCOg2, and pH) were measured 10 min before microinjection or i.p. injection and 120
min after KA or PBS injections in all animals. In the rats used to investigate the duration of
KA-induced seizures, the duration of effect was analysed from the time of i.p. KA
injection up to the point where SNA, MAP, and HR returned to baseline (section 2.5.8).
Changes in EEG activity were analysed at the point where SNA returned to baseline and
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compared to the pre-KA (control) and 60 min post-KA injection (seizure control) period. A
log transformation was applied to EEG raw values since variances were not normally
distributed, and/or heterogeneous. Statistical analysis was carried out in GraphPad Prism
software. Statistical significance was determined using one-way analysis of variance
(ANOVA) followed by t-tests with the Holm-Sidak correction. Multiple comparisons were

done between groups. p < 0.05 was considered significant (section 2.6).

4.4.7.2. Histology imaging and analysis

All images were acquired using a Zeiss Axio Imager Z2. Images were captured at 20X and
40X magnifications (sections 2.8 and 2.9). A 0.16 mm? box was placed within the imaged
RVLM and this area was used for analysis. The morphological analysis (branch length and
number of endpoint processes) of Ibal-labelled microglia in the vicinity of TH-labelled
RVLM neurons was carried out using ImageJ plugin software (section 2.9) and GraphPad
Prism was used for chi-square test for goodness of fit (section 2.10). The proportions of
CD206 labelled anti-inflammatory M2 microglia in the RVLM of 2 and 10 mg/kg
KA-treated rats were compared with the vehicle-treated group. Statistical significance was

determined using nonparametric Kruskal-Wallis test (Sokal and Rohlf, 2012).

4.4 8. Calculation of corrected OT (QTc) interval

QT, PR, and RR intervals were calculated from the ECG recordings. ECG raw data was
processed (DC remove), wherever baseline fluctuations were prominent. QTc interval was
calculated by dividing the QT interval in seconds by the square root of the RR interval in
seconds (Bazett, 1920) (section 2.5.9). The QTc was obtained before and 120 min after
vehicle or KA injection. The PR and QTc interval statistical analysis was carried out in
GraphPad Prism software. Statistical significance was determined using one-way ANOVA
between treatment groups followed by t-tests with the Holm-Sidak correction. Multiple

comparisons were done between groups (section 2.6). p < 0.05 was considered significant.

4.5. Results

4.5.1. Sympathoexcitation, tachycardia, and pressor responses due to KA-induced
seizures in rats

Intraperitoneal injection of 2 mg/kg KA induces seizures, and subsequently, increases HR,
MAP, and SNA in KA control group of rats (Figure 4. 1A). Note that KA (2 mg/kg i.p.)
leads to the development of hippocampal seizure activity within ~15-20 min. At this time,

there are no changes in sympathetic activity (Figure 4. 2), BP or HR (Figure 4. 1A).
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Figure 4. 1: Effect of bilateral RVLM microinjection of (A) PBS (50 nl) and (B) KYNA (50 nl; 100 mM) followed by 2 mg/kg i.p. KA in an
anesthetised rat.

Showing the effect on: from the top, (i) HR (bpm), (ii) AP (mmHg), (iii) SNA (%), and (iv) EEG (uV). Arrow indicates time of RVLM
microinjections and i.p. KA. Dotted arrows indicate the starting points for increase in EEG and/or SNA activity. Right side panels, Pre (a) and post (b)
KA EEG represents the expanded waveform from respective period. Baseline (a), which is a pre-KA period with desynchronous waves, and
(b) post-KA period with increased gamma range frequencies and followed by the data from the same EEG, drawn as a power spectrum (c, d,
respectively) (during post-KA period gamma range frequencies, which is shown between two dotted lines) are increased. Increase in gamma range
frequency (25-45 Hz) is characteristic property of KA-induced seizures (Olsson et al., 2006; Gurbanova et al., 2008).
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Ten to fifteen minutes after the start of the hippocampal seizure activity, SNA, MAP and
HR began to increase (Figure 4. 1A and Figure 4. 2). Autonomic changes are entirely
downstream effects of hippocampal seizures as there was no seizure activity (increase in
gamma frequency which is a typical sign of KA-induced seizures) in the sympathetic nerve
recording until at least 70 min after KA injection whereas SNA started to increase
25-30 min after KA injection (Figure 4. 2). Taken together these findings indicate that
central autonomic nuclei are not the source of KA-induced seizures. Between 60-120 min
after KA injection, SNA AUC was increased by 43.2 £ 12.6% (p = 0.04) compared to the
vehicle control group (Figure 4. 3A). In the KA-induced seizure group, MAP and HR were
increased by 21 + 4 mmHg (p = 0.008), and 32 £ 7 beats per minute (bpm) (p = 0.0001),
respectively compared to the vehicle-treated group (Figure 4. 3B-C): the findings support
the notion that seizure is the cause of the dramatic increase in SNA, tachycardia and
pressor effects (Sakamoto et al., 2008; Bealer et al., 2010). Bilateral microinjection of PBS
(50 nl) had a transient and non-significant effect on MAP, HR and SNA, that lasted for
only a few minutes (Figure 4. 1A).

The induction of seizures was confirmed with hippocampal EEG recordings; the power
spectra were obtained from the same expanded EEG waveforms as indicated (Figure 4.
1A). The spectral changes in EEG at 60 and 120 min after KA injection were obtained
using Fourier analysis of 5 min EEG intervals and the AUC between gamma frequency
range. The steep increase in gamma wave amplitude was observed at both 60 (A 1038 +
402%, p = 0.0001) and 120 min (A 1329 £ 390%, p = 0.0005) after KA injection (Figure 4.
1A and Figure 4. 3D-E). This finding also shows that KA-induced seizures in rats
continued for at least 120 min following KA injection which is consistent with results of
the experiments performed to analyse the duration of seizure-induced cardiovascular
effects.

Kainic acid (2 mg/kg)-induced seizures and its effects on SNA, MAP and HR lasted for
approximately 3 h. After this time, SNA, MAP and HR returned to baseline values at 170,
196 and 160 min, respectively. At these time points EEG activity was significantly reduced

compared to the seizure period (at 60 min post-KA) but did not return to baseline.

We did not observe any changes in PNA, expired CO2 or body temperature in any of the
groups (results not shown). Blood gas analysis confirmed that PaCO and pH were within a
normal physiological range (PaCO was 40 + 2 and pH between 7.35-7.45) throughout the

experiment.
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Figure 4. 2: Effects of KA treatment on induction of seizures in hippocampus and central autonomic nuclei.

Change in gamma range frequency (25-45 Hz) in hippocampal EEG and sympathetic nerve recordings every 10 min after 2 mg/kg KA injection.

Arrow indicates time of RVLM microinjections and i.p. KA. Dotted arrows indicate the starting points for increase in EEG and/or SNA activity.

Induction of seizure activity in SNA does not start at least until 70 min after KA injection, whereas hippocampal seizure activity starts ~15-20 min

after KA injection followed by an increase in SNA at 25-30 min. Time-dependent increases in hippocampal seizure activity occur up to 110 min after
= KA injection followed by a fall.
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4.5.2. Sympathoexcitation, tachycardia, and pressor effects during seizure are
caused by glutamatergic receptors in the RVLM and not by PACAP or
microglial activation

Our findings demonstrate that sympathoexcitation during seizure is caused by
glutamatergic receptor activation in the RVLM, since bilateral microinjection of glutamate
antagonist KYNA completely abolished the seizure-induced sympathoexcitation in rats
(Figure 4. 1B and Figure 4. 3A). After microinjection of KYNA in five rats, KA-induced
seizures were present (Figure 4. 1B and Figure 4. 3D-E), but pressor and HR responses
were blocked (p = 0.005 and 0.001, respectively) compared to KA control group (Figure 4.
1B and Figure 4. 3B-C). The KA-induced seizures caused no change (A -1.0 £ 6.2%) in
SNA after bilateral microinjection of KYNA and was significantly reduced compared to
KA control group (p = 0.04) (Figure 4. 3A). In KYNA microinjected group of rats, MAP
and HR were not significantly changed compared to vehicle-treated group (A -3 £ 5 mmHg
and A -5 7 bpm, respectively; Figure 4. 3B-C). The findings reveal that KA-induced
sympathoexcitation, tachycardia, pressor responses along with changes in QT interval are

downstream effects of seizure and do not have a direct effect on cardiomyocytes.

Bilateral microinjection of PACAP(6-38) into the RVLM of KA-induced seizure rats did
not ameliorate the significant increase in SNA (A 53.7 = 9.6%; p = 0.007) compared to the
vehicle-treated group (Figure 4. 3A). The HR and MAP responses in PACAP(6-38) group
were still significantly increased compared to the vehicle control group of rats (Figure 4.
3B-C). The lack of response to the PACAP antagonist (PACAP(6-38)), was replicated
following bilateral RVLM microinjection of minocycline in seizure-induced rats.
Following minocycline, there was significant increase in SNA (A 55.1 £ 13.8%; p = 0.006;
Figure 4. 3A), as well as MAP and HR (A 16 + 5 mmHg and A 14 + 5 bpm; p = 0.04 and

0.02 respectively; Figure 4. 3B-C) compared to vehicle control group of rats.
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Figure 4. 3: In vivo effects of RVLM microinjection of PBS, PACAP(6-38), minocycline, and KYNA in 2 mg/kg KA-induced seizure rats.

Change in SNA (AUC) between 60-120 min post i.p. treatment (A), change in MAP 120 min post i.p. PBS or KA injection (B), change in HR at 120
min post i.p. PBS or KA injection (C) and log transform of % change in EEG activity (gamma frequency AUC), at 60 min (D) and 120 min (E) post
i.p. PBS or KA injection in different groups of rats after development of seizure. Statistical significance was determined using one-way ANOVA
followed by t-tests with a Holm-Sidak correction. Data expressed as mean = SEM. ****p < 0.0001, ***p < 0.001, **p < 0.01 and *p < 0.05
compared with vehicle control group. #p < 0.05 compared with KA control group.
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4.5.3. After KA-induced seizures, microglia are in surveillance state in the vicinity
of the RVLM neurons with no change in the proportion of M2 phenotype

Immunohistochemical analysis was done in rats with vehicle treatment and 2 and 10 mg/kg
i.p. KA (n = 3) to analyse the morphology of Ibal-labelled microglia and proportion of
anti-inflammatory M2 phenotype in the vicinity of TH-labelled RVLM neurons. The effect
of different doses of KA on MAP, HR and EEG are shown in Figure 4. 4 (n = 5). A 120
min after 2 and 10 mg/kg KA treatment, the MAP (A 18 £ 6 and A 29 + 5; p = 0.02 and
0.001, respectively; Figure 4. 4A), HR (A 18 = 18 and A 58 + 19; p = 0.05, and 0.002,
respectively; Figure 4. 4B), EEG activity at 60 min (A 1791 + 622 and A 1651 £ 400; p =
0.007 and 0.007; respectively; Figure 4. 4C) and EEG activity at 120 min (A 4164 + 2504
and A 1995 £+ 563; p = 0.04 and 0.04; respectively; Figure 4. 4D) was significantly
increased compared to vehicle-treated rats. The findings are consistent with in vivo

electrophysiology data and results presented in Chapter 3.
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Figure 4. 4: In vivo effects of PBS and KA-induced (2 and 10 mg/kg) seizures in rats
studied for histology.

Change in MAP (A) and HR (B), at 120 min post i.p. PBS or KA (2 and 10 mg/kg)
injection and % change in EEG activity (gamma frequency AUC), at 60 (C) and 120 min
(D) post i.p. PBS or KA (2 and 10 mg/kg) injection in different group of rats. In all groups
n = 5. Statistical significance was determined using one-way ANOVA followed by t-tests
with a Holm-Sidak correction. Data expressed as mean = SEM. **p < 0.01 and *p < 0.05
compared with vehicle control group.
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Immunohistochemical analysis revealed that TH-immunoreactive (ir) neurons were
surrounded with typical resting microglial cells in all three groups (Figure 4. 5A-C). In all
three groups, microglia appeared with a round cell body and processes that appeared
normal with few ramifications (Figure 4. 5A-C). The total number of microglia in each
group are shown in Figure 4. 5D. A branch length and a number of endpoint analysis was
carried out to identify the activated microglia. There were no differences in the mean
branch length, and a number of endpoint processes of Ibal labelled microglia between the
vehicle control and the seizure-induced rats (Figure 4. 5E-F). The proportion of
anti-inflammatory M2 phenotype of microglia was 14.2 + 1.4% in saline-treated rats which
was similar in 2 and 10 mg/kg KA-treated rats (10.1 + 2.5% and 9.6 £ 2.4%, respectively;
Figure 4. 5G). The findings revealed that microglia are in a surveillance state with no
differences in their morphology and proportion of M2 phenotype, at least in the RVLM,
between the vehicle and seizure-induced groups. These results are consistent with our
electrophysiology findings where microinjection of a microglial antagonist had no effect
on the increase in SNA, MAP, and HR in KA-induced seizure rats.
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Figure 4. 5: Fluorescence images of RVLM and microglial analysis.

Fluorescence images of RVLM area containing TH™-ir (red), Ibal labelled microglia
(yellow) and CD206 labelled M2 microglial cells (green) and their morphological analysis
in different treatment groups of rats. Scale bar = 20 um. TH, lbal and CD206
immunoreactivity in RVLM in PBS (A), 2 mg/kg KA (B) and 10mg/kg KA (C) treated
rats. In all of these three groups TH™-ir neurons (red) were surrounded with microglia with
its round cell body and normal appearing processes with few ramifications (closed arrow)
and no change in number of anti-inflammatory M2 microglia (open arrow). Quantitative
analysis of number of microglial cells in mean square area (D), number of end
processes/microglia (E), branch length (um)/microglia of Ibal labelled microglial cells (F)
and percent of CD206 labelled M2 microglial cells (G) in the RVLM of vehicle treated and
KA-induced seizure (2 and 10mg/kg i.p.) rats.
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4.5.4. Proarrhythmogenic ECG changes during seizures are driven by activation of
glutamaterqic receptors, PACAP, and microglia

Two mg/kg KA-induced seizures caused prolongation of QT interval. The AQTc was
significantly increased in KA control group (A 8.2 + 2.5 ms; p = 0.02) compared with
vehicle treatment group (Figure 4. 6A). These changes in QT interval are most clearly seen
in Poincare plots before and after treatment; representative QT Poincare plots from each
group are shown in (Figure 4. 7A). KA control group showed an almost complete
dispersion of the QT interval along with arrhythmic behaviour in HR (multiple ellipses)
(Figure 4. 7A-11). Despite this, there was no evidence of atrial fibrillation, although there
was evidence of a dramatic decrease in PR interval after KA treatment (Figure 4. 6B and
Figure 4. 7B-II). The prolongation of QT interval (AQTc) was completely blocked by
administration of glutamate receptors antagonist KYNA in the RVLM (p = 0.02; Figure 4.
6A and Figure 4. 7A-V), nevertheless, the bilateral microinjection of KYNA has no effect
on seizure-induced shortened PR interval (Figure 4. 6B and Figure 4. 7B-V).
PACAP(6-38) and minocycline microinjections also significantly reduced AQTc interval
compared to KA control group of rats (A 1.9 + 1.5; p=0.03 and A 1.5 + 1.2; p = 0.03;
Figure 4. 6A). In PACAP(6-38) and minocycline-treated groups, prolongation of QT
interval and dysrhythmia is abolished. As shown in Figure 4. 7A, PACAP(6-38) and
minocycline treatment in KA-induced seizure rats have an almost similar pattern of
pre- and post-QT interval like vehicle-treated group (Figure 4. 7A-1, 1ll, and IV). The
seizure-induced prolongation of QT interval is very obvious in KA control, which was
significantly blocked in PACAP(6-38) and minocycline microinjected rats. The PR interval
was significantly reduced in the 2 mg/kg KA-induced seizure group compared to the
vehicle control group of rats (Figure 4. 6B). This is clearly represented in Poincare plots
(Figure 4. 7B). In contrast to the improvements seen in QT interval, RVLM microinjection
of PACAP(6-38), minocycline or KYNA did not prevent changes in seizure-induced
shortening of PR interval (Figure 4. 6B). However, PACAP(6-38) (Figure 4. 7B-11l) and
minocycline (Figure 4. 7B-1V) showed quantally dispersed PR intervals as evidenced by
multiple ellipses, rather than complete RR dispersion, and an absence of P-waves, which is
clearly not suggestive of atrial fibrillation.
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Figure 4. 6: Proarrhythmogenic effects of seizures.

Group data showing changes in QTc interval (A) and PR interval (B) 120 min after i.p. injection of PBS or KA in different groups of rats. Statistical
significance was determined using one-way ANOVA followed by t-tests with a Holm-Sidak correction. Data expressed as mean + SEM. **p < 0.01
— and *p <0.05 compared with vehicle control group and #p < 0.05 compared with KA control group.
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Figure 4. 7: Representative Poincare plots illustrate the changes in QT interval (A)
and PR interval (B) following KA-induced seizures in rats.

A) Treatment with KA causes a dramatic dispersion in the QT interval (prolongation) and
arrhythmic behaviour in the HR (multiple ellipses) (I1). In rats treated with the PACAP
antagonist (PACAP(6-38)) or with the microglial antagonist minocycline, prolongation of
QT interval and the dysrhythmia is abolished (111-1V). Following treatment with KYNA,
the HR and QT are restored to normal (V). HR triggered ECG was drawn pre and post
treatment and shown in the right side corner of each box (Continuous black and dotted red
lines represent pre and post treatment ECG). B) Induction of seizures with i.p. KA
injection shortened the PR interval (11) compared to vehicle control. RVLM microinjection
of PACAP (6-38) (lll), minocycline (IV) or KYNA (V) did not show changes in
seizure-induced short PR interval however PACAP (6-38) (Il1l) and minocycline (1V)
showed more dispersed PR interval with multiple ellipses. Scale bars are in milliseconds.
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4.6. Discussion

This study provides the first direct evidence that the sympathoexcitation, tachycardia,
pressor responses and proarrhythmogenic changes during seizures are driven by activation
of glutamatergic receptors that leads to increased activity of the sympathetic premotor
neurons in the RVLM. The sympathoexcitatory effect does not appear due to increases or
decreases in PACAP secretion, or microglial activation. However, PACAP and microglial
activity in the vicinity of RVLM neurons mediate the proarrhythmogenic changes during
seizures. Central autonomic nuclei are not the source of KA-induced seizures (2 mg/kg).
We confirm that the induction of seizures does not cause changes in the state of microglia
within the RVLM and microglia remain in a surveillance state with no change in the

number of M2 phenotypes; supporting our in vivo electrophysiology findings.

Our results strengthen the findings that seizures have devastating effects on the
cardiovascular system (Sakamoto et al., 2008; Brotherstone et al., 2010; Bhandare et al.,
2015), with immediate cardiovascular effects that last for approximately 3 h (Lothman et
al.,, 1981). Importantly, these cardiovascular changes are downstream effects of
seizure-induced autonomic overactivity and mediated by the action of the excitatory amino
acid, glutamate, on sympathetic premotor neurons in the RVLM as the bilateral
microinjection of the ionotropic glutamate receptors (iGIuRs) antagonist KYNA
completely abolished these changes. Glutamatergic synapses are important in the
development of seizures, as seizure elevates the glutamate levels in the extracellular fluid
of the rat hippocampus (Chapman, 1998; Ueda et al., 2001; Rainesalo et al., 2004;
Kanamori and Ross, 2011). The RVLM contains sympathetic premotor neurons
responsible for maintaining tonic excitation of sympathetic preganglionic neurons involved
in cardiovascular regulation (Guyenet, 2006; Pilowsky et al., 2009). Increased activity of
sympathetic premotor RVLM neurons has a significant effect on cardiac electrophysiology
and is arrhythmogenic during seizures (Metcalf et al., 2009b; Damasceno et al., 2013).
Microinjection of glutamate into the RVLM causes pressor responses and
sympathoexcitation that is completely blocked with KYNA (Ito and Sved, 1997; Araujo et
al., 1999; Dampney et al., 2003). KYNA microinjection into RVLM on its own does not
affect basal BP and sympathetic activity (Guyenet et al., 1987; Kiely and Gordon, 1994;
Araujo et al., 1999). Subsequently, Ito and Sved observed that if the caudal ventrolateral
medulla (CVLM) (inhibitory drive to the RVLM) is inhibited first, subsequent blockade of
glutamate receptor in the RVLM markedly reduces BP (Ito and Sved, 1997). In this
paradigm, glutamatergic input to the RVLM directly excite presympathetic neurons and
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indirectly inhibit gamma-aminobutyric acid (GABA)ergic inhibition of the RVLM, and the
lack of change in arterial pressure (AP) with KYNA in the RVLM reflects the balance of
these two actions. Miyawaki and colleagues also observed that after blockade of
GABAEergic input within the RVLM, injection of KYNA produced inhibition of splanchnic
and lumbar SNA (Miyawaki et al., 2002a). Together these findings illustrate that there is a
tonic glutamatergic input with the existence of additional sources of neurotransmitter drive
to RVLM neurons. We hypothesised that the increased concentration of glutamate in the
RVLM during seizure leads to sympathoexcitation, tachycardia and pressor responses. In
turn, the responses can be antagonised by microinjection of KYNA into RVLM and indeed
our findings support this hypothesis. The findings suggest that not only sympathoexcitation
but also proarrhythmogenic changes during seizures are mediated through glutamatergic
receptors activation in RVLM catecholaminergic neurons. RVLM microinjection of
KYNA (as well as PACAP(6-38) and minocycline) were unable to block the reduction in
PR interval. In this paradigm, it is possible that the KA-treatment had peripheral effects on

dromotropy at the level of the AV node.

Generalised seizures in rats causes the expression of c-Fos, a protein marker of recently
activated neurons (Minson et al., 1994), in brainstem catecholaminergic neurons in RVLM
(Silveira et al., 2000). Earlier studies also suggest that C1 neurons are activated following
seizure (Kanter, 1995); findings that were supported in previous, and current work
(Bhandare et al., 2015), where KA-induced seizures in rats elicited sympathoexcitation,
tachycardia and pressor responses. Together, the findings confirm that during seizure most
of the excitatory effects of glutamate in RVLM are mediated by ionotropic receptors, since
the broad-spectrum iGIuRs (NMDA, AMPA, and kainate) antagonist (KYNA) completely
abolished these effects.

PACAP is a 38 amino acid pleiotropic neuropeptide. The effects of PACAP are mediated
via three different G-protein receptors (PAC1R, VPACIR, and VPACZ2R); all are
positively coupled to adenylate cyclase. PACAP gene expression is increased in the PVN
of the hypothalamus after KA-induced TLE in rats (Nomura et al., 2000). Whereas,
PACAP is sympathoexcitatory (Lai et al., 1997; Farnham et al., 2008; Farnham et al.,
2012; Gaede et al., 2012), anti-inflammatory and neuroprotective (Shioda et al., 1998) on
sympathetic preganglionic neurons during seizure (Bhandare et al., 2015). Therefore, we
aimed to determine whether or not PACAP also has a sympathoexcitatory or
neuroprotective effect on RVLM sympathetic premotor neurons during seizures. The
findings show that blockade of PACAP receptors (PAC1 and VPAC?2), in the RVLM do
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not affect seizure-induced sympathoexcitation, tachycardia, and hypertension, but do
abolish prolongation of QT interval. This response to PACAP(6-38) suggests that the
excitatory action of PACAP (Figure 4. 8) on RVLM sympathetic premotor neurons
mediates proarrhythmogenic changes, but not seizure-induced sympathoexcitation.
Possible explanations could be that PACAP expression in the RVLM at 2 h post 2 mg/kg
KA injection may be insufficient to produce sympathoexcitation, but enough to induce
proarrhythmogenic effects. This idea is supported by the findings that PACAP gene
expression reaches a maximum at 12 h post 12 mg/kg KA-induced seizures in the PVN of

the hypothalamus (Nomura et al., 2000).

Microglia are the principal resident immune cells of the CNS, contributing ~10% of the
total brain cell population. Activated microglia respond to environmental perturbations by
adopting either a “pro-inflammatory M1” or “anti-inflammatory M2 phenotype (Li et al.,
2007; Lai and Todd, 2008; Pisanu et al., 2014). Seizure causes extensive microglial
activation in patients (Beach et al., 1995), and in animal models (Drage et al., 2002). There
is considerable controversy surrounding the pro-inflammatory (Shapiro et al., 2008) or
anti-inflammatory (Mirrione et al., 2010; Eyo et al., 2014) role played by microglia during
seizure. Our recent findings demonstrate that microglia are protective during seizure on
sympathetic preganglionic neurons within spinal cord (Bhandare et al., 2015). The findings
of the current study show that blockade of microglial activation with minocycline
microinjection in RVLM abolishes the prolongation of QT interval caused by KA-induced
seizures, but causes no change in sympathoexcitation, tachycardia or hypertension. Our
immunohistochemical analysis revealed that there are no changes in microglial
morphology or phenotype in the vicinity of RVLM neurons (branch length or number of
endpoint processes) or proportion of the M2 phenotype following induction of seizures.
The increased RVLM neuronal activity may have activated microglia (which might be
insufficient to differentiate with immunohistochemistry) producing an excitatory effect and

contributed to the seizure-induced prolongation of QT interval (Figure 4. 8).

A possible mechanism to explain the increased glutamate release from pre-synaptic cells
during seizure, and sympathoexcitation, is proposed in Figure 4. 8. The oxidative stress
and inflammation in RVLM during seizure (Tsai et al., 2012) could be mediated through
increased glutamate levels or functional failure of glutamate transporters. Increased
synthesis and release of PACAP during seizure acts via cyclic adenosine monophosphate
(cAMP)-mediated protein kinase A (PKA) and/or protein kinase C (PKC) pathways that
may have either excitatory effects through phosphorylation of TH at serine 40
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(Bobrovskaya et al., 2007) or neuroprotective effects regulated through decreased caspase
3 (Dejda et al., 2011), increased glial-glutamate transporters and redirecting microglia
towards anti-inflammatory M2 phenotype (Brifault et al., 2015). PACAP inhibits
mitogen-activated protein kinase (MAPK) and increases interleukin (IL)-6 (Shioda et al.,
1998) whereas its action on the PAC1 and VPACL receptors of activated microglia
increase production of IL-10, transforming growth factor-p (TGF-B) and decrease tumor
necrosis factor-o (TNF-a) (Wada et al., 2013). Whereas polarisation of activated microglia
towards pro-inflammatory M1 phenotype increase IL-1p and TNF-a. Overall, depending
on the type, severity and intensity of the stimulus, selective actions of PACAP and
microglia regulate the physiological state of neurons. In the current study, both PACAP
and microglia may regulate excitatory effects as their antagonism results in restoration of

QT prolongation.

This is the first evidence to indicate that an increase in sympathetic nerve discharge and
cardiovascular dysfunction in seizure is due to activation of glutamatergic receptors within
the RVLM. Secondly, antagonism of PACAP and microglial activity in RVLM did not
abolish the seizure-induced sympathoexcitation, hypertension, and tachycardia.
Interestingly, minocycline, a drug that has central bioavailability following oral
administration, and PACAP antagonist, restores the proarrhythmogenic effects of seizures
to normal. This is the evidence for the physiological interaction between neurons and
microglia. Thirdly, the finding that microglia are not activated, and there is no change in
the proportion of M2 phenotype during seizures, is consistent with our physiological

findings.

In summary, the implications of the current findings are that, in patients with seizure,
targeting glutamatergic receptors in RVLM catecholaminergic neurons and tailoring
activity of PACAP and microglia in the vicinity of sympathetic premotor neurons may
have protective effects and lead to novel therapies for seizure-induced cardiovascular
dysfunction and SUDEP.
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Figure 4. 8: A proposed mechanism by which hippocampal seizures induce increased activity of sympathetic premotor neurons in the RVLM
and role of glutamate, PACAP and microglia.

A) Seizure elevates synaptic glutamate release that can act on postsynaptic AMPA or NMDA receptors. Activation of AMPA or NMDA receptors
leads to inhibition of cysteine uptake and influx of extracellular calcium which stimulates production of oxidants, NO and O". Under repetitive and
extreme neuronal activation, neurotoxic effects are mediated through increased production of apoptotic factor like caspase-3. Glutamate transporters
are expressed by astrocytes and play an important role in rapid clearance of the synaptically released glutamate, whose expression is down-regulated in
seizure. Taken together, increased oxidative stress and cellular excitability causes increased activity of sympathetic premotor neurons. B) Increased
PACAP expression can act via cCAMP mediated PKA and/or PKC pathways and produce either excitatory effect through phosphorylation of TH at
serine 40 or neuroprotective effect regulated through decreased caspase 3, increased glial-glutamate transporters and redirecting microglia towards
anti-inflammatory M2 phenotype. In neurons, PACAP inhibits MAPK and increases IL-6 production. Microglia are activated by PACAP binding to
PACL1 and VPACL receptors. Subsequently, microglia increase production and release of IL-10 and TGF-B and decrease production and release of
TNF-0, as well as down-regulating CD40 and B7 surface protein expression, with a neuro-protective effect. Conversely, the pro-inflammatory
phenotype of activated microglia can produce IL-1p and TNF-a that may increase the sensitivity of neurons to activation.
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4.7. Supplementary results

4.7.1. Confirmation of site of RVLM microinjection

The RVLM microinjection site was confirmed with the cresyl violet staining (Figure 4. 9).

The Chicago Sky Blue dye was evidenced in the RVLM nuclei as defined in section 2.8.
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Figure 4. 9: Bilateral RVLM microinjection sites.
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Chapter 5: Microglia in Epilepsy-Induced Autonomic Dysfunction
5.1. Abstract

The incidence of sudden unexpected death in epilepsy (SUDEP) is highest in people with
chronic and drug resistant epilepsy. Chronic spontaneous recurrent seizures cause
cardiorespiratory autonomic dysfunctions. Pituitary adenylate cyclase-activating
polypeptide (PACAP) is neuroprotective, whereas microglia produce both
pro-inflammatory and anti-inflammatory effects in the CNS. During acute seizures in rats,
PACAP and microglia produce sympathoprotective effect at the intermediolateral cell
column (IML), whereas their action on the presympathetic rostral ventrolateral medulla
(RVLM) neurons mediates proarrhythmogenic changes. We evaluated the effect of
PACAP and microglia at the IML on sympathetic nerve activity (SNA), cardiovascular
reflex responses, and electrocardiographic changes in the post-status epilepticus (post-SE)
model of acquired epilepsy, and control rats. Chronic spontaneous seizures in rats
produced tachycardia with profound proarrhythmogenic effects (prolongation of QT
interval). Antagonism of microglia, but not PACAP, significantly reduced the SNA and the
corrected QT interval in post-SE rats. PACAP and microglia antagonists did not change
baroreflex and peripheral or central chemoreflex responses with varied effect on
somatosympathetic responses in post-SE and control rats. We did not notice changes in
microglial morphology or changes in a number of M2 phenotype in epileptic nor control
rats in the vicinity of RVLM neurons. Our findings establish that microglial activation, and
not PACAP, at the IML accounts for higher SNA and proarrhythmogenic changes during
chronic epilepsy in rats. This is the first experimental evidence to support a neurotoxic
effect of microglia during chronic epilepsy, in contrast to their neuroprotective action

during acute seizures.

5.2. Significance statement

Epilepsy-induced altered cardiovascular function, regulated by autonomic nervous system,
is suggested as a major cause of death. However, we do not know the neurochemicals or
brain cells responsible for these cardiovascular abnormalities. Our findings show that
chronic spontaneous seizures in rats produce profound proarrhythmogenic effects. The
proarrhythmogenic and sympathoexcitatory effects are mediated by the action of microglia
(an immune cells of the CNS), but not PACAP, at the spinal cord in rats with chronic
epilepsy. Conversely, neither PACAP nor microglia regulate the major cardiovascular
reflex responses. Thus, modifying the activity of microglia at the spinal cord in individuals
with chronic epilepsy might produce protective action on sympathetic neurons, and

eventually cardioprotective effect.
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5.3. Introduction

Epilepsy is a chronic brain disorder characterised by spontaneous recurrent seizures and
carries a risk of sudden death that is 15-20 times higher than in normal population (Ficker
et al., 1998; Nilsson et al., 1999; Eastaugh et al., 2015). Epilepsy affects about 50 million
people worldwide (WHO, 2005); seizures can range from brief, barely noticeable loss of
attention to major convulsions that affect the entire neuraxis. Epilepsy is associated with
changes in autonomic functions, such as sympathovagal imbalance, sympathetic reflex
dysfunction, tachycardia with concomitant arrhythmia or bradycardia with associated
apnoea (Dutsch et al., 2006; Bateman et al., 2008; Ponnusamy et al., 2012; Massey et al.,
2014; Powell et al., 2014c; Bhandare et al., 2015; Bhandare et al., 2016a). Seizure
associated autonomic cardiorespiratory changes are well-documented and are thought to
play an important role in a mechanism of SUDEP (Nei et al., 2004; Dlouhy et al., 2015).
Interictal autonomic changes are also seen in patients with chronic epilepsy (Ansakorpi et
al., 2000; Berilgen et al., 2004; Miingen et al., 2010; Lotufo et al., 2012). Nevertheless, the
neuronal mechanisms causing autonomic cardiorespiratory dysfunction during chronic

epilepsy are unknown.

Pituitary adenylate cyclase-activating polypeptide (PACAP), a 38 amino acid pleiotropic
neuropeptide, produce neuroprotective effects (Shioda et al., 1998; Ohtaki et al., 2006;
Bhandare et al., 2015) that are partly mediated through its action on microglia (Wada et al.,
2013; Brifault et al., 2015). PACAP and microglia have a protective effect on sympathetic
preganglionic neurons at the IML where they ameliorate the sympathoexcitatory effect of
acute seizures (Bhandare et al., 2015). During acute seizures, PACAP and microglia act on
presympathetic RVLM neurons in the brainstem to promote proarrhythmogenic changes,
but not sympathoexcitation (Bhandare et al., 2016a). In many cardiovascular autonomic
nuclei PACAP is pressor and sympathoexcitatory (Farnham et al., 2008; Farnham et al.,
2011; Inglott et al., 2011; Inglott et al., 2012) and changes baroreflex response in trout
(Lancien et al., 2011) but not in rats (Farnham et al., 2012). PACAP expression is
increased in central autonomic nuclei (paraventricular nucleus) after kainic acid (KA)-
induced seizures in rats (Nomura et al., 2000). Secondly, seizures produce microglial
activation, and neuroinflammation in patients and animal models (Beach et al., 1995;
Shapiro et al., 2008; Eyo et al., 2014), which persist for many years during chronic
epilepsy (Beach et al., 1995; Papageorgiou et al., 2015). Microglia can be
pro-inflammatory or anti-inflammatory in animal models of temporal lobe epilepsy (TLE)
(Shapiro et al., 2008; Mirrione et al., 2010; Vinet et al., 2012; Devinsky et al., 2013).
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Although the pro-inflammatory or anti-inflammatory state of activated microglia is a topic
of debate, there is strong support for their dual role (Hanisch and Kettenmann, 2007). Short
term microglial activation is considered beneficial (Mirrione et al., 2010; Vinet et al.,
2012; Szalay et al., 2016), whereas chronic microglial activation is deleterious, and
produces a damaging response to injury (Qin et al., 2007; Loane et al., 2014). During KA-
induced acute seizures, spinal microglia have a protective effect on sympathetic
preganglionic neurons (Bhandare et al., 2015), however, their role in chronic epilepsy is

not known.

Thus, the aims of this study were to identify the role of PACAP and microglia in the spinal
cord, during chronic epilepsy, in the regulation of central autonomic cardiovascular
activity. To achieve these aims we used a model of acquired epilepsy in rats that manifest
spontaneous seizures and many features of acquired epilepsy in humans- the KA-induced
post-SE model (Morimoto et al., 2004; Powell et al., 2008a; Jupp et al., 2012). The effect
of intrathecal (IT) infusion of the PACAP antagonist, PACAP(6-38), and the microglial
antagonist, minocycline, on sympathetic activity, cardiovascular reflex responses, and the
electrocardiogram (ECG) were analysed in chronically epileptic and control rats.
Microglial morphology and their phenotype in the vicinity of RVLM neurons were

analysed with immunohistochemistry in epileptic and control rats.

5.4. Materials and methods

5.4.1. Animals

The animal usage and protocols were in accordance with the Australian code of practice
for the care and use of animals for scientific purposes. The protocols were approved by the
Animal Care, and Ethics Committee of Macquarie University, The University of
Melbourne, and the Sydney Local Health District (SLHD) (section 2.1.1; Appendix 3). The
electroencephalogram (EEG)-ECG electrodes implant surgery was performed under
isoflurane anesthesia on 17-19 weeks old adult control (n = 9), and post-SE (n = 15) male
Wistar rats (section 2.3.7), whereas electrophysiology experiments were performed under

urethane anesthesia.

5.4.2. KA-induced post-SE rat model

The post-SE model of acquired epilepsy was generated by intraperitoneal (i.p.) injection of
the glutamate receptor agonist, KA, to induce a period of continuous seizure activity

(status epilepticus (SE)) in non-epileptic rats as described previously (Hellier et al., 1998;
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Powell et al., 2008b; Jupp et al., 2012; Powell et al., 2014c; Vivash et al., 2014) (section
2.2.5). Briefly, twelve week old Wistar rats were injected with repeated low doses of KA
(5mg/kg, i.p., followed by 2.5 mg/kg, i.p., injections once per hour) until SE behaviour was
observed. After four hours of SE, all rats were given diazepam injection (5mg/kg i.p.) to
terminate the SE. Rats were then returned to their home cages in the animal house and

maintained with normal animal house care and diet.

5.4.3. Implantation of EEG-ECG electrodes in post-SE and control rats

Seven weeks after KA-induced SE (n = 15) (or saline administered controls (n = 9)), two
ECG electrodes and four EEG electrodes were implanted in each rat under isoflurane
anesthesia (section 2.3.7). The electrodes were fixed to the skull using dental cement, and

the animals observed until recovery.

5.4.4. In vivo EEG-ECG recordings

One week after recovery from the surgery, a continuous 24 h video-EEG-ECG recording
was acquired for one week using Compumedics EEG acquisition software digitised at
2048 Hz as previously described (Powell et al., 2008b; Powell et al., 2014c). Each
recording was reviewed for seizure activity, and the start and end of a seizure was
manually marked on the EEG to allow quantification of the number of seizures and seizure
duration as explained in section 2.2.7. Normally, all post-SE rats develop spontaneous

seizures, and none were observed in control rats.

5.4.5. Non-invasive tail-cuff blood pressure (BP) recordings

A week after confirmation of spontaneous recurrent seizures in post-SE rats with
video-EEG recordings and in age-matched controls, blood pressure (BP) was recorded with
a non-invasive tail-cuff method (section 2.2.1). Rats were placed in an animal holder,
pre-warmed at 32°C, and acclimatised to the chamber. All animals were kept in the
chamber for 10-15 min; a cuff was attached to their tail, and BP was recorded in triplicate
and averaged. Heart rate (HR) and systolic, diastolic, and mean BP was derived from the

BP waveform channel.

5.4.6. In vivo electrophysiology

5.4.6.1. General surgical procedure

Electrophysiology surgical procedures were carried out as described previously (Bhandare
et al., 2015). Briefly, rats (n = 24) were anesthetised with 10% urethane (ethyl carbamate;
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1.3-1.5 g/kg i.p.) (section 2.2.2.1). Atropine sulphate (100 ug/kg, i.p.) was administered
with the first dose of anesthetic to prevent bronchial secretions.

The right carotid artery and jugular vein were cannulated for the recording of BP, and for
the administration of drugs and fluids, respectively (section 2.3.1) with a tracheostomy to
enable mechanical ventilation (section 2.3.2). A three lead ECG was recorded and HR was
derived from it (section 2.3.4). EEG was recorded from the head mounted electrodes. Rats
were vagotomised (section 2.3.5.1), artificially ventilated with oxygen-enriched room air,
and paralysed with pancuronium bromide (section 2.3.3). Arterial blood gases were
analysed with an electrolyte and blood gas analyser. Partial pressure of carbon dioxide
(PaCO2) was maintained at 40 £ 2, and pH between 7.35-7.45. After completion of the
surgical procedures described above, rats were secured in a stereotaxic frame and body
temperature was recorded, and maintained between 36.5 and 37.5°C throughout the
experiment using a rectal probe and a homeothermic blanket.

5.4.6.2. Intrathecal catheter placement

The atlanto-occipital junction was exposed, and a catheter with a dead space of ~6 pl was
inserted into the IT space of all rats through a slit in the dura and advanced caudally to the
level of T5/6 (section 2.3.9.1).

5.4.6.3. Intrathecal drug administration protocol

In all groups, IT infusions were made 10 min after baseline reflex responses recording and
flushed in with 6ul of phosphate-buffered saline (PBS). Ten microliters of a control
injection of 10 mM PBS, 1 mM PACAP(6-38) or 100ug/10ul minocycline was
administered intrathecally in post-SE (n = 5) and control (n = 3) rats. All infusions were
made over a 10 to 15 s period, as described previously (Bhandare et al., 2015) (sections
2.3.9.2 and 2.3.9.3).

5.4.6.4. Isolation and preparation of nerves

The left greater splanchnic sympathetic nerve at a site proximal to the coeliac ganglion and
the left phrenic nerve were isolated, dissected, cut, and the distal end tied with 5/0 silk
thread as detailed in section 2.3.5.2 and 2.3.5.3. Efferent nerve activity was recorded from
the proximal end using bipolar stainless steel electrodes (section 2.3.6). Signals were
amplified (sampling rate: 6 kHz, gain: 2,000, filtering: 30-3,000 Hz) and noise was
removed with a 50/60-Hz line frequency filter. The sciatic nerve was isolated at the
mid-thigh, tied with 5/0 silk thread, and cut distally (section 2.3.5.5). The left aortic
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depressor nerve was isolated from the cervical vagus nerve at the level of the carotid
bifurcation, tied with 5/0 silk thread and cut close to the chest (section 2.3.5.4).

5.4.6.5. Aortic depressor and sciatic nerve stimulation and chemoreflexes
protocol

The effect of aortic depressor nerve and sciatic nerve stimulation on splanchnic SNA was
assessed to estimate the baroreflex and somatosympathetic reflex function in post-SE and
control rats as described in section 2.4.1. Stimuli were generated by isolated stimulators
controlled by a Spike2 script. Stimulus threshold was determined by increasing or
decreasing the stimulus voltage until no response was observed. During each experimental
protocol, the aortic depressor nerve was stimulated at 4 times threshold, and the average
SNA response was analysed before, and 60, 90 and 120 min after IT treatment (Figure 5.
1). The left sciatic nerve was stimulated to generate the somatosympathetic response.
Stimulus threshold was determined as described above, and sciatic nerve was stimulated at
4 times threshold, and the average response of SNA was analysed before, and 60, 90 and
120 min after IT treatment (Figure 5. 1).

Peripheral chemoreceptors were stimulated by ventilating animals with 10% O in N for
45 s (section 2.4.2). Central chemoreceptors were stimulated by ventilating animals with
5% CO2 / 95% O for 3 min (section 2.4.2). Both the central and peripheral chemoreflex

responses were generated prior to, and at 60 and 120 min after IT treatment (Figure 5. 1).

5.4.7. Collection of blood and plasma samples and catecholamine analysis

At the conclusion of the electrophysiology experiments, 3-4 ml of blood was withdrawn
from the carotid artery and collected in heparinised tubes containing metabisulphite
(section 2.2.3). Blood samples were immediately centrifuged at 4°C for 10 min at 900g and
plasma collected and stored at -20°C until analysis. Plasma adrenaline and noradrenaline
were extracted onto activated alumina, eluted, and analysed with reverse phase HPLC and

electrochemical detection (section 2.2.3).

5.4.8. Histology
5.4.8.1. Perfusions

At the conclusion of the electrophysiology experiments, rats were injected with heparin
(2 ml) via the venous line and then perfused transcardially with 400 ml of ice-cold 0.9%
saline followed by 400 ml of 4% paraformaldehyde (PFA) solution (section 2.2.4). Brains
were removed and post-fixed in the same fixative for 18-24 h.
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5.4.8.2. Sectioning and immunohistochemistry

Immunohistochemical analysis was done in n = 3 rats from both post-SE and control
groups treated with IT PBS (section 2.7.1 and 2.7.3). Brainstems were sectioned coronally
(40 pm thick) with a vibrating microtome, and sections were collected sequentially into
five different pots containing a cryoprotectant solution, and stored at -20°C until further
processing. Free-floating sections were used for all histological procedures. Sections were
rinsed, blocked, and incubated in primary antibodies: mouse anti-tyrosine hydroxylase
(TH) (1:100), rabbit anti-cluster of differentiation (CD)206 (1:2,000), and goat anti-ionised
calcium-binding adapter molecule-1 (Ibal) (1:1,000) (Table 2.4). After 48 h, sections were
rinsed and TH, CD206 and Ibal immunoreactivity was subsequently revealed by overnight
incubation with the following secondary antibodies at 1:500 dilutions: cyanine dye
(Cy)5-conjugated donkey anti-mouse, Alexa Fluor 488-conjugated donkey anti-rabbit, and
Cy3-conjugated donkey anti-goat (Table 2.4). Sections were rinsed, mounted sequentially

on glass slides, and coverslipped with Vectashield.

5.4.9. Data acquisition and analysis

5.4.9.1. Electrophysiology data

Data were acquired using a CED 1401 ADC system, and Spike2 acquisition and analysis
software. The EEG raw data were DC removed and the power in the gamma frequency
range was analysed, as shown previously (Bhandare et al., 2016a), from 5 min blocks taken
1 min before IT treatment and 60 and 120 min post-treatment (section 2.5.1). The EEG
data was also manually analysed in a blinded manner for detection of seizure activity as
explained in section 2.2.7. Phrenic nerve activity (PNA) was rectified and smoothed (t 0.5
s). PNA was analysed from 1-min blocks taken 1 min before, and 60 and 120 min after IT
treatment (section 2.5.2). SNA was rectified and smoothed (t 2 s), and normalised to zero
by subtracting the residual activity 5-10 min after death. The integrated SNA trace was
calibrated (baseline as 100% and death level as 0%) and analysed for AUC between 60 to
120 min after IT treatment (section 2.5.3). Mean arterial pressure (MAP) and HR were
analysed from 1-min blocks taken 1 min before, and 30, 60, 90 and 120 min after IT
infusion (only 120 min results are shown in graphs) (section 2.5.4). Baroreflex and
somatosympathetic reflex responses were analysed before, and 60, 90 and 120 min after IT
treatment (Figure 5. 1). The percent change in baroreflex response (AUC) was calculated
considering pre-treatment response as 100% (section 2.5.5). The somatosympathetic reflex

response was analysed with a sigmoid curve fit analysis (both fast conducting A-fibre and
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slow conducting C-fibre response). The pre-treatment range is considered as 100%

response, and percent change is calculated at 60, 90 and 120 min post-treatment.

Peripheral and central chemoreflex responses were analysed as percent change in the SNA
AUC at 60 and 120 min post-treatment compared to the pre-treatment response (considered
as 100%) (section 2.5.6).

End-tidal CO2 (ETCO), and core temperature were analysed from 1-min blocks taken 1
min before and 30, 60, 90, and 120 min after IT injection (section 2.5.7). Arterial blood gas
levels (PaCOg, and pH) were measured 10 min before the start of the protocol, and 120 min
after IT treatment in all animals. Statistical analysis was carried out in GraphPad Prism
software. Statistical significance was determined using one-way analysis of variance
(ANOVA) followed by t-tests with the Holm-Sidak correction. Multiple comparisons were

done between groups. p < 0.05 was considered significant (section 2.6).

5.4.9.2. Calculation of QTc interval

QTc was calculated as explained in section 2.5.9. QT, PR, and RR intervals were
calculated from the ECG recordings. QTc interval was calculated by dividing the QT
interval in seconds by the square root of the RR interval in seconds (Bazett, 1920). The
QTc was obtained before, and 120 min after IT injection. The PR and QTc interval
statistical analysis was carried out in GraphPad Prism software. Statistical significance was
determined using one-way ANOVA between treatment groups followed by t-tests with the
Holm-Sidak correction. Multiple comparisons were done between groups. p < 0.05 was

considered significant.

5.4.9.3. Histology imaging and analysis

Histology images acquisition and analysis is performed as described previously (Bhandare
et al., 2016a; Kapoor et al., 2016b; Kapoor et al., 2016c) (section 2.8 and 2.9). In brief, all
images were acquired, at 20X and 40X magnifications, using a Zeiss Axio Imager Z2. A
0.16 mm? box was placed within the imaged RVLM, and this area was used for analysis.
The branch length and a number of endpoint processes of Ibal-labelled microglia in the
vicinity of TH-labelled RVLM neurons was analysed using ImageJ plugin software, and
GraphPad Prism was used for chi-square test for goodness of fit. The proportions of
CD206 labelled anti-inflammatory M2 microglia in the RVLM of post-SE rats were
compared with control group. Statistical significance was determined using non-parametric
Mann-Whitney test (Sokal and Rohlf, 2012).
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5.5. Results

5.5.1. Development of spontaneous recurrent seizures in post-SE rats

A typical spontaneous seizure, with transition into ictal period, is shown in Figure 5. 2A
and is characterised by high-amplitude and a new pattern of tracing. Video-EEG-ECG
recordings confirmed that 9 weeks after induction of KA-induced SE, almost all rats
developed spontaneous seizures with 0.44 + 0.07 seizures per day (range 0-3) and with
duration of 19.7 = 3.3 sec per day. The seizure frequency and scores are highly variable
across the post-SE rats as shown in (Figure 5. 2B-D). Whilst some of the post-SE animals
may not have had seizures during recording period (a week), and is just could be due to the

low frequency. None of the control rats (saline treatment) developed spontaneous seizures.

5.5.2. Chronic seizure-induced tachycardia and proarrhythmogenic changes

The in vivo EEG-ECG recordings in conscious chronic epileptic rats revealed that
spontaneous seizure causes a dramatic tachycardia (~500 beats per minute (bpm) compared
with ~300 bpm during pre-ictal period; Figure 5. 3A). The HR variability was increased
from 91.8% to 98.2% in post-ictal period (Figure 5. 3F-1). HR was significantly unstable
for more than one hour after the spontaneous seizure. Most significantly, the QTc interval
was substantially prolonged during the ictal and post-ictal period. The pre-ictal QTc
interval was 89.3 ms, which was massively prolonged by ~20% during the ictal period
(110.3 ms) and persisted during the post-ictal period (94.9 ms, an hour after seizure). The
uncorrected QT interval values during pre-ictal, ictal and post-ictal periods are 40.6, 41.2
and 41.9 ms, respectively (Figure 5. 3B-E). It suggests that despite the increased HR,
which should decrease the QT interval in proportion, the QT interval was increased during
the ictal and post-ictal period. Taken together, all these changes would contribute to the

development of unstable, and possibly lethal arrhythmias.

5.5.3. MAP, HR and plasma catecholamines in post-SE and control rats

Non-invasive tail-cuff BP measurements confirmed non-significant differences in MAP
and HR interictally between post-SE (n = 15), and control (n = 9) rats (Figure 5. 4A-B).
The MAP and HR were 125.8 + 4.5 mmHg and 310 £ 8 bpm in post-SE rats, respectively,
compared to 129.3 + 3.9 mmHg and 326 + 10 bpm in controls, respectively (Figure 5. 4A-
B). Plasma catecholamines were not significantly different between the groups. The
plasma adrenaline was 1.6 £ 0.3 nmol/L and 1.9 £ 0.5 nmol/L in post-SE and control rats,
respectively (Figure 5. 4C). Noradrenaline levels were also similar in both groups of rats;
3.4 £ 0.5 nmol/L in post-SE, and 3.9 + 0.8 nmol/L in controls (Figure 5. 4D).
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Figure 5. 2: Spontaneous seizure duration and frequency in post-SE chronic epileptic
rats.

A typical spontaneous recurrent seizure (top-A) with a transition into ictal period (bottom-
A) in epileptic rat. Seizure frequency and duration per day in IT PBS (B), PACAP(6-38)
(C) and minocycline (D) treated post-SE rats. In each group n = 5. Data expressed as mean
+ SEM.
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5.5.4. Microglial activation, but not PACAP, mediates higher SNA and
proarrhythmogenic changes in rats with spontaneous recurrent seizures

Our results showed that in chronically epileptic post-SE rats, the antagonism of microglial
activation with minocycline at IT level significantly reduced SNA (A -25.0 + 10.0%; p <
0.05) compared to PBS-treated group (A 10.0 £+ 7.7%) (Figure 5. 5Al). More interestingly,
IT minocycline treatment in control rats (A -17.1 + 18.5%) has a similar effect to
PBS-treated control rats (A -17.8 + 19.8%) (Figure 5. 5BIl). IT PACAP(6-38) does not
affect SNA activity in post-SE rats (A -15.3 £ 10.1%) compared with PBS treatment
(Figure 5. 5Al). Similar results were obtained in control rats where changes in SNA were
non-significant in IT PACAP(6-38) (A -18.5 + 8.1%), and PBS treatments (Figure 5. 5BI).
MAP and HR remained unchanged in both post-SE, and control rats treated with IT PBS,
PACAP antagonist, and microglial antagonist (Figure 5. SAll-I11 and Figure 5. 5BII-111). In
post-SE rats, the HR changes were similar in PBS (A 0 = 9 bpm), PACAP(6-38) (A-8 £ 5
bpm) and minocycline (A 1 £ 8 bpm) treated rats (Figure 5. 5AIII). There was a similar
pattern in control rats (Figure 5. 5BIII) treated with PBS (A 3 + 14 bpm), PACAP(6-38)
(A 7 = 10 bpm) and minocycline (A 1 £ 7 bpm). MAP was unaltered in post-SE (Figure 5.
5AlI) and control rats (Figure 5. 5BII) treated with PBS (A 0.0 + 2.0 mmHg and A 6.5 £+
4.3 mmHg, respectively), PACAP(6-38) (A 1.3 + 6.7 mmHg and A 4.7 £ 1.4 mmHg,
respectively), and minocycline (A -4.3 £ 4.2 mmHg and A 13.7 = 8.4 mmHg, respectively).

The ECG findings in post-SE rats treated with IT minocycline showed a reduction in QTc
interval duration (Figure 5. 6Al and Figure 5. 6CIII). In post-SE rats, the QTc interval was
significantly reduced at 120 min after minocycline treatment compared to the pre-treatment
period (A 3.0 £ 0.5 ms; p < 0.05). The representative Poincare plot (Figure 5. 6CIII)
clearly shows that IT minocycline treatment significantly reduced the QT interval. At 120
min post-treatment, the QTc interval in IT PBS and PACAP(6-38) treated groups did not
change compared to the pre-treatment period (A 1.7 £ 1.1 ms and A 0.5 £ 1.3 ms,
respectively; Figure 5. 6Al) (representative Poincare plot Figure 5. 6CI-11). In control rats,
none of the treatments (IT PBS, PACAP(6-38) or minocycline) had a significant effect on
QTc interval (Figure 5. 6BI). The IT PBS, PACAP(6-38) and minocycline do not alter the
PR interval values in post-SE and control rats (Figure 5. 6All and Figure 5. 6BI1).

EEG activity, PNA, ETCO. or body temperature were not different in any of the groups
(results not shown). None of the post-SE or control rats had spontaneous seizures under
anaesthetised experimental conditions. Blood gas analysis confirmed that PaCO; and pH
were within the normal physiological range (40 £ 2 and 7.35-7.45, respectively).
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Figure 5. 3: The spontaneous seizure-induced tachycardia and prolongation of QT
interval.

The effect of spontaneous seizure during in vivo EEG-ECG recordings in post-SE rats on
HR (A), and QT interval during pre-ictal (B), ictal (C), and post-ictal (D-E) period in
post-SE rats. The spontaneous seizure produced significant tachycardia along with
increased variability in HR (F-I) during post-ictal period that was accompanied with
prolongation of QT interval in ictal and post-ictal period.
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5.5.5. Neither microglia nor PACAP antagonists alter baroreflex, peripheral or
central chemoreflex responses in epileptic post-SE or control rats, with varied
effects on somatosympathetic responses

A typical cardiovascular reflex response is shown in Figure 5. 1A. The protocol involved
stimulation of aortic depressor nerve (baroreflex; Figure 5. 1B), stimulation of sciatic nerve
(somatosympathetic; Figure 5. 1C), peripheral chemoreflex (Figure 5. 1D) and central
chemoreflex responses (Figure 5. 1E), which were repeated at 60 and/or 90 and 120 min
after IT treatment. Baroreflex responses were unaffected with the antagonism of PACAP
or microglia in both post-SE, and control rats at 60 min, 90 min, and 120 min
post-treatment (Figure 5. 7Al and Figure 5. 7Bl).

The IT treatments in both post-SE and control rats produced varied effects on
somtosympathetic reflex responses (Figure 5. 7All-111 and Figure 5. 7BII-111). Stimulation
of sciatic nerve in post-SE rats treated with PBS showed significant decrease in fast
(A-fibre; Figure 5. 7All), and slow (C-fibre; Figure 5. 7Alll) conducting nerve fibre
somatosympathetic responses over the time course (A -36.0 £ 8.3% and A -53.6 + 14.3%,
respectively at 120 min; p < 0.05). In post-SE rats, the A- and C-nerve fibre
somatosympathetic responses were unaffected by IT PACAP(6-38) (A -29.8 + 17.5% and
A -40.8 £ 18.4%, respectively at 120 min) and minocycline (A -37.4 £ 16.3% and A -43.8 £
21.9%, respectively at 120 min) treatment (Figure 5. 7All-111). At 60, 90 and 120 min
post-treatment, the fast conducting A-fibre somatosympathetic response was decreased in
control rats treated with minocycline (A -61.0 £ 9.9%, at 120 min; p < 0.001; Figure 5.
7BI1), whereas slow conducting C-fibre response was significantly reduced in rats treated
with IT PBS (A -55.2 + 9.6%, at 120 min; p < 0.001) and PACAP(6-38) (A -49.0 + 3.1%,
at 120 min; p <0.01) (Figure 5. 7BIII).

The peripheral and central chemoreflex responses in post-SE, and control rats treated with
IT PBS, PACAP(6-38), and minocycline were not altered at 60 or 120 min post treatment
(Figure 5. 8). In post-SE rats, peripheral (Figure 5. 8Al) and central (Figure 5. 8All)
chemoreflex responses were unchanged in IT PBS (A 2.5 + 10.0% and A 13.3 + 3.7%,
respectively), IT PACAP(6-38) (A 3.9 = 3.7% and A -1.1 £+ 3.1%, respectively), and IT
minocycline (A 5.8 + 2.9% and A 1.9 + 3.3%, respectively) treated groups. Similar trend
was noted in control rats where change in peripheral (Figure 5. 8BI) and central (Figure 5.
8BII) chemoreflex responses were A 3.7 = 1.4% and A 3.2 £ 1.1% in IT PBS groups,
respectively, A 5.7 £ 4.8% and A -10.8 + 10.3% in IT PACAP(6-38) groups, respectively,
and A 8.8 = 10.0% and A 6.1 £ 1.8% in minocycline-treated groups, respectively.
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Figure 5. 4: The cardiovascular activity and catecholamine levels in post-SE chronic
epileptic rats compared to control.

MAP (mmHg) (A) and HR (bpm) (B) in post-SE, and control rats recorded under
conscious conditions. Plasma adrenaline (nmol/L) (C) and noradrenaline (hmol/L) (D)
concentration in post-SE and control group of rats. Statistical significance was determined
using unpaired t-test. Data expressed as mean + SEM.
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Figure 5. 5: In vivo effects of IT PBS, PACAP(6-38) and minocycline treatment in post-SE and control rats.

Change in SNA (AUC) between 60 and 120 min post treatment in post-SE (Al) and control (BI) rats. The changes in MAP (mmHg) at 120 min post IT
treatment in post-SE (All) and control (BIl) rats, and HR (bpm) at 120 min after IT treatment in post-SE (Alll) and control (BIII) rats. Statistical
significance was determined using one-way ANOVA followed by t-tests with a Holm-Sidak correction. Data expressed as mean = SEM. *p < 0.05
compared with IT PBS treated post-SE group.
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Figure 5. 6: In vivo effects of IT PBS, PACAP(6-38) and minocycline treatment on ECG activity.

Group data showing effect of IT PBS, PACAP(6-38) and minocycline treatment on: changes in corrected QT interval (A QTc) (ms) (AI) and PR
interval (A PR) (ms) (All) at 120 min post treatment compared to the pre-treatment period in post-SE rats; and changes in QTc interval (A QTc) (ms)
(BI) and PR interval (A PR) (ms) (BII) at 120 min post treatment compared to the pre-treatment period in control rats. Representative Poincare plots
illustrate changes in QT interval in post-SE rats from three different groups treated with IT PBS (CI), PACAP(6-38) (CII) and minocycline (CII). IT
PBS (CI) and PACAP(6-38) (CII) treatment in post-SE rats does not alter the QT interval, whereas antagonism of microglial activity significantly
reduces the QT interval (CII1) in post-SE rats. Statistical significance was determined using one-way ANOVA followed by t-tests with a Holm-Sidak
correction. Data expressed as mean £ SEM. *p < 0.05 compared with IT PBS treated post-SE group.
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Figure 5. 7: In vivo effects of IT PBS, PACAP(6-38) and minocycline treatment on baroreflex and somatosympathetic reflex responses in
post-SE and control rats.

The % change in baroreflex response at 60, 90 and 120 min post IT treatment compared to pre-treatment period in post-SE (Al) and control rats (BI).
Effect of IT treatment on % change in fast conducting (A-fibre) somatosympathetic response at 60, 90 and 120 min post treatment compared to
pre-treatment period in post-SE (All) and control (BII) rats. The % change in slow conducting (C-fibre) somatosympathetic response at 60, 90 and 120
min post IT treatment compared to pre-treatment period in post-SE (Alll) and control (BII) rats. Statistical significance was determined using one-way
ANOVA followed by t-tests with a Holm-Sidak correction. Data expressed as mean + SEM. *p < 0.05 compared with the pre-treatment time-point in
post-SE group. ###p < 0.001, ##p < 0.01, #p < 0.05 compared with the pre-treatment time-point in control group.
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Figure 5. 8: In vivo effects of IT PBS, PACAP(6-38) and minocycline treatment on peripheral and central chemoreflex responses in post-SE
and control rats.

The % change in peripheral (Al) and central (All) chemoreflex response at 60 and 120 min post IT treatment compared to pre-treatment period in
post-SE rats. The % change in peripheral (BI) and central (Bl) chemoreflex response at 60 and 120 min post IT treatment compared to pre-treatment
period in control rats. Statistical significance was determined using one-way ANOVA followed by t-tests with a Holm-Sidak correction. Data
expressed as mean £ SEM.
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Chapter 5: Microglia in Epilepsy-Induced Autonomic Dysfunction

5.5.6. During spontaneous recurrent seizures, microglia are in surveillance state in
the vicinity of the RVLM neurons

The morphological analysis of microglia was carried out in post-SE and control rats (n = 3)
in the vicinity of the RVLM neurons. The brainstem sections, containing
TH-immunoreactive (ir) RVLM neurons, were labelled with Ibal, which is a marker for all
microglia and CD206-ir labelled anti-inflammatory M2 phenotype of microglia.
Immunohistochemical analysis revealed that TH-ir neurons were surrounded with typical
resting microglial cells in both groups (Figure 5. 9A-B). In both groups microglia appeared
with a round cell body and processes that appeared normal with few ramifications (Figure
5. 9A-B). The total number of microglia in each group are shown in Figure 5. 9C. A
branch length and a number of endpoint analysis, was carried out to identify the activated
microglia. There were no significant differences in mean branch length and a number of
endpoint processes of Ibal labelled microglia between vehicle control and epileptic rats
(Figure 5. 9D-E). The proportion of anti-inflammatory M2 phenotype of microglia was
12.2 £ 4.0% in post-SE rats, which was similar in controls (8.9 + 2.1%; Figure 5. 9F). The
findings revealed that microglia are in a surveillance state with no differences in their
morphology and proportion of M2 phenotype, at least in the RVLM, between epileptic and

control groups.
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Figure 5. 9: Fluorescence images of the RVLM area containing TH*-ir (red), Iba-1
labelled microglia (yellow) and CD206-labelled M2 microglial cells (green) and their
morphological analysis in post-SE and control rats.

Scale bar, 20 um. TH, Ibal and CD206 immunoreactivity in the RVLM of post-SE (A) and
control (B) rats. In both groups TH*-ir neurons (red) were surrounded with microglia with
its round cell body and normal appearing processes with few ramifications (closed arrow)
and no change in number of anti-inflammatory M2 microglia (open arrow). Quantitative
analysis of number of microglial cells in mean square area (C), number of end
processes/microglia (D), branch length (um)/microglia of 1bal labelled microglial cells (E)
and percent of CD206 labelled M2 microglial cells (F) in the RVLM of post-SE and
control rats.
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5.6. Discussion

The study provides direct evidence that microglia play a role in mediating increased SNA,
and arrhythmogenic cardiac electrophysiological changes in chronic epileptic rats. First,
spontaneous seizures cause severe tachycardia with prolongation of QT interval that
persisted for more than one hour after the onset of a seizure. Secondly, antagonism of
microglial activation, but not PACAP, in the spinal cord significantly reduces the SNA and
seizure-induced prolongation of QTc interval in epileptic rats. Thirdly, neither spinal
PACAP nor microglia regulate baroreflex or peripheral and central chemoreflex responses
in epileptic and control rats, whereas PACAP or microglial antagonist decreases either
A- or C-fibre somatosymapthetic response in control rats and has no effect in post-SE rats.
Fourthly, interictally epileptic rats, and controls, were normotensive with the plasma
catecholamine levels in a normal range. Finally, our findings show that morphologically,
microglia were in a surveillance stage in chronically epileptic rats with no difference in the

number of an M2 phenotype compared with controls.

Microglia are the resident immune cells of the CNS, contributing ~10% of the total brain
cell population. They respond to all types of pathological stimulus, including seizures,
through activation, and adoption of either a “pro-inflammatory M1” or “anti-inflammatory
M2” phenotype (Li et al., 2007; Lai and Todd, 2008; Loane and Byrnes, 2010; Kapoor et
al., 2016a). Epileptic seizures cause extensive microglial activation in patients (Beach et
al., 1995), and in animal models (Drage et al., 2002), but there is a considerable
controversy surrounding the pro-inflammatory (Shapiro et al., 2008) or anti-inflammatory
(Mirrione et al., 2010; Eyo et al., 2014) role of microglia during and following a seizure.
Previous findings demonstrated that during acute seizures, microglia protect sympathetic
preganglionic neurons from excitotoxicity (Bhandare et al., 2015). Our current findings
show that the SNA and prolongation of QTc interval following spontaneous seizures were
significantly reduced in epileptic rats, when the microglial activation was blocked at the
IML. These novel findings strengthen the concept that during chronic pathological insult,
such as spontaneous recurrent seizures, maladaptive responses of microglia may lead to a
“deleterious” activation state (M1) that triggers the release of pro-inflammatory cytokines
such as interleukin (IL)-1pB and tumor necrosis factor-o. (TNF-a) (Benson et al., 2015), in
contrast to their beneficial activation during acute insult (Figure 5. 10). This concept has
been proposed by others (Hanisch and Kettenmann, 2007; Gao et al., 2011), and is
supported by previous studies (Bhandare et al.,, 2015), where during acute seizure,

microglia can acquire a “beneficial” activation state (M2) to protect an overexcited
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neurons, and restore the normal homeostatic condition to limit the further damage (Figure
5. 10).

Cardiovascular autonomic dysfunction with profound arrhythmogenic effects, including
prolongation of QT interval, QT dispersion, “T”-wave inversion, and tachycardia or
bradycardia, are major risks for SUDEP in humans and animals with spontaneous recurrent
seizures (Opherk et al., 2002; Metcalf et al., 2009b; Brotherstone et al., 2010; Powell et al.,
2014c; Eastaugh et al., 2015; Lamberts et al., 2015). Activated microglia are present in
post-SE rats (Shapiro et al., 2008), and during chronic periods of epilepsy in humans
(Beach et al., 1995) and animals (Shapiro et al., 2008). Our electrophysiology findings
suggest that during chronic epilepsy ramified or activated microglia (“M1” phenotype) can
produce pro-inflammatory cytokines, and contribute to a persistent neuroinflammation that
lead to higher SNA and prolongation of QT interval (Figure 5. 10), which was seen even
one hour after spontaneous seizure (Figure 5. 3). However, microglial morphological
analysis revealed no change in their phenotype at least in the vicinity of the RVLM
neurons. In this paradigm, as shown recently, physiological stimulus alert microglia
(ramified) (Vinet et al., 2012), and change their spatial distribution and extent of end point
processes contacting synapses without significant morphological changes (Kapoor et al.,
2016c¢), which might be facilitating the pro-inflammatory effects during chronic epilepsy.
Microglial activation into a deleterious phenotype in Parkinson’s disease is responsible for
chronic neuroinflammation, and progressive neurodegeneration of dopaminergic neurons
(Gao et al., 2011). Thus, increased microglial activation or alertness during the post-seizure
period in chronic epilepsy might mediate the expression and release of pro-inflammatory
cytokines, and neuroinflammation in the IML. This might lead to severe cardiovascular
autonomic dysfunction and a higher risk of malignant cardiac arrhythmias, and SUDEP,
during chronic epilepsy (Figure 5. 10) (Kloster and Engelskjan, 1999; Langan et al., 2000).
Moreover, deleterious microglial response during chronic epilepsy might regulate the
neurodegeneration, and neuronal loss in brainstem autonomic nuclei in SUDEP and TLE
patients (Mueller et al., 2014). Collectively, chronic epilepsy-induced microglial activation

contributes to sympathoexcitation and severe arrhythmogenic changes in rats.
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Figure 5. 10: A proposed mechanism of action of microglia and PACAP on sympathetic neurons at the IML during acute and chronic
seizures, and its possible outcomes.

Time scale on x-axis is variable from hours to days. Under normal conditions, highly motile surveilling microglia continuously survey their
microenvironment through direct contact with neuronal synapses and exchange molecular signals. Microglia can immediately sense the disturbed
functional and structural integrity of neurons during conditions, such as seizures. Upon detection of these trigger that are higher than the activation
threshold, microglia respond through reorganisation of their processes and activity profile. During acute seizures, microglia might acquire “beneficial”
activation state (M2) and produce neurotrophic factors, such as IL-10 and TGF-p, to protect the overexcited neurons, and limit further damage and
restore normal homeostatic condition. Seizure also triggers synthesis and release of PACAP, which peaks at 12 h post seizure, and produce either
neuroprotective or excitatory effects on sympathetic neurons at IML. However, chronic seizures may trigger more drastic changes in functional
phenotype of microglia. During chronic seizures, maladaptive responses of microglia may lead to “deleterious” activation state (M1) that triggers
release of inflammatory molecules such as IL-1B and TNF-a. This could be the mechanism for increased risk of SUDEP during chronic phase of
epilepsy, and specifically during post-seizure period (as shown in orange) that is associated with central autonomic cardiovascular dysfunctions such as
increased SNA and proarrhythmogenic changes.
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PACAP is a pleiotropic neuropeptide that achieves its effect through cyclic adenosine
monophosphate (CAMP)-mediated mechanisms. PACAP produces neuroprotective effects
(Shioda et al., 1998) as well as activates sympathetic efferent neurons (Farnham et al.,
2008; Farnham et al., 2011; Inglott et al., 2011; Inglott et al., 2012). Antagonism of
PACAP in the IML during acute seizures cause greater sympathoexcitation in rats
(Bhandare et al., 2015), suggesting its neuroprotective effect during acute seizures.
Microinjection of a PACAP receptor antagonist into the RVLM during acute seizures does
not alter SNA but does ameliorate the seizure-induced arrhythmogenic effects (Bhandare et
al., 2016a). Our results demonstrate that antagonism of PACAP at the IML during chronic
epilepsy did not alter SNA or QTc interval, which suggests that PACAP is not modulating
overall sympathetic output or arrhythmogenic effects in chronic epileptic rats. This might
be due to low levels of PACAP in post-SE rats under our experimental conditions. PACAP
gene expression increases after seizures, and reaches maximum at 12 h (Figure 5. 10)
(Nomura et al.,, 2000). During electrophysiology experiments, we did not observe
spontaneous seizures, which suggest that there might not be increased PACAP levels in
post-SE rats during electrophysiology recordings. However, expression of PACAP can be
upregulated after-seizures during the chronic epilepsy, which could produce either
neuroprotective or excitatory effect on sympathetic preganglionic neurons as shown
previously (Farnham et al., 2008; Farnham et al., 2011; Bhandare et al., 2015; Bhandare et
al., 2016b; Bhandare et al., 2016a).

Cardiovascular reflexes (baroreflex, somatosympathetic-reflex and peripheral and central
chemoreflex) are crucial for regulation of arterial BP, blood pH, and its chemical
constituents (glucose, PaCO?2 etc.) (section 1.2.5) (Pilowsky and Goodchild, 2002; Shahid
et al., 2011). The baroreflex is the first line of defence during changes in BP and is
impaired in epilepsy patients, and animal models (Sakamoto et al., 2005; Dutsch et al.,
2006). Glutamate is a major excitatory neurotransmitter, and responsible for normal
maintenance of reflex responses (Miyawaki et al., 1996a; Pilowsky and Goodchild, 2002;
Pilowsky et al., 2009), which also plays an important role in the development of seizure
(Casillas-Espinosa et al., 2012; Powell et al., 2014a; Bhandare et al., 2016b). Heart rate
baroreflex sensitivity decreases with intracerebroventricular injection of PACAP in trout
(Lancien et al., 2011), whereas in rats, PACAP agonist or antagonist microinjection into
the RVLM produce no significant effect (Farnham et al., 2012). In spontaneously
hypertensive rats, increased microglial activation, and pro-inflammatory cytokines in PVN

causes autonomic (baroreflex) dysfunction (Masson et al., 2015). However, our findings
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show that neither PACAP nor microglial antagonist affect the baroreflex, peripheral or
central chemoreflex response in epileptic or control rats. In control rats, the microglial
antagonist decreases the fast conducting, A-fibre, somatosympathetic response, whereas
the PACAP antagonist decreases the slow conducting C-fibre somatosympathetic response;
none of the antagonist treatments have effects in epileptic rats. The PACAP antagonist
response is consistent with our other findings where PACAP(6-38) treatment did not alter

the SNA and ECG findings in chronic epileptic or control rats.

Seizure activity is accompanied with increased sympathetic output, increased plasma
noradrenaline levels, tachycardia and elevated BP (Read et al., 2015; Bhandare et al.,
2016a). However, our non-invasive BP measurements and plasma catecholamine analysis
did not reveal significant differences in MAP or plasma catecholamine levels interictally
between epileptic and control rats. In epileptic rats, plasma catecholamine levels are
reported to peak at 48 h post-seizure and then return to normal (Read et al., 2015).
Differences in species, model, seizure type, seizure frequency, and duration might explain
the non-significant differences in MAP and plasma catecholamines seen in epileptic and

control rats.

Sudden cardiac death in chronic epilepsy (Kloster and Engelskjen, 1999; Langan et al.,
2000) as well as cardiorespiratory autonomic dysfunction (So et al., 2000; Opherk et al.,
2002; Seyal et al., 2010) is almost always associated with seizures. Therefore, it is quite
likely that activated microglia-mediated neuroinflammatory changes occurring after
seizure are major contributors in central autonomic cardiorespiratory dysfunction, and
potentially SUDEP (Figure 5. 10). Overall, the current findings suggest that spontaneous
recurrent seizures in chronically epileptic rats produce tachycardia with long-term
prolongation of QT interval. Microglial activation in the IML contributes to higher SNA
and arrhythmogenic effects in chronic epileptic rats. These findings will help to understand
the biphasic microglial response at different stages in epilepsy, and assist in tailoring
treatment strategies for seizure-induced central autonomic cardiovascular dysfunction with

potential implications to reduce the risk of SUDEP in patients with chronic epilepsy.
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Microglia, PACAP and glutamate modulate the seizure-induced central autonomic
cardiovascular dysfunction

Epilepsy is a chronic paroxysmal neurological disorder characterized by seizures (WHO,
2005). Epilepsy is associated with spontaneous seizures, and changes in autonomic
functions (Dditsch et al., 2006; Bateman et al., 2008; Metcalf et al., 2009a; Ponnusamy et
al., 2012), which is established as a major cause of sudden unexpected death in epilepsy
(SUDEP) (Figure 1. 1) (So et al., 2000; Nei et al., 2004; Bateman et al., 2010; Bermeo-
Ovalle et al., 2015). The first evidence of SUDEP was published nearly 50 years ago
(Hirsch and Martin, 1971), but the underlying mechanism still remains obscure.

The rostral ventrolateral medulla (RVLM) innervates pre-sympathetic neurons in the
intermediolateral cell column (IML) of the spinal cord, which in turn control the
sympathetic nerve activity (SNA) of post-ganglionic neurons and thus the cardiovascular
system (Pilowsky and Goodchild, 2002; Guyenet, 2006).

Microglia are the principal resident immune cells of the central nervous system (CNS).
They are the first defence mechanism that acts against every pathological or physiological
disturbance in the brain (Hanisch and Kettenmann, 2007; Wake et al., 2009; Tremblay et
al., 2010), such as a seizure (Beach et al., 1995; Shapiro et al., 2008; Luo and Chen, 2012;
Eyo et al., 2014), to produce pro-inflammatory or anti-inflammatory effects (Figure 4. 8)
(Pocock and Kettenmann, 2007; Kettenmann et al., 2011; Orihuela et al., 2016). Levels of
the pituitary adenylate cyclase-activating polypeptide (PACAP) increase during and after
seizures (Nomura et al., 2000), and it has neuroprotective as well as sympathoexcitatory
properties (Lai et al., 1997; Shioda et al., 1998; Takei et al., 1998; Reglodi et al., 2000;
Chen et al., 2006; Farnham et al., 2008; Baxter et al., 2011; Farnham et al., 2011; Inglott et
al., 2011; Inglott et al., 2012). Glutamate, which is a principal cardiovascular autonomic
neurotransmitter in the RVLM (Miyawaki et al., 1996a; Ito and Sved, 1997; Araujo et al.,
1999; Sved et al., 2002; Horiuchi et al., 2004a), plays an important role in a development
of seizure (Brines et al., 1997; Rainesalo et al., 2004; Kanamori and Ross, 2011).

The major aims of this thesis were to investigate the role of microglia, PACAP and
glutamate in the RVLM and/or IML in the progression of seizure-induced autonomic

cardiovascular dysfunction during acute and chronic epilepsy in rats.

The findings suggest that the kainic acid (KA)-induced acute seizures cause significant and
dose-dependent increase in SNA, mean arterial pressure and heart rate and a prolongation
of the QT interval in the ECG. Intrathecal (IT) infusion of PACAP antagonist (PACAP(6-
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38)) or microglia antagonist (minocycline and doxycycline) worsened the cardiovascular
responses of acute seizures, whereas IT PACAP agonist (PACAP-38) has no significant
effect (Chapter 3). Acute seizure-induced cardiovascular responses, including prolongation
of the QT interval, are driven by activation of glutamatergic receptors in the RVLM as
these effects are abolished by microinjection of glutamate receptor antagonist (kynurenic
acid). The activity of PACAP and microglia in the RVLM do not alter the SNA, but
mediate prolongation of the QT interval. In the vicinity of the RVLM neurons, microglia
remain in a surveillance state with no change in their number of anti-inflammatory M2
phenotype during acute seizures (Chapter 4). In rats with KA-induced chronic temporal
lobe epilepsy, spontaneous seizures cause significant tachycardia with long-lasting
prolongation of QT interval. The antagonism of microglial activation, but not PACAP, at
the level of the IML significantly reduced SNA and proarrhythmogenic effects of chronic
seizure activity. Neither PACAP nor microglia regulate baroreflex or peripheral and central
chemoreflex responses during chronic epilepsy in rats. In chronic epileptic rats, microglia
are in surveillance state and their number of anti-inflammatory M2 phenotype remain

unchanged in the vicinity of the RVLM neurons (Chapter 5).

In summary, microglial activation and increased expression of PACAP during acute
seizures is sympathtoprotective and cardioprotective at the level of spinal cord. On the
contrary, during chronic spontaneous seizures, maladaptive responses of microglia produce
neurotoxic effects on spinal sympathetic neurons, and cause cardiovascular dysfunction.
Thus, augmenting microglial activation and PACAP expression during acute epilepsy,
whereas blocking their activation/expression during chronic epilepsy at the spinal cord
might provide beneficial effects in people with epilepsy. Moreover, antagonism of
glutamatergic receptors at the RVLM can produce protective effects on the presympathetic

neurons during acute seizures, and offer a cardioprotection.

PACAP and microglia are protective at intrathecal (1T) level during acute seizures

Seizure causes increased expression of PACAP and microglial activation; however, their
action as either neurotoxic or neuroprotective in brainstem and spinal cord cardiovascular
nuclei remains unclear. Our findings support the idea that PACAP and its action on
microglia at the level of the spinal cord elicit cardioprotective effects during seizures.
Thus, therapeutic interventions targeting PACAP and microglia could be a promising

strategy for prevention of cardiovascular dysfunction during acute seizures.
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The findings during acute seizures, presented in Chapter 3, show that low dose kainic acid
(KA) (2 mg/kg)-induced seizures produce strong activation of the SNS to cause pressor
and tachycardia responses along with prolongation of QT interval in rats. Sympathetic
nerve activity (SNA) begins to rise several minutes after the start of seizures in the
hippocampus, confirming the observed autonomic changes are the consequence of seizure
activity and not the peripheral or direct effect of KA. This study confirmed that the
activated microglia and the increased expression of PACAP during acute seizures have a
protective effect on sympathetic preganglionic neurons in the IML of the spinal cord. The
seizure-induced sympathoexcitation was worsened in IT PACAP(6-38), minocycline and
doxycycline treated group of rats. On the contrary, microglial activation at the spinal cord
produces proarrhythmogenic effects that are blocked with minocycline treatment, but not
with doxycycline. This could be due to the different pharmacokinetic properties of
minocycline and doxycycline, where minocycline is three times more lipophilic than
doxycycline (Barza et al., 1975). The opposite effects of microglial antagonism on QT
interval compared to SNA might be attributed to their biphasic anti-inflammatory and
pro-inflammatory responses (Beck et al., 2010). The early stimulus might polarise majority
of microglia into beneficial M2 phenotype, blockade of which worsened the
sympathoexcitation, and late stimulus might produce deleterious inflammatory M1
activation, antagonism of which might have reduced the prolongation of QT interval.
However, this theory needs further investigation. IT PACAP antagonist treatment does not
affect the seizure-induced prolongation of QT interval. The exogenous IT PACAP-38
treatment has no beneficial effects on seizure-induced cardiovascular autonomic
disturbances. The failure to see a beneficial effect of exogenous PACAP may be due to an
inadequate dose, or local neurons secreting PACAP may be causing a maximal effect so
that additional doses of IT PACAP have no effect.

The increase in SNA following PACAP antagonism, or of microglial antagonism, suggests
that in this model of acute epilepsy there is a strong activation of a neuroprotective PACAP
and microglial pathway. PACAP inhibits the activation of members of mitogen-activated
protein kinase (MAPK) family such as c-Jun N-terminal kinase (JNK) (Shioda et al., 1998)
and stimulates the secretion of interleukin (IL)-6 in cerebrospinal fluid (CSF) (Gottschall et
al., 1994; Shioda et al., 1998). This might be the mechanism of action of PACAP in
attenuating seizure-induced sympathoexcitation (Figure 3. 7), as increased MAPK during
seizure causes cell death (Jeon et al., 2000; Ferrer et al., 2002), whereas IL-6 has

sympathoprotective properties (Marz et al., 1998; Penkowa et al., 2001). In addition,

205



Chapter 6: General Discussion

PACAP acts on microglial PAC1 and VPACL receptors (Delgado et al., 1999) to increase
IL-10 expression, causing a down-regulation of cluster of differentiation (CD)40 and B7
MRNA expression in activated microglia that most probably inhibits late phase
(deleterious) activation of microglia, thereby acting as a potent anti-inflammatory agent
(Figure 3. 7) (Delgado et al., 1999; Kim et al., 2002). On the other hand, the
neuroprotective effect of activated microglia may occur through their polarisation towards
a protective M2 phenotype and an endogenous production of neurotrophic and
anti-apoptotic molecules, such as transforming growth factor-p (TGF-B) and IL-10
(Benarroch, 2013) or by increased glutamate uptake (Persson and Ronnbéack, 2012). The
current findings suggest that during acute seizures, microglia and PACAP are
neuroprotective, and defend spinal sympathetic preganglionic neurons from excitotoxicity.

During acute seizure, activation of iGluRs at presympathetic RVLM neurons
mediates sympathoexcitation, which also causes proarrhythmogenic effects mediated
by PACAP and microglia

The activity of the RVLM sympathetic premotor neurons (C1) is increased during seizures
(Kanter, 1995; Silveira et al., 2000). However, there is no information about the
neurotransmitters mediating activation of brainstem catecholaminergic neurons
contributing to the autonomic manifestations that frequently accompany epileptic seizures.
Findings suggest that an increase in sympathetic nerve discharge and cardiovascular
dysfunction in seizure is due to activation of glutamatergic receptors within the RVLM,
which also causes proarrhythmogenic effects mediated PACAP and microglia. In
summary, inhibition of glutmategic receptor activation of the C1 sympathetic premotor
neurons during acute seizure might produce a significant sympathoprotective and

cardioprotective effects.

The study detailed in Chapter 4, investigated the effect of PACAP, microglia and
glutamate during acute seizures on the RVLM presympathetic neurons, and clarified the
significance of glutamatergic receptor activation in mediating cardiovascular autonomic
dysfunction. The study has strengthened the finding that cardiovascular changes are
downstream effects of seizure-induced autonomic overactivity and not the direct effect of
KA or induction of seizure in autonomic nuclei. The sympathoexcitation, tachycardia,
pressor responses and proarrhythmogenic changes during seizure are driven by the action
of the excitatory amino acid, glutamate, on sympathetic premotor neurons in the RVLM, as
the bilateral microinjection of the ionotropic glutamate receptors (iGIuRs) antagonist,

kynurenic acid (KYNA), completely abolished these changes. The sympathoexcitatory
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effect does not appear to be due to increases or decreases in PACAP secretion or
microglial activation in the vicinity of the RVLM neurons. However, PACAP and
microglial activity in the vicinity of the RVLM neurons mediates the proarrhythmogenic
changes during acute seizures. In addition, the induction of mild or severe seizures (2 and
10 mg/kg KA) does not cause changes in the state of microglia within the RVLM, and
microglia remain in a surveillance state with no change in the number of M2 phenotypes
that supports in vivo electrophysiology findings.

Glutamatergic synapses are important in the development of seizures (Ueda et al., 2001,
Rainesalo et al., 2004; Kanamori and Ross, 2011). The sympathetic premotor neurons
(C1- and non-C1) in the RVLM maintain tonic excitation of preganglionic neurons (Ito and
Sved, 1997; Horiuchi et al., 2004a; Guyenet, 2006; Pilowsky et al., 2009; Turner et al.,
2013). Microinjection of glutamate into the RVLM causes pressor responses and
sympathoexcitation that are completely blocked with KYNA (Ito and Sved, 1997; Araujo
et al., 1999; Dampney et al., 2003), suggesting the significance of glutamate in the
regulation of the SNA. The activity of C1 neurons is increased following seizure (Kanter,
1995; Kanter et al., 1996), and is also supported by the findings presented in Chapter 3 and
4, where KA-induced seizures in rats elicited sympathoexcitation, tachycardia and pressor
responses. These changes are driven by the excitatory action of glutamate in the RVLM
and mediated by ionotropic receptors since the broad-spectrum iGluRs (NMDA, AMPA,
and kainate) antagonist (KYNA) completely abolished these effects. In addition, the
proarrhythmogenic changes are also abolished with KYNA treatment. On the other hand,
the response to PACAP(6-38) microinjection suggests that the excitatory action of PACAP
on the RVLM sympathetic premotor neurons mediates proarrhythmogenic changes, but not
the seizure-induced sympathoexcitation. A possible explanation could be that the PACAP
expression in the RVLM at 2 h post 2 mg/kg KA injection may be insufficient to produce
sympathoexcitation, but enough to induce proarrhythmogenic effects. This idea is
supported by the findings that PACAP gene expression reaches a maximum at 12 h post
12 mg/kg KA-induced seizures in the paraventricular nucleus (PVN) (Nomura et al.,
2000). Finally, the blockade of microglial activation with minocycline microinjection in
the RVLM abolishes the prolongation of QT interval caused by KA-induced seizures. This
provides the evidence for the physiological interaction between neurons and microglia.
However, minocycline microinjection into the RVLM causes no change in
sympathoexcitation, tachycardia or pressor responses. The immunohistochemical analysis

revealed that there are no changes in microglial morphology or phenotype in the vicinity of
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RVLM neurons (branch length or number of endpoint processes) or proportion of the M2
phenotype following induction of seizures. The increased RVLM neuronal activity might
have activated microglia (which might be insufficient to differentiate with
immunohistochemistry) producing an excitatory effect and contributed to the

seizure-induced prolongation of QT interval, but not the sympathoexcitation.

Taken together, glutamatergic receptor activation causes sympathoexcitation during acute
seizure, which might be also facilitated by oxidative stress and inflammation in the RVLM
(Tsai et al., 2012) or functional failure of glutamate transporters (Figure 4. 8) (Tanaka et
al., 1997; Ueda et al., 2001). It is possible that increased synthesis and release of PACAP,
depending on the seizures severity, might produce either excitatory effects through
phosphorylation of tyrosine hydroxylase (TH) at serine 40 (Bobrovskaya et al., 2007) or
neuroprotective effects regulated through decreased caspase 3 (Dejda et al., 2011),
increased glial-glutamate transporters (Figiel and Engele, 2000) and redirecting microglia
towards anti-inflammatory M2 phenotype (Figure 4. 8) (Brifault et al., 2015). PACAP and
its action on microglia also increase production of IL-10, TGF-B and decrease tumor
necrosis factor-o (TNF-a) (Wada et al., 2013). In summary, depending on the type,
severity and intensity of the stimulus, selective action of PACAP and microglia can
regulate the physiological state of neurons. Present findings suggest that during acute
seizures both PACAP and microglia regulate excitatory effects at the RVLM as their
antagonism results in restoration of QT prolongation.

During chronic epilepsy, deleterious microglial activation at IT level mediates
sympathoexcitatory and proarrhythmogenic effects

Interictal autonomic changes are well documented in patients with chronic epilepsy
(Ansakorpi et al., 2000; Berilgen et al., 2004; Mingen et al., 2010; Lotufo et al., 2012).
Nevertheless, the neuronal mechanisms causing autonomic cardiorespiratory dysfunction
during chronic epilepsy are unknown. The findings presented in Chapter 5 establish that
the microglial activation, and not PACAP, at the IML accounts for higher SNA and
proarrhythmogenic changes during chronic epilepsy in rats. This is the first experimental
evidence to support a neurotoxic effect of microglia during chronic epilepsy, in contrast to
their neuroprotective action during acute seizures. Thus, owing to biphasic microglial
response during acute and chronic epilepsy, ablation of microglial activation during
chronic epilepsy might provide cardiovascular protection.
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In the two earlier chapters (Chapter 3 and 4), the role of microglia, PACAP, and glutamate
is evaluated at the spinal cord and/or at the presympathetic RVLM neurons during acute
seizure. In Chapter 5, the role of microglia and PACAP is evaluated at the spinal cord
during chronic epilepsy, as the incidence of SUDEP is highest in people with chronic
epilepsy (Walczak et al., 2001; Tomson et al., 2005). The in vivo electroencephalogram
(EEG) and electrocardiogram (ECG) recordings in chronic epileptic rats showed that the
spontaneous seizure causes severe tachycardia with prolongation of QT interval that was
seen even an hour after an end of seizure. The electrophysiology findings provide the
direct evidence for the role of microglia in mediating higher SNA and arrhythmogenic
changes during chronic epilepsy in rats. The antagonism of microglial activation, but not
PACAP, at the level of IML significantly reduced the SNA and prolongation of QT
interval in chronic epileptic rats. These novel findings strengthen the concept that during a
chronic pathological insult, such as recurring spontaneous seizures, maladaptive responses
of microglia may lead to a “deleterious” activation state (M1) that triggers the release of
pro-inflammatory cytokines such as IL-1B and TNF-a, in contrast to their beneficial
activation during acute insult (Figure 5. 10). This concept has been proposed by others
(Hanisch and Kettenmann, 2007; Gao et al., 2011), and supported by findings from
Chapter 3, where during acute seizure, microglia can acquire a “beneficial” activation state
(M2) and produce neurotrophic factors, such as IL-10 and TGF-f, to protect overexcited
neurons, and restore the normal homeostatic condition to limit the further damage (Figure
5. 10).

Activated microglia have been evidenced during chronic epilepsy both in rats (Shapiro et
al., 2008) and humans (Beach et al., 1995). Our findings suggest that during chronic
epilepsy, microglia might acquire pro-inflammatory “M1” phenotype, and contribute to
persistent neuroinflammation that may lead to higher SNA and prolongation of QT interval
(Figure 5. 10). However, microglial morphological analysis revealed no change in their
phenotype at least in the vicinity of the RVLM neurons. In this paradigm, as shown
recently, physiological stimulus alert microglia (ramified) (Vinet et al., 2012), and change
their spatial distribution and extent of end point processes contacting synapses without
significant morphological changes (Kapoor et al., 2016c), which might be facilitating the
pro-inflammatory effects during chronic epilepsy. It has been shown that microglial
activation into deleterious phenotype in Parkinson’s disease is responsible for chronic
neuroinflammation, and progressive neurodegeneration of dopaminergic neurons (Gao et

al., 2011). Thus, increased microglial activation during post-seizure period in chronic
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epilepsy might be responsible for augmented pro-inflammatory cytokines, and
neuroinflammation at the IML that might lead to severe cardiovascular autonomic
dysfunction, and associated risk of SUDEP during post-seizure period (Figure 5. 10)
(Kloster and Engelskjgn, 1999; Langan et al, 2000). In addition, activated
microglia-induced  neuroinflammation  during chronic  epilepsy might cause
neurodegeneration, and neuronal loss in brainstem autonomic nuclei in SUDEP and
temporal lobe epilepsy (TLE) patients (Mueller et al., 2014). Collectively, chronic
epilepsy-induced microglial activation contributes to sympathoexcitation as well as severe

arrhythmogenic changes in post-status epilepticus (post-SE) rats.

Technical limitations

The electrophysiology and histology studies were performed on rats under anesthesia.
Anesthesia could influence the activity of the CNS as well as the seizure frequency and
SNA. The most important point to be noted is that during electrophysiology experiments
our rats were paralysed, and were having no tonic-clonic seizures. Tonic-clonic seizures
are the major pathological feature found in the SUDEP cases, and therefore under
non-paralytic conditions seizures might have a more devastating effect on the
cardiovascular system (as seen during in vivo EEG-ECG recordings; Figure 5. 3) than we
noticed in our electrophysiology studies. Anesthetics might have influenced the microglial
response, as they respond to every change in homeostatic condition and are activated with
both “ON” and “OFF” signalling (Bhandare et al., 2016b; Kapoor et al., 2016a). The
microglial responses observed during acute seizure RVLM microinjection study might
have been influenced by multiple factors such as, the microinjection of either vehicle,
PACAP(6-38) or minocycline, and damage incurred by the micropipette during
microinjection. Microglia are exquisitely alert for neuronal damage and might have
responded differently to acute seizure due to the additional neuronal damage occurred

during microinjection.

However, with our well-designed experimental conditions we tried to substantially limit or
reduce these variables. We have included the control group of rats for each recorded
parameters under similar conditions. This allowed us to evaluate the effects of seizures and

eliminate the possible variables in our findings.

The rat model of KA-induced seizure to study the cardiorespiratory electrophysiology

mechanisms under anesthesia does not represent the best model of SUDEP. However, our
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findings provide the possible role of microglia, PACAP and glutamate in cardiovascular

autonomic dysfunction during seizure, which is the major cause of SUDEP.

Concluding remarks

In summary, during acute seizure, microglial activation produces protective effect possibly
mediated through the adoption of anti-inflammatory “M2” phenotype at the IML. The
activity of microglia at the RVLM presympathetic neurons during acute seizures causes
proarrhythmogenic changes but not sympathoexcitation. However, during chronic
epilepsy, maladaptive responses of microglia lead to a “deleterious” activation state (M1)
that might be causing further neuroinflammation and neurodegeneration. Although PACAP
and its action on microglia during acute seizure at the IML produce cardioprotective
effects, it has proarrhythmogenic and possibly an excitatory effect on presympathetic
RVLM neurons. The expression of PACAP reaches maximum at 12 h post-seizure
(Nomura et al., 2000), and might have a significant effect on the cardiovascular system
12 h post-seizure period in chronic epilepsy. However, our study revealed PACAP does
not modulate the cardiovascular function in chronic epilepsy, which could attribute to their
insufficient expression during the experimental period. Glutamatergic receptor activation at
the RVLM neurons is devastating and primarily responsible for cardiovascular dysfunction

during acute seizures.

Potential clinical applications

Potential clinical applications of these findings might include: 1) Augmenting microglial
activation during acute epilepsy, whereas blocking their activation during chronic epilepsy
at the spinal cord might provide beneficial effects in people with epilepsy. 2) During acute
epilepsy antagonism of glutamatergic receptors at presympathetic RVLM neurons might
provide a very potent cardioprotective effect by blocking sympathoexcitation and
proarrhythmogenic changes. 3) PACAP agonist might provide protective effect at the
spinal cord during acute seizure and not at the RVLM neurons as it might produce an

excitatory effect on presympathetic neurons.

Future directions

The study has been able to investigate the microglial and neurochemical mechanisms of
central autonomic cardiovascular dysfunction during acute and chronic epilepsy. This will
help to understand the mechanism of SUDEP. However, there are still critical studies
needed to be performed to understand the role of microglia, PACAP and glutamate in

mediating protective and/or destructive responses during seizure. Future studies can
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include and are not limited to: 1) The role of microglia, PACAP and glutamate at the
RVLM presympathetic neurons during chronic seizure in the regulation of cardiovascular
and autonomic activity. 2) Effect of PACAP treatment during acute and chronic seizures
on the microglial polarisation towards different phenotype, and changes in expression of
pro-inflammatory and anti-inflammatory cytokines, and its significance in the regulation of
autonomic cardiovascular system. 3) More specific studies are required to eliminate any
possible off target effects of pharmacological treatments and strengthen the current
microglial findings, such as genetic model of CSF1R knockout mice, pharmaco-genetically
inducible models using either CD11b-HSVTK or CD11b-DTR mice etc.
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transmitters, and cause extensive activation of microglia at multiple regions in the brain including central
autonomic cardiorespiratory brainstem nuclei. Glutamate contributes to neurodegeneration, and inflam-
mation in epilepsy. PACAP has neuroprotective, and anti-inflammatory properties, whereas microglia
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Is(gzv: ‘r’:ds' are key players in inflammatory responses in CNS. Seizure-induced increase in PACAP is neuroprotective.
SUDEP PACAP produces neuroprotective effects acting on microglial PAC1 and VPAC1 receptors. Microglia also
Cardiorespiratory system express glutamate transporters, and their expression can be increased by PACAP in response to harmful
Microglia or stressful situations such as seizures. Here we discuss the mechanism of autonomic cardiorespiratory
PACAP dysfunction in seizure, and the role of PACAP, glutamate and microglia in regulating cardiorespiratory
Glutamate brainstem neurons in their physiological state that could provide future therapeutic options for SUDEP.
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Ventrolateral medulla
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1. Introduction

Epilepsy affects about 50 million people worldwide (WHO,
2005). Sudden unexpected death in epilepsy (SUDEP) is an impor-
tant but poorly-appreciated disorder (Massey et al., 2014) that
accounts for 5-17% of deaths in people with epilepsy, and 50%
in refractory epilepsy (Ficker et al., 1998; Holst et al., 2013). The
first evidence of SUDEP was published nearly 50 years ago (Hirsch
and Martin, 1971), but the underlying mechanism remains obscure.
The classical mechanism of SUDEP is extensively studied, and
accounts for seizure-induced central autonomic and cardiorespira-
tory dysfunction (Figs. 1-2). Maximal electroshock applied by two
ear electrodes, in freely moving rats, leads to seizure causing car-
diac arrhythmia that is precisely correlated with the ictal period
(Darbin et al., 2002). In human, seizure is commonly associated
with profound apnoea and oxygen desaturation (Bateman et al.,
2008; Dlouhy et al., 2015). Here we survey new data and propose
arole for microglia (innate immune cells of the CNS), and the neu-
rotransmitters, pituitary adenylate cyclase activating polypeptide

* Corresponding author at: The Heart Research Institute, 7 Eliza Street, Sydney
2042 New South Wales, Australia.
E-mail address: paul pilowsky@hri.org.au (P.M. Pilowsky).

http://dx.doi.org/10.1016/j.resp.2016.01.003
1569-9048/© 2016 Elsevier B.V. All rights reserved.

(PACAP), and glutamate in the context of seizure induced cardiores-
piratory dysfunction (Fig. 3). These novel findings suggest probable
mechanisms of cardiorespiratory dysfunction in seizure, and point
to future therapeutic strategies that may help in the management,
and prevention of SUDEP.

Cardiorespiratory disturbances such as arrhythmia and apnoea
that occur during, and after seizures are the leading cause of SUDEP
in both humans, and animals (Fig. 1) (Dlouhy et al., 2015; Johnston
et al., 1997; Metcalf et al., 2009; Naggar et al., 2014). Cardiac
sympathovagal imbalances with sympathetic dominance, baro-
reflex dysfunction, tachycardia or bradycardia with severe ictal
ECG abnormalities are common in patients and animals (Bhandare
et al, 2015; Nei et al., 2000; Opherk et al.,, 2002; Ponnusamy
et al,, 2012; Sakamoto et al., 2008). Seizure-related respiratory
dysfunction, with associated hypoxaemia, is common, as seen in
video-electroencephalogram (EEG) telemetry (Fig. 4), from patients
in epilepsy monitoring units (Bateman et al., 2008; Dlouhy et al.,
2015; Seyal et al., 2010).

Recent studies have uncovered a novel mechanism of seizure-
induced cardiorespiratory dysfunction in animal models of seizure
and epilepsy that involves three important mediators: microglia,
which are immune cells in the CNS, PACAP, a pleiotropic neuropep-
tide, and glutamate, a major excitatory neurotransmitter in the
brain (Fig. 3).



40 A.M. Bhandare et al. / Respiratory Physiology & Neurobiology 226 (2016) 39-50

Brainstem

Sympathetic

system
Tachycardia
Arrhythmia

} Respiration
Apnoea

Lungs

Respiratory and
cardiovascular
centers

Parasympathetic system

Bradycardia
Asystole

Fig. 1. A schematic diagram of mechanism of seizure-induced central autonomic cardiorespiratory dysfunction. Seizures propagate from higher brain region into the
cardiorespiratory brainstem autonomic nuclei, and disturb the normal cardiorespiratory activity and reflexes. Seizure-induced excitation of sympathetic neurons leads to
tachycardia and arrhythmia, whereas activation of parasympathetic system causes bradycardia and asystole. Moreover, spread of seizures could results in postictal coma,
and loss of protective airway reflexes eventually causing decreased respiratory drive, apnoea and hypoventilation.

Microglia are ubiquitously distributed throughout the CNS,
including in the vicinity of sympathetic premotor rostral ventro-
lateral medullary (RVLM) neurons (Fig. 5) (Kapoor et al., 2016).
Microglia can be either neuroprotective or neurodegenerative,
depending on circumstances (Li et al., 2007; Vinet et al., 2012).
Extensive microglial activation is evident in animal models of
seizure (Beach et al., 1995; Drage et al., 2002; Shapiro et al., 2008).

During the acute phase of seizure, preconditioning of hippocampal
microglia reduces the seizure score in mice (Mirrione et al., 2010).
Moreover, antagonism of microglia activation, with intrathecal
administration of minocycline, during acute phase seizures in rats
produces more sympathoexcitation (Bhandare et al., 2015).
PACAP expression increases in the paraventricular nucleus
(PVN) of the hypothalamus, after kainic acid-induced seizure in
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Fig. 2. The classical mechanism of seizure-induced central autonomic and cardiorespiratory dysfunction. Cardiorespiratory homeostasis is maintained by autonomic output,
which is determined by balance of medullary reflexes, and influence of cerebral cortex. The sympathetic output to the heart is mediated by neurons from the RVLM through
their direct projections to the IML cell column (red). The PVN affects sympathetic output through three different pathways; first, a direct descending projections to the IML,
secondly, a projection to the vasomotor neurons of the RVLM, and thirdly, collateral projections to both IML and RVLM (green). Arterial baroreceptors are situated in the
aortic arch and carotid sinus, and peripheral chemoreceptors are located in carotid and aortic bodies, providing afferent signals to NTS (red). The NTS integrates afferent
information and relays it to activate (red) inhibitory neurons in the CVLM that in turn inhibit (blue) neurons in the RVLM. Astrocytes, and RTN neurons, act as central
respiratory chemoreceptors that are exquisitely sensitive to changes in CO,. Peripheral chemosensory afferent in NTS provide information to the pre-Bétzinger complex
influencing the rate and shape of respiratory rhythm, which in turn regulates respiratory motoneurons including the phrenic, intercostal and hypoglossal neurons. Bulbar
respiratory interneurons also modulate the activity of cardiovascular neurons. During seizures, electrical disturbances occur, and excitation propagates throughout the central
autonomic network, disturbing the normal autonomic control of vital cardiorespiratory functions.

rats (Nomura et al., 2000). PACAP is sympathoexcitatory and pres-
sor when injected into the subarachnoid space or into the RVLM
(Farnham et al., 2012, 2011). During seizures, infusion of PACAP
antagonist into the intrathecal space produces more sympathoex-
citation (Bhandare et al,, 2015), where PACAP may be reducing
neurotoxicity, a possibility that requires further investigation. The
multifaceted findings of PACAP make it a promising player in the
central autonomic cardiorespiratory dysfunction in seizure.

Finally, glutamate, the principal excitatory neurotransmitter
in brain, is increased in rat hippocampus following seizures
(Kanamoriand Ross, 2011), suggesting that glutamatergic synapses
play an important role in the development of seizures (Ueda et al.,
2001). Activation of glutamatergic receptors in RVLM mediate
sympathoexcitatory as well as proarrhythmogenic changes during
seizure in rats (Bhandare et al., 2016), making them an attractive
target for SUDEP therapy. Very recently, a role for microglia, PACAP,
and glutamate, in seizure-induced cardiorespiratory responses is
becoming a topic of considerable interest (Fig. 3).

2. Autonomic control of cardiorespiratory function

Normally, short-term cardiorespiratory homeostasis is tightly
regulated by a balance between the sympathetic and parasym-
pathetic activity (Young, 2010). The overall autonomic output to
the cardiorespiratory system is determined by medullary reflexes,
and the influence of the cerebral cortex (Fig. 2) (Guo et al., 2002;
Westerhaus and Loewy, 2001). Findings in rats after pseudora-
bies virus injection in cardiac sympathetic target organs, such as
adrenal gland and stellate ganglion, showed that higher brain cen-
tres exert a descending control on autonomic outflow to the heart
(Fig. 2) (Westerhaus and Loewy, 2001). Stimulation of cardiac sym-
pathetic afferents in cats, which evokes excitatory cardiovascular
reflexes, confirmed that the neurons in the medulla, especially
ventrolateral medulla, regulate the cardiovascular sympathetic
reflexes (Guo et al., 2002). Medullary neurons regulate automa-
tism of the sinus node, atrioventricular conduction, ventricular
excitability and contractility. Sympathetic reflexes (baro, chemo
and somatosympathetic) and blood pressure is regulated by C1, and
non-C1, neurons in the RVLM, via direct projections to the IML cell
column (intermediolateral cell column) (Madden and Sved, 2003;
Nedoboy et al., 2016; Ross et al., 1984a,b). The PVN integrates the
specific afferent inputs to generate a differential sympathetic out-

put. The PVN affects the sympathetic output (Allen, 2002) through
three different pathways; projections to RVLM (Pyner and Coote,
1999), direct descending projections to IML, and collateral pro-
jections to both IML and RVLM (Fig. 2) (Pyner and Coote, 2000;
Shafton et al., 1998). Arterial baroreceptors, situated in the aortic
arch and carotid sinus, respond to changes in BP (Guo et al., 1982).
Parasympathetic output to the heart is mediated by the vagus
nerve, which originates from the dorsal motor nucleus, and more
ventrally located nucleus ambiguus in the medulla (ter Horst et al.,
1984). Respiratory centres in the brainstem provide an input to
vagal efferents, which increases their activity decreasing heart rate,
atrio-ventricular conduction, and ventricular excitability (Jones
etal., 1998).

Brainstem neurons are also responsible for generating respira-
tory rhythm (Chitravanshi and Sapru, 1999; Mutolo et al., 2005).
The findings in rabbits show that the respiratory rhythm is gen-
erated by glutamatergic interneurons, where the broad spectrum
glutamate receptor antagonist, kynurenic acid, microinjection in
pre-Botzinger or Botzinger complex induces a pattern of breathing
characterised by low-amplitude, high-frequency irregular oscilla-
tions, superimposed on tonic phrenic nerve activity (Mutolo et al.,
2005). The respiratory interneurons project to bulbar, phrenic,
and other spinal motoneurons (Chitravanshi and Sapru, 1999).
Peripheral chemoreceptors are located in the carotid and aortic
bodies, and monitor blood chemicals (e.g. CO, O, H+, glucose)
to maintain their homeostasis through initiation of respiratory,
and cardiovascular reflexes (Heeringa et al., 1979; Moraes et al.,
2014). Astrocytes, and neurons in the retrotrapezoid nucleus (RTN)
act as central respiratory chemoreceptors (Wenker et al., 2010).
Serotonin (5-hydroxytryptamine (5-HT)) (Massey et al., 2015) and
many neuropeptides (Pilowsky et al., 2009; Rahman et al., 2011)
can modify the excitability of central chemoreceptors. 5-HT neu-
rons have projections to all parts of the CNS, and are important in
arousal. The arousal response to hypercapnia is significantly dimin-
ished in genetically modified mice lacking 5-HT neurons (Hodges
et al., 2008; Hodges et al., 2009).

The nucleus of the solitary tract (NTS) acts as a relay centre for
both peripheral chemoreceptors, and baroreceptors (Callera et al.,
1997). Suzuki and colleagues conducted experiments in rats, and
showed that the glutamatergic NTS neurons excite both the RVLM
and CVLM neurons, and the GABAergic (-y-aminobutyric acid) NTS
and CVLM neurons inhibit the sympathetic activity of RVLM neu-
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Fig. 3. A proposed model of the possible effect of PACAP, microglia, and glutamate on cardiorespiratory brainstem neurons during seizure. A) During seizures-induced
intense neuronal hyperactivity, neurons release glutamate from presynaptic terminals that can act on postsynaptic AMPA or NMDA receptors. Activation of AMPA or NMDA
receptors inhibits cysteine uptake, and influx of calcium stimulating production of oxidants, NO, and O~. Under repetitive and extreme neuronal activation, neurotoxic
effects are mediated through increased production of apoptotic factors such as caspase-3. Glutamate transporters expressed by astrocytes, play an important role in the rapid
clearance of synaptically released glutamate. Expression of astrocytic glutamate transporters is downregulated in seizure. Altogether, increased oxidative stress, and cellular
excitability, causes increased activity of cardiorespiratory neurons, and in extreme situations neuronal death. B) Increased PACAP expression during seizure may produce a
neuroprotective effect on microglia in several ways. PACAP acts on neuronal PAC1 or VPAC2 receptors, to increase intracellular cAMP. PACAP can inhibit increases in caspase
3, via PKA and PKC pathways. Increased cAMP mimics the effect of glial glutamate transporter expression to further enhance glutamate clearance from the synaptic cleft.
Microglia also express glutamate transporters in response to harmful or stressful situations such as seizures. PACAP can redirect the microglia towards the neuroprotective
M2 phenotype. PACAP achieves its effects via actions on the MAP kinase family (and by inhibiting activation of JNK/SAPK, while it activate ERK), and increasing IL-6. Activation
of PAC1 and VPAC1 receptors on activated microglia increases the production of IL-10, TGF-[3, and decreases TNF- a as well as downregulating CD40, and B7 surface protein
expression. Taken together, the action of PACAP and microglia may lead to protective effects on cardiorespiratory brainstem neuron to keep them in a physiological state.

rons (Suzuki et al., 1997). NTS plays a critical integrative role in not reveal a toxicological or anatomical cause of death” (Nashef,

regulation of cardiovascular, and respiratory system since it is the
initial step in processing barosensory, and chemosensory infor-
mation that culminates in homeostatic reflex responses (Callera
et al,, 1997). It is important to note that seizure upregulates the
c-fos expression in brainstem cardiorespiratory nuclei including
RVLM, and NTS (Sakamoto et al., 2008; Silveira et al., 2000). These
findings confirm that seizure activates the neurons in the major
cardiorespiratory nuclei in brainstem, and causes cardiorespiratory
and autonomic dysfunction.

3. Cardiorespiratory dysfunction in seizure and SUDEP

There are many different types of epilepsy depending on
signs, symptoms and origin of seizures (WHO, 2005). SUDEP is
operationally defined as “sudden, unexpected, witnessed or unwit-
nessed, non-traumatic and non-drowning death in patients with
epilepsy, with or without evidence of a seizure, and excluding doc-
umented status epilepticus, where post-mortem examination does

1997). The mechanism of SUDEP is still unknown, and is the major
hurdle in finding the best therapeutic solution for its prevention.
Plausible mechanisms of SUDEP (Fig. 1) include ictal arrhythmias
(Auerbachetal.,2013; Darbinetal.,2002),ictal and postictal central
apnoea (Bateman et al., 2008; Seyal et al., 2010), acute neurogenic
pulmonary edema (Kennedy et al., 2015), and autonomic dysfunc-
tion (Naggar et al., 2014) for each of which a case report has been
documented and described further in detail. It therefore seems
unlikely that SUDEP is a failure of a single system; rather it is more
likely to be due to the collapse of multiple systems leading to fatal
cardiac and respiratory dysfunction (Fig. 1).

Findings in SUDEP and temporal lobe epilepsy patients com-
pared to controls shows that there is a significant volume loss
in specific cardiorespiratory brainstem autonomic nuclei such as
the periaqueductal gray, colliculi, raphe and reticular formation
extending into the diencephalon particularly the medial posterior
thalamus (Mueller et al., 2014). More importantly, in contrast to
temporal lobe epilepsy patients, this volume loss was not only
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more severe in SUDEP but also more widespread and extended
into the dorsal section of the pons and even upper medulla. These
findings specifically suggest that the neurodegeneration in central
cardiorespiratory autonomic nuclei could be the mechanism for
SUDEP (Mueller et al., 2014).

3.1. Cardiovascular dysfunction

3.1.1. Acute cardiac changes in epilepsy

Studies into the mechanisms of SUDEP, in human and ani-
mal, show that seizure causes major cardiovascular changes with
significant sympathovagal imbalance, tachy- or brady- cardia,
and abnormal changes in the electrocardiogram (ECG) (Fig. 1)
(Bhandare et al., 2016, 2015; Naggar et al., 2014; Ponnusamy et al.,
2012). Acute seizure causes a ~100% increase in sympathetic activ-
ity, pressor effects, tachycardia, and prolongation of QT interval in
rat (Bhandare et al., 2016, 2015; Naggar et al., 2014; Sakamoto
et al., 2008). Increase in both sympathetic and parasympathetic
activity, baro-reflex dysfunction, and hypoperfusion of brain and
heart is evidenced as the major cause of death in seizure-induced
rats (Sakamoto et al., 2008). Pilocarpine-induced status epilep-
ticus causes severe shifts in sympathovagal balance towards a
sympathetic predominance in rats (Metcalf et al., 2009). Kainic
acid-induced chronic seizures in rats showed decreased vagal tone,
increased QT dispersion, and eccentric cardiac hypertrophy with-
out significant cardiac fibrosis (Naggar et al., 2014). Peri-ictal and
ictal ECG changes are potential that can be used to detect seizure
risk. In patients with refractory or well controlled temporal lobe
epilepsy, heart rate variation during normal breathing, and tilting
was lower, compared to control subjects (Ansakorpi et al., 2000). In
temporal lobe epilepsy patients, heart rate variability changes (RR
interval, low and high frequency domain analysed from ictal ECG
recording) were significantly lower, and cardiosympathetic index
was higher, compared to patients with psychogenic nonepileptic
seizures (Ponnusamy et al., 2012). SUDEP is closely linked to ictal
cardiovascular changes. ECG abnormalities, including ST segment
elevation or depression, and T-wave inversion, occur in around
49% of patients during or after epileptic discharges, and are com-
mon in generalised seizure (Nei et al., 2000; Opherk et al., 2002).
Tachycardia is present in 76-99% patients in epilepsy monitor-
ing unit, suggestive of most probable clinical sign of convulsive
and non-convulsive seizures (Moseley et al., 2011; Opherk et al.,
2002). Activation of the central autonomic cardiovascular network,
including the RVLM, causes cardiac changes observed in epilepsy
(Silveira et al., 2000; Tsai et al., 2012). Overall, epileptic discharges
are thought to propagate to the central autonomic nuclei in the
brainstem, and disturb the normal autonomic control through sym-
pathetic and parasympathetic pathways (Figs. 1-2). Our findings
reveal that cardiovascular changes are always preceded by induc-
tion of seizures in rats (Bhandare et al., 2016, 2015). Temporal lobe
epileptic discharges are also associated with ictal bradycardia, and
asystole in 2-4% of seizure cases (Nei et al., 2000), and may occur
due to the collapse of multiple systems.

3.1.2. Chronic cardiac changes in epilepsy

Neurocardiac channelopathies are the most significant chronic
cardiovascular changes in patients with epilepsy. These changes
lead to altered membrane excitability both in the brain and the
heart (Ludwig et al., 2003), and pose an increased risk of autonomic
dysfunction, and cardiac arrhythmia (Biet et al., 2015). Patch-clamp
recordings reveal that, as in brain, epilepsy is associated with
an increased expression of the neuronal isoform Nav1.1 in car-
diomyocytes (Biet et al., 2015). In mice, the HCN channel plays
a physiological role in regulating the resting membrane poten-
tial, required for regular cardiac and neuronal rhythmicity (Ludwig
et al.,, 2003). In Genetic Absence Epilepsy Rats from Strasbourg

(GAERS) and acquired temporal lobe epilepsy rats, the significant
reduction in HCN2 mRNA and protein expression is the mechanism
for abnormal cardiac electrophysiology (Powell et al., 2014).

Genetic mutations in the KCNQ1 gene cause familial long QT
syndrome due to prolonged cardiac action potential (Goldman
et al.,, 2009). Mutations in the KCNQ1 gene in forebrain neuronal
networks, and in brainstem autonomic nuclei can produce seizures,
and dysregulate the autonomic control of heart (Goldman et al.,
2009).

Dravet syndrome is associated with a loss of function muta-
tion in gene SCN1A encoding for voltage-gated sodium channel
Nav1.5 that leads to ECG abnormalities. Increased excitability,
prolongation of action potential duration, and triggered activity
was recorded in isolated Dravet syndrome ventricular myocytes
(Auerbach et al., 2013). Patients with Dravet syndrome have
reduced heart rate variability (HRV) that shows imbalance in auto-
nomic cardiac function (Delogu et al.,, 2011). The findings in SCN1A
heterozygous knockout mice show that increase in parasympa-
thetic activity following tonic-clonic seizures causes bradycardia
and subsequently SUDEP (Kalume et al., 2013). SCN1A mutant mice
have lower threshold for spreading depression that causes brady-
cardia, apnoea and SUDEP (Aiba and Noebels, 2015).

Loss of function mutations of the SCN5A gene causes Brugada
syndrome, and is characterised with ECG abnormalities including
ST segment elevation, syncope as well as seizures, and sleep abnor-
malities (Wang et al., 2015).

HRV is used as a functional tool to investigate the state of
the autonomic nervous system. Reduced HRYV is seen in epilepsy
patients compared to their controls (Ponnusamy et al., 2012), and
isassociated with increased mortality in patients with heart failure.
Abnormal blood pressure variability with higher vasomotor tone is
observed in patients with chronic epilepsy (Devinsky et al., 1994).

3.2. Respiratory dysfunction

In epilepsy patients with severe respiratory dysfunction, as
demonstrated using video-EEG telemetry, the ictal period is asso-
ciated with a severe poikilocapnic hypoxia (Fig. 4) (Bateman et al.,
2008; Seyal et al., 2010). Ictal and post- ictal ETCO, increased above
50 mmHg in 11 out of the 33 epilepsy patients with the post- ictal
increase in respiratory rate, and amplitude (Seyal et al., 2010). In
human, peri-ictal respiratory disturbances are likely to play a crit-
ical role in the pathophysiology of SUDEP (Dlouhy et al., 2015).
Central apnoea is common in a sheep model of epileptic sudden
death (Johnston et al., 1997). In audiogenic seizure-prone DBA/2
mice death due to respiratory arrest can be prevented by mechan-
ical ventilation (Venit et al., 2004). Interestingly SUDEP in DBA/2
mice can also be prevented by treatment with a selective serotonin
reuptake inhibitor (Tupal and Faingold, 2006). Serotonergic and/or
glutamatergic neuronal abnormalities are associated with central
respiratory dysfunction (Hodges et al., 2008, 2009). Impaired ven-
tilatory responses to hypercapnia may lead to SUDEP by adversely
affecting patients’ ability to reposition their head when prone after
convulsion.

Clinical evidence suggests that post-ictal pulmonary edema,
which may be mediated by vasoconstriction induced by a massive
seizure-related sympathetic outburst with increased pulmonary
vascular resistance, could be associated with the pathophysiology
of SUDEP (Kennedy et al., 2015). Forensic autopsies of 52 cases of
SUDEP showed marked pulmonary congestion, and edema with an
average combined lung weight of 1182 g, compared with the nor-
mal average combined lung weight of 840¢g in men (Zhuo et al,,
2012). In epileptic baboons that died suddenly without apparent
cause, 96% had pulmonary congestion or edema, whereas only 12%
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Fig. 4. Oxygen saturation falling below 40% in a 19 year old male patient with a complex partial seizure without generalisation. Seizure duration is shown in red with heart
rate in the top panel. (With permission from Guarantors of Brain/Oxford University Press from- Bateman, L.M., Li, C.S., Seyal, M., 2008. Ictal hypoxemia in localization-related

epilepsy: Analysis of incidence, severity and risk factors. Brain 131, 3239-3245).

of the control animals had pulmonary edema (Akos Szabé et al.,
2009).

4. Neurotransmitters in cardiorespiratory control

Glutamate, GABA and glycine are the three major ionotropic
neurotransmitters within the central nervous system that are
responsible for regulating cardiorespiratory activity and reflexes
(Ross et al., 1984a; Suzuki et al., 1997). Antagonism of any of these
three neurotransmitter systems causes major, or even complete,
disruption of central cardiorespiratory control (Ross et al., 1984a).
Microinjection of the broad spectrum ionotropic glutamate recep-
tor antagonist, kynurenic acid, into either NTS or ventrolateral
medulla reduces the vagal and sympathetic baroreflex (Guyenet
etal., 1987).Selective inhibition of NMDA and AMPA /kainate recep-
tors in the CVLM has a similar effect (Miyawaki et al., 1996a,b,
1997). On the other hand, other neurotransmitters and peptides,
such as serotonin, catecholamines, PACAP, opioids, substance P,
neuropeptide Y, somatostatin, galanin, orexin and angiotensin II
also play significant roles in modulating cardiorespiratory function,
and reflexes (Callera et al., 1997; Farnham et al., 2011; Kashihara
et al., 2008; Miyawaki et al., 2002a; Pilowsky et al., 2009; Rahman
etal,, 2011; Shahid et al., 2011). Here we discuss the potential role
of PACAP, and glutamate on brainstem cardiorespiratory neurons,
in relation to seizure, and SUDEP.

4.1. Pituitary Adenylate Cyclase Activating Polypeptide (PACAP)

PACAP is a 38 amino acid pleiotropic neuropeptide that acts
through three different G-protein coupled receptors (PAC1, VPAC1
and VPAC2) (Joo et al., 2004) to stimulate adenylate cyclase activity
(Vaudry etal., 1998). It belongs to the glucagon-secretin-vasoactive
intestinal polypeptide (VIP) super family of peptides. Since the
discovery of PACAP, many studies have emphasised its neuropro-
tective, and anti-inflammatory role in in vivo, and in in vitro, models
of neurodegenerative diseases (Bhandare et al., 2015; Brifault et al.,
2015; Delgado et al., 1999; Shioda et al., 1998). PACAP is posi-
tively coupled to act on its membrane bound receptors and activate
adenylyl cyclase and generate increased intracellular levels of
cAMP. Subsequently, the increased level of cAMP leads to enhanced
phosphorylation and changes intracellular proteins expressions
such as the MAP kinase proteins (inhibit activation of Jun N-

terminal kinase (JNK)/stress activated protein kinase (SAPK), while
it activate extracellular signal-regulated kinase (ERK)), and stimu-
lates IL-6 secretion (Shioda et al., 1998; Shoge et al., 1999). PACAP
administration after permanent cerebral ischemia by electrocau-
terization of middle cerebral artery improves function and recovery
in mice by redirecting the microglial response toward a neuro-
protective M2 phenotype (Brifault et al., 2015). In cardiovascular
regulation, PACAP acts as an excitatory neurotransmitter at cen-
tral autonomic nuclei in brainstem, and spinal cord (Farnham et al.,
2012, 2011, 2008). PACAP is present in the brainstem, and spinal
cord autonomic nuclei that are important in central cardiores-
piratory regulation (Farnham et al., 2008). The PAC1 receptor is
specific for PACAP with a 1000 times lower affinity for VIP, whereas
VPAC1 and VPAC2 receptors have equal affinity for PACAP and VIP
(Buscail etal., 1990; Miyata et al., 1989). PACand VPAC receptors are
present at specific locations throughout the CNS, on both neurons
and microglia (Joo et al., 2004). PAC1 and VPAC1 (but not VPAC2)
receptors are present on microglia (Delgado, 2002a,b; Kim et al.,
2000; Nunan et al., 2014; Pocock and Kettenmann, 2007). PACAP
immunoreactivity is found in regions of the brainstem and spinal
cord, including the PVN (Hannibal etal., 1995). PACAP immunoreac-
tive fibers innervate the PVN (Das et al., 2007), the RVLM (Farnham
et al., 2008), the ventromedial hypothalamus (Maekawa et al.,
2006), the arcuate nucleus (Diirr et al., 2007), and in the IML cell
column (Chiba et al., 1996), which are major autonomic nuclei.
Kainic acid-induced seizure increases PACAP expression in PVN
of the hypothalamus in rats (Nomura et al., 2000). Previously we
found that low dose kainic acid-induced seizures in rats causes
sympathoexcitation, increased mean arterial pressure and heart
rate, and pro-arrhythmogenic changes including prolongation of
the QT interval. The evidence suggests that PACAP has a protective
effect on sympathetic preganglionic neurons in the IML cell column
during seizures (Bhandare et al., 2015). In patients with epilepsy
and SUDEP, PACAP might have “neuroprotective” or “excitatory”
effect on sympathetic neurons, which depends on multiple factors,
and leads to non-fatal or fatal seizure consequences. The outcome
of seizure depends on the type and severity of seizure, the path of
spread of seizure to autonomic nuclei, duration of seizure history,
the presence of other cardiorespiratory complications etc. (Dlouhy
et al,, 2015; Hitiris et al., 2007). During seizures, the location of
PACAP secretion and its concentration play an important role in
modifying sympathetic activity and overall seizure outcome, e.g.
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PACAP has different effects on sympathetic neurons at the RVLM
and the IML cell column during seizures in rats (Bhandare et al.,
2016, 2015).

There are a number of possibilities that could explain
the way in which PACAP is exerting its effects, and con-
tributing to either decrease or increase the seizure-induced
sympathoexcitation. First, PACAP maintains the sympathetic neu-
ronal firing threshold under control through inhibition of MAP
kinase (Shioda et al, 1998), and synaptic glutamate levels
(Figiel and Engele, 2000; Shoge et al., 1999) to keep them in
healthy condition. Secondly, activation of PACAP on microglial
PAC1, and VPAC1 receptors may polarise microglia toward an
M2 (anti-inflammatory) phenotype, and increase the endogenous
production of the anti-inflammatory cytokines, TGF-f3, and IL-10
(Brifault et al.,, 2015; Suk et al., 2004). Thirdly, as reported ear-
lier, PACAP may produce excitatory effect on the catecholaminergic
neurons, and mediate sympathoexcitatory responses along with
major effects on the ECG (Farnham et al., 2008; Lai et al., 1997).
There is strong evidence that PACAP may play a neuroprotective
role.

First, PACAP is anti-inflammatory, and protects neurons against
various in vitro toxic insults (Delgado et al., 1999; Kim et al., 2000).
Following ischemia, PACAP treatment inhibits the activation of
JNK/SAPK, and increases secretion of IL-6, which further inhibits
activation of JNK/SAPK (Shioda et al., 1998). The protective effect
of PACAP is also seen in in vivo models of cerebral ischemia where
its expression was increased after ischemic injury in rats and mice
(Chen et al., 2006; Skoglosa et al., 1999a). PACAP is upregulated
following sciatic nerve injury, suggesting a role for PACAP in post-
injury recovery of nervous system (Zhang et al., 1996). PACAP
also influences the development of the nervous system; specifi-
cally it has neurotrophic action on mesencephalic dopaminergic
primary culture of neurons (Skoglosa et al., 1999b; Takei et al.,
1998). The survival of the immature sympathetic neurons depends
on NGF, and in its absence neurons undergo a decrease in intracel-
lular cAMP levels, and programmed cell death (Chang and Korolev,
1997; Przywara et al., 1998). However, treatment with PACAP can
increase the cAMP levels, and delay neuronal death caused by
NGF deprivation. PACAP can rescue chick embryonic sympathetic
neurons from apoptosis when the supply of NGF is compromised
(Przywara et al., 1998). These findings indicate that under normal
conditions, PACAP might not play a major role as a neurotropic
molecule for sympathetic neuroblasts because NGF is sufficient,
and is a dominant neurotropic factor. However, if neurons become
vulnerable as a result of unavailable NGF, PACAP released from
presynaptic sites could prevent neurons from apoptosis. Also the
caspases 3, 6 and 7 cleave protein substrates within cell to trig-
ger the final phase of apoptosis. PACAP inhibits the caspase 3 in
NGF-deprived chicken sympathetic embryonic neuroblasts, which
could be mediated through PKA and PKC, but not by ERK-type MAPK
transduction pathways (Dejda et al., 2011; Vaudry et al., 1998).

PACAP has a protective effect against glutamate induced tox-
icity in vitro (Shoge et al.,, 1999). In cultured retinal neurons,
a 10min exposure to 1mM glutamate followed by a further
24-h incubation significantly decreases cell viability. Applica-
tion of PACAP simultaneously with glutamate attenuates the
glutamate induced neurotoxicity, and prevents the decrease in
viability, via cAMP/PKA/MAPK pathways (Shoge et al., 1999).
Glutamate transporters play an important role in the rapid clear-
ance of synaptically released excess glutamate. RT-PCR analysis
of PACAP mRNA shows that PACAP is synthesised exclusively
by neurons, and not by glia, and exposure of cortical astroglia
to PACAP increases the maximal velocity of glutamate uptake
by promoting the expression of GLT-1 and GLAST transporters
(Figiel and Engele, 2000). PACAP also induces expression of
glutamine synthetase, which metabolises glutamate into glu-

tamine. PACAP induced increased expression of glial glutamate
transporter by astrocytes is likely mediated through activation
of cAMP-dependant pathways (Figiel and Engele, 2000; Swan-
sonetal, 1997).The results suggest that PACAP regulates glutamate
transport, and metabolism that may contribute to its neuropro-
tective effect on cardiorespiratory neurons during seizure. Overall
PACAP reduces the excessive firing of sympathetic neurons dur-
ing seizures through the cAMP mediated mechanism, and needs
further investigation, which inhibits JNK/SAPK, activates ERK,
increases IL-6, inhibits caspase-3, and increases glutamate uptake
via astrocytes (Fig. 3).

Secondly, PACAP can produce neuroprotective effects through
its action on microglial PAC1 and VPAC1 receptors (Kim et al.,
2000); causing release of substances such as IL-10, and TGF-
{3; compounds that protect neurons from overexcitation. PACAP
suppresses NMDA-induced cell loss in the ganglion cell layer of
the retina, and significantly elevates the mRNA levels of anti-
inflammatory cytokines IL-10, and TGF-(3 by increasing the number
of microglia and macrophages (Wada et al., 2013). PACAP inhibits
activated microglia induced production of TNF-a by a cAMP depen-
dent pathway in in vivo, and in vitro (Kim et al., 2000). The action of
PACAP on microglial cell surface receptors increases IL-10 protein
expression, causing downregulation of CD40, and B7 mRNA in acti-
vated microglia, thereby acting as a potent anti-inflammatory agent
(Delgado et al., 1999; Kim et al., 2002). PACAP inhibits the activa-
tion of the MAPK family such as JNK (Delgado, 2002b; Shioda et al.,
1998), and stimulates the secretion of IL-6 in CSF (Gottschall et al.,
1994; Shioda et al., 1998). Under hypoxic condition, PACAP attenu-
ates activation of inflammatory microglia, and protects co-cultured
PC12 cells from microglial neurotoxicity via reduction of hypoxia
induced activation of p38 MAPK (Suk et al., 2004). As explained later
in detail, activated microglia can polarise into two different pheno-
types depending on the type of stimulus, and participate in either
neuroprotection or neurotoxicity. However, PACAP treatment can
redirect the microglial response toward a neuroprotective M2 phe-
notype in the late phase of brain ischemia, suggesting that PACAP
has a neuroprotective effect on activated microglia (Brifault et al.,
2015). Altogether, the actions of PACAP may produce neuroprotec-
tive effect on cardiorespiratory neurons in the brainstem during
neurotoxic insults such as epilepsy.

A third possibility that is also very promising occurs
when increased PACAP expression during seizures may excite
catecholaminergic neurons, and mediate sympathoexcitatory
responses along with ECG abnormalities. PACAP infusion into
the intrathecal space (Farnham et al., 2011; Lai et al., 1997), or
microinjection into RVLM (Farnham et al., 2012) has long lasting
sympathoexcitatory effects along with variable pressor responses
in rats. Systemic administration of low doses of PACAP in rats
decreases the threshold for the development of febrile convulsions.
Conversely, administration of higher doses of PACAP increased
the threshold (Chepurnova et al., 2002). The observed effect is
most likely to be an indirect effect of PACAP-induced arginine
vasopressin expression, where arginine vasopressin is known to
mediate the hypothermia-induced seizures (Kasting et al., 1981).
In these circumstances PACAP seems to mediate the induction of
seizures, and acts as an excitatory neurotransmitter, which may
cause further sympathoexcitatory effects.

4.2. Glutamate

Glutamate is the principal excitatory neurotransmitter of the
CNS. Glutamate induced activation of the ionotropic NMDA and
AMPA receptors leads to influx of Ca** and Na*. During prolonged
excitation, glutamate causes neurotoxic insults through disrup-
tion of ionic homeostasis, and increases in oxidative stress (Fig. 3)
(Hoytetal., 1998). Glutamate transporters play an important role in
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Fig. 5. Microglia (Ibal immunoreactive; red) with a round cell body and normal
processes with few ramifications are distributed in the vicinity of premotor tyrosine
hydroxylase-immuno-reactive RVLM neurons (green). Sympathetic premotor RVLM
neurons (green) are shown with a closed arrow and microglia (red) with open arrow.

rapid clearance of the synaptically released glutamate. High affinity
sodium-dependant glutamate transporters include GLAST/EAAT1,
GLT-1/EAAT2, EAAC1/EAAT3, EAAT4, and EAATS5. The GLAST1 and
GLT-1 are expressed predominantly by glia (Swanson et al., 1997).
Astrocytes are known to perform the majority of glutamate uptake
in the brain, and unlike neurons, are capable of metabolising
incorporated glutamate into glutamine by glutamine synthetase
(Figiel et al., 2003).

Glutamate is the primary fast neurotransmitter of sympathetic
premotor RVLM neurons, as all of these neurons express vesicu-
lar glutamate transporter 2 mRNA (Stornetta et al., 2002a,b), and
phosphate activated glutaminase is present in both respiratory
(Pilowsky et al., 1997) and cardiovascular neurons (Minson et al.,
1991). Physiological findings confirmed that bulbospinal RVLM
neurons use glutamate as their major neurotransmitter. Microin-
jection of L-glutamate into the RVLM produces pressor responses
along with sympathoexcitation that are completely blocked by
kynurenic acid (Araujo et al., 1999; Ito and Sved, 1997). Kynurenic
acid microinjection into RVLM on its own has no effect on basal
blood pressure, suggesting that glutamatergic synapses have little
input to the RVLM in maintaining basal blood pressure, and sym-
pathetic activity. On the other hand, the increase in blood pressure
and sympathetic activity that follows blockade of inputs from CVLM
to RVLM is dramatically attenuated by blocking glutamatergic exci-
tation into the RVLM (Ito and Sved, 1997; Miyawaki et al., 2002b).
Collectively, findings suggest that there is a glutamatergic input to
the RVLM neurons and that this glutamatergic input is in balance
with inhibitory pathways from CVLM.

Glutamatergic pathways are involved in acute and chronic
neurodegenerative diseases including epilepsy, where it is more
specific only in some types such as temporal lobe epilepsy (Mueller
et al., 2014; Thom, 2004). Activation of both ionotropic and
metabotropic glutamate receptors is pro-convulsant (Chapman,
1998). Seizure elevates glutamate levels in the extracellular fluid
of the rat hippocampus (Kanamori and Ross, 2011), and produces
down-regulation, and functional failure of glutamate transporters
(Ueda et al., 2001). The RVLM contains sympathetic premotor
neurons responsible for maintaining tonic excitation of sympa-
thetic preganglionic neurons involved in cardiovascular regulation
(Madden and Sved, 2003). The activity of pre-sympathetic RVLM
neurons is directly correlated with sympathetic nerve activ-
ity, and stimulation of neuronal cell bodies in the RVLM with
glutamate produces dose-dependent increases in arterial pres-

sure, that is sympathetically mediated (Madden and Sved, 2003).
Seizure-induced sympathoexcitation is caused by activation of glu-
tamatergic receptors in RVLM that also causes proarrhythmogenic
changes in rats (Bhandare et al., 2016). Seizure-related increased
glutamate expression causes autonomic cardiovascular changes,
since the microinjection of kynurenic acid, completely abolished
these effects.

It is most likely that increased glutamate levels during
seizure induces excito-neurotoxicity of pre-synaptic RVLM neu-
rons, and may contribute to neurodegeneration, and inflammation
in epilepsy that might contribute to SUDEP (Mueller et al., 2014).
Increased oxidative stress, and inflammation in RVLM during
seizure (Tsai et al., 2012) could be mediated through increased
glutamate levels or functional failure of glutamate transporters
on astrocytes (Ueda et al., 2001). Extracellular glutamate activates
either AMPA, NMDA or group I metabotropic receptors, resulting
in oxidative stress and cellular excitability (Coyle and Puttfarcken,
1993), and causes sympathoexcitation. Group I metabotropic
receptors (mGlul and mGlu5) are predominantly located post-
synaptically, and activate phospholipase C, which catalyse the
production of inositol trisphosphate, and thereby trigger the
release of Ca?* from intracellular stores. Mitochondrial activation
is a plausible event in glutamate induced oxidative stress, and cel-
lular excitability causing sympathoexcitation (Fig. 3) (Coyle and
Puttfarcken, 1993).

5. Microglia and their effect on the physiological state of
cardiorespiratory neurons during seizure

Microglia are the principal resident immune cells of the CNS,
contributing ~10% of total brain population (Benarroch, 2013;
Helmut et al,, 2011). Since the first morphological characterisa-
tion of microglia, enormous research is conducted, and still their
precise role in the healthy and diseased CNS remains unclear. Ini-
tially, microglia were classified into two types, “resting” microglia,
which are “inactive”, and present in uninjured CNS; and “acti-
vated” microglia that are present in response to injury. However,
recent work suggests that this classical active/inactive classification
is misleading. Using in vivo two photon imaging of fluorescent-
labelled neurons and microglia in mice, it is shown that resting
microglia continuously survey their microenvironment for the
homeostatic conditions by making brief, and direct contact with
synapses. The frequency of microglial contact is directly propor-
tional to neuronal activity, and also reflects the functional status
of the synapses (Wake et al., 2009). On the other hand, resting
microglia undergo drastic changes, and transform into an activated
state. Activated microglia are ramified, with an amoeboid mor-
phology, and acquire their phenotype depending on the type of
stimulus; participating in either neuroprotection or neurotoxicity
(Ayoub and Salm, 2003). Thus the important role of highly dynamic
microglial cells is to maintain synaptic and neuronal homeostasis
during both normal and diseased CNS conditions (Helmut et al.,
2011; Wake et al., 2009).

Extensive microglial activation is well described in animal mod-
els of seizure (Drage et al., 2002; Shapiro et al., 2008), as well as in
humans (Beach et al., 1995). Patients with intractable seizures dis-
play an 11-fold increase in microglial reactivity in the hippocampus
suggesting that microglia change their state in response to altered
neuronal activity (Beach et al., 1995). As explained earlier, brain-
stem and spinal cord autonomic nuclei are important in central
cardiorespiratory regulation whose function is disturbed in seizure
cases (Bhandare et al., 2015; Naggar et al., 2014; Sakamoto et al.,
2008). Microglia are closely associated with sympathetic premotor
RVLM neurons (Fig. 5) (Kapoor et al., 2016), and help to maintain a
normal homeostatic state. During seizure, microglial responses are
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not necessarily neurotoxic. Ablation of preconditioned hippocam-
pal microglia in mice causes significant increases in acute seizure
scores compared to non-ablated and preconditioned microglia
in control mice, suggestive of a protective effect of microglia
(Mirrione et al., 2010). Other studies reported a neuroprotective
role of microglia in different animal models of neurodegenerative
diseases. In TNF-a and IL-13-deficient mice, sodium nitroprusside-
induced acute neurotoxicity was increased, which supports a
neuroprotective role for pro-inflammatory cytokines released by
microglia (Turrin and Rivest, 2006). Marked increases in infarct
size and neuronal apoptosis was evident when proliferation of resi-
dent microglia was selectively ablated in a mouse model of cerebral
ischemia (Lalancette-Hébert et al., 2007). Similar findings were
observed in in vitro studies, where ablation of ramified microglia
severely enhanced NMDA induced neuronal cell death (Vinet et al.,
2012). However, neurotoxic effects of microglia occur in cases
of overshooting, and uncontrolled stimulation, and are widely
attributed to release of cytokines such as caspases, TNF-ac and IL-13
(Burguillos,2011; Lietal.,2007). Activated microglia are major con-
tributors to neuroinflammation, via secretion of pro-inflammatory
cytokines, and chemokines, in addition to non-specific inflamma-
tory mediators such as ROS, and NO. Fresh frozen tissue samples
from autism patients showed marked activation of microglia with
significant increase in proinflammatory cytokines profile in CSF
(Vargas et al., 2005). However, there is little information available
about the effect of seizure on microglial activation in brainstem, and
spinal cord cardiorespiratory autonomic nuclei, and their possible
neuroprotective or neurotoxic effect.

Recent findings provide increasing evidence for microglial
communication with neurons (Wake et al.,, 2009). During early
development, microglia clear apoptotic neurons, promote survival
of cortical neurons, and prune synapses (Awasaki and Ito, 2004)
whereas in the mature CNS they perform highly dynamic functions.
Exquisitely motile process and stationary somata of microglial cells
make contacts with neurons, and synapses to constantly survey the
microenvironment (Fig. 5) (Wake et al., 2009). As explained earlier,
glutamate plays a crucial role in development of seizure, and is
a major neurotransmitter in cardiorespiratory reflexes. Increased
glutamate levels in seizure activates neuronal NMDA receptors fol-
lowed by calcium influx, and ATP release, which attracts microglial
processes through activation of P2Y12 receptors (Eyo et al., 2014).
Normally, astroglial glutamate transporters, GLT-1 and GLAST, per-
form the majority of glutamate uptake in the brain to mediate a high
signal to noise ratio in synaptic signaling. However, in pathological
conditions such as epilepsy, astroglial glutamate transporter pro-
teins are downregulated, causing excitotoxicity (Ueda et al., 2001).
It is possible that microglia may be neuroprotective during seizure
by increasing glutamate transporter (GLT-1) expression, and reduc-
ing synaptic glutamate concentrations, as demonstrated during
facial nerve axotomy (Lopez-Redondo et al., 2000), infectious
diseases (Persson et al., 2007), and neurodegenerative diseases
(Chrétien et al., 2004). Collectively, the findings support the notion
that during seizures, microglia may exert a neuroprotective effect
on cardiorespiratory neurons in brainstem that is in part mediated
by PACAP (Fig. 3).

6. Conclusion

In epilepsy, the increased expression of glutamate contributes
to neurodegeneration, and inflammation. PACAP, and its action on
microglia may mediate the neuroprotective effect on central car-
diorespiratory neurons in the brainstem. PACAP is neuroprotective
by causing production of anti-inflammatory factors such as TGF-
B3, and IL-6. Additionally, PACAP not only increases the expression
of glutamate transporters on microglia, which accelerate glutamate

clearance from the synaptic cleft, but also polarise microglia toward
an anti-inflammatory M2 phenotype. Hence, tailoring the effect
of PACAP and microglia in the vicinity of cardiorespiratory brain-
stem neurons may be neuroprotective, and lead to possible novel
therapeutic approaches for SUDEP.
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Antagonism of PACAP or Microglia Function Worsens the
Cardiovascular Consequences of Kainic-Acid-Induced
Seizures in Rats
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Seizures are accompanied by cardiovascular changes that are a major cause of sudden unexpected death in epilepsy (SUDEP). Seizures
activate inflammatory responses in the cardiovascular nuclei of the medulla oblongata and increase neuronal excitability. Pituitary
adenylate cyclase-activating polypeptide (PACAP) is a neuropeptide with autocrine and paracrine neuroprotective properties. Microglia
are key players in inflammatory responses in the CNS. We sought to determine whether PACAP and microglia mitigate the adverse effects
of seizure on cardiovascular function in a rat model of temporal lobe epilepsy. Kainic acid (KA)-induced seizures increased splanchnic
sympathetic nerve activity by 97%, accompanied by increase in heart rate (HR) but not blood pressure (BP). Intrathecal infusion of the
PACAP antagonist PACAP(6-38) or the microglia antagonists minocycline and doxycycline augmented sympathetic responses to KA-
induced seizures. PACAP(6-38) caused a 161% increase, whereas minocycline and doxycycline caused a 225% and 215% increase,
respectively. In intrathecal PACAP-antagonist-treated rats, both BP and HR increased, whereas after treatment with microglial antago-
nists, only BP was significantly increased compared with control. Our findings support the idea that PACAP and its action on microglia at
the level of the spinal cord elicit cardioprotective effects during seizure. However, intrathecal PACAP did not show additive effects,
suggesting that the agonist effect was at maximum. The protective effect of microglia may occur by adoption of an M2 phenotype and
expression of factors such as TGF-$ and IL-10 that promote neuronal quiescence. In summary, therapeutic interventions targeting

PACAP and microglia could be a promising strategy for preventing SUDEP.

Key words: kainic acid; microglia; PACAP; seizure; SUDEP; sympathetic nerve activity

Introduction
Epileptic seizures are commonly accompanied by autonomic
changes that include disturbances in blood pressure (BP), heart
rate (HR), and heart rhythm (Wannamaker, 1985; Darbin et al.,
2002; Miingen et al., 2010; Pansani et al., 2011). These cardiovas-
cular changes may be dramatic and lead to “sudden unexpected
death in epilepsy” (SUDEP), a syndrome that accounts for
5-17% of deaths in people with epilepsy (Sakamoto et al., 2008;
Brotherstone et al., 2010; Tolstykh and Cavazos, 2013).
Pituitary adenylate cyclase-activating polypeptide (PACAP) is
a 38 aa peptide that activates three receptors: PACIR, VPACIR,
and VPAC2R. The canonical pathway in each case is activation of
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adenylate cyclase, leading to two main effects on neurons. First, it
is able to act as an excitatory neurotransmitter (Lai et al., 1997;
Farnham et al., 2008; Farnham et al., 2011; Farnham et al., 2012)
and, second, as a neuroprotective and anti-inflammatory agent
by inhibiting the activation of mitogen activated protein kinase
(MAPK) family and by stimulating secretion of IL-6 (Shioda et
al., 1998). During seizures, there is an upregulation of MAPK in
hippocampus and, in patients who are recovering from tonic-
clonic seizure, I1L-6 is elevated in CSF (Peltola et al., 2000).
Conversely, IL-6 knock-out mice are more susceptible to
seizure-induced hippocampal damage (Penkowa et al., 2001),
suggesting that IL-6 is neuroprotective. Nomura et al. (2000)
showed that PACAP gene expression increases in the paraven-
tricular nucleus of the hypothalamus after KA-induced temporal
lobe epilepsy in rats. Based on these findings, we hypothesized
that PACAP itself or its action on activated microglia has neuro-
protective effects that inhibit seizure-induced neuronal excita-
tion and protect against the adverse autonomic effects of seizure.
Activated microglia are associated with neurodegeneration both
in patients and animal models of temporal lobe epilepsy (Mirri-
one et al., 2010; Ahmadi et al., 2013); however, their action as
either neurotoxic or neuroprotective in brainstem and spinal
cord cardiovascular nuclei remains unclear. A number of recent
studies suggest that microglia may acquire the neuroprotective



2192 - J. Neurosci., February 4, 2015 - 35(5):2191-2199

M2 phenotype, and increase endogenous production of TGF-f3
and IL-10 (Li et al., 2007; Mosser and Edwards, 2008; Neumann
et al., 2008; Loane and Byrnes, 2010; Vinet et al., 2012). These
findings led to our second hypothesis that microglia in cardio-
vascular nuclei may be neuroprotective and provide a defense
mechanism by attenuating sympathoexcitatory cardiovascular
responses during seizure.

This study therefore aimed to investigate the role of PACAP
and microglia in seizure-induced cardiovascular responses. Spe-
cifically, the aims of this study were to determine the effect of
intrathecal administration of PACAP and the PACAP antagonist
PACAP(6-38) and the microglia antagonists minocycline and
doxycycline on seizure-induced cardiovascular responses. We
used in vivo physiological and pharmacological approaches in
anesthetized rats using the KA-induced seizure model (Sakamoto
et al., 2008).

Materials and Methods

Animals. All procedures and protocols were approved by the Animal
Care and Ethics Committee of Macquarie University and the Sydney
Local Health District. All experiments were conducted on adult male
Sprague Dawley (SD) rats (250—350 g; Animal Resources Centre, Perth,
Australia) in accordance with the Australian code of practice for the care
and use of animals for scientific purposes.

Surgical preparation. Rats (n = 64) were anesthetized with 10% ure-
thane (ethyl carbamate; 1.3-1.5 g/kg, i.p.; Sigma-Aldrich). The depth of
anesthesia was monitored by observing reflex responses (withdrawal or
pressor >10 mmHg) to nociceptive stimuli (periodic tail/paw pinches).
Additional anesthetic was injected (30—40 mg, 10% urethane i.v.), if
reflex responses were observed. Atropine sulfate (100 ug/kg, i.p.; Pfizer)
was administered with the first dose of urethane to prevent bronchial
secretions. After the completion of the general surgical procedures de-
scribed below, rats were secured in a stereotaxic frame with their abdo-
men resting on a heating blanket (TC-1000; CWE). Core body
temperature was monitored with a rectal thermometer and maintained
between 36.5 and 37.5°C throughout the experiment.

General surgical procedures. The right carotid artery and jugular vein
were cannulated with polyethylene tubing [internal diameter (I.D.) =
0.50 mm; outer diameter (O.D.) = 0.90 mm; Microtube Extrusions] for
recording of blood pressure, and for administration of drugs and fluids,
respectively. A tracheostomy enabled mechanical ventilation (rodent
ventilator; UGO Basile Biological Research Apparatus) and recording of
expired CO, (Capstar 100 CO, analyzer; CWE). Electrocardiogram
(ECG) was recorded from leads connected to the forepaws of the rat and
HR was derived from it. Rats were vagotomized, artificially ventilated
with oxygen-enriched room air, and paralyzed with pancuronium bro-
mide (0.4 mg given asa 0.2 ml bolus i.v. injection, followed by an infusion
of 10% pancuronium in 0.9% saline at a rate of 2 ml/h; AstraZeneca).
Arterial blood gases were analyzed with an electrolyte and blood gas
analyzer (Vetstat; IDEXX). PaCO, was maintained at 40.0 = 2 and pH
between 7.35 and 7.45. The left greater splanchnic sympathetic nerve ata
site proximal to the celiac ganglion and the left phrenic nerves were
isolated, dissected, and tied with 5/0 silk thread. Nerve activity was re-
corded using bipolar stainless steel electrodes. Signals were amplified
(BMA-931 Bioamplifiers; CWE; sampling rate: 6 kHz, gain: 2000, filter-
ing: 30-3000 Hz) and filtered with a 50/60 Hz line frequency filter
(Humbug; Quest Scientific).

Intrathecal catheter placement. The atlanto-occipital junction was ex-
posed and a catheter (polyethylene tubing, O.D. = 0.50 mm; I.D. = 0.20
mm; Microtube Extrusions) with a dead space of ~6 ul was inserted into
the intrathecal space of all rats through a slit in the dura and advanced
caudally to the level of T5/6.

Electroencephalogram electrode placement. For the placement of elec-
troencephalogram (EEG) electrodes, the scalp over the dorsal surface of
the skull was incised, the skin retracted, and the periosteum scraped from
the skull surface. Burr holes were drilled bilaterally for recording over the
dorsal hippocampus (5.2 mm anterior to lambda, 3 mm lateral to mid-
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line, and 2-3 mm below the skull surface) and electrode positions were
confirmed with cresyl violet staining. A single electrode wire was inserted
into each hole using stereotaxic manipulator. Electrodes were 75 um
Teflon-insulated stainless steel wires (A-M Systems). Signals were ampli-
fied (BMA-931 Bioamplifier; CWE), band-pass filtered from 1 Hz to 10
kHz, amplified 100X, and digitized at 6 kHz (see data acquisition below).

Seizure induction. Intraperitoneal injection of KA was used to generate
a seizure/KA dose—response curve in SD rats (Figs. 1, 2). Responses were
recorded for at least 2 h after KA injection, during which continuous
monitoring of EEG was used to identify the development of seizures. To
determine the presence or absence of seizure, the amplitude of the AUC
of the EEG before and after KA administration was measured. A seizure
was considered to have occurred if the AUC increased by at least 50%. In
vehicle-treated rats, no change occurred. The log-transformed values of
percent change in AUC at 60 and 120 min after injection relative to the
AUC before injection in different groups are shown in the Results.

From the dose-response study, we found that 2 mg/kg KA was suffi-
cient to induce seizure and a significant increase in splanchnic sympa-
thetic nerve activity (Figs. 1, 2) and was used for the rest of the study. At
the conclusion of the experiments, rats were either killed with 0.5 ml of 3
M potassium chloride (KCl, i.v.) or deeply anesthetized and perfused with
400 ml of ice-cold 0.9% saline followed by 400 ml of 4% paraformalde-
hyde solution. The brains were removed from the perfused rats and
postfixed in the same fixative overnight. Brains were sectioned coronally
(100 wm) and stained with cresyl violet for histological verification of the
electrode positions.

Intrathecal drug administration protocol. In all dose—response studies, a
control injection of 10 ul of 10 mmol/L PBS was washed in with 6 ul PBS
10 min before the intraperitoneal injection of KA. The same intrathecal
PBS infusion protocol was followed for the vehicle control group of rats
10 min before intraperitoneal PBS injection.

The dose of PACAP-38 and the antagonist PACAP(6-38) (Auspep)
for intrathecal infusion was selected from our previous study (Farnham
etal., 2011). Ten microliters of 1 mmol/L PACAP(6-38) or 300 wmol/L
PACAP was administered intrathecally and flushed in with 6 ul of PBS.
Doses determined from a previous study (Hua et al., 2005) for minocy-
cline (100 ug/10 ul) or doxycycline (100 wg/10 ul) were administered
intrathecally and flushed in with 6 ul of PBS. In all groups of rats, intra-
thecal infusion was made 10 min before intraperitoneal KA or PBS injec-
tion. All infusions were made over a 10-15 s period, as described
previously (Farnham et al., 2008). At the conclusion of experiments, the
rats were killed as described above. Postmortem verification of the posi-
tion of catheter tip was performed by exposing the spinal cord and check-
ing its position with respect to the vertebra.

Data acquisition and analysis. Data were acquired using an ADC sys-
tem (CED 1401; Cambridge Electronic Design) and Spike 2 acquisition
and analysis software (version 8.01; Cambridge Electronic Design). The
EEG activity raw data were DC removed. The amplitude of EEG activity
(AUC) was analyzed in 5 min blocks taken 1 min before intrathecal
infusion and 60 and 120 min after intraperitoneal injection of either KA
or PBS. The percentage change in EEG AUC was calculated for each rat at
60 and 120 min after treatment compared with pretreatment area (taken
as 100%) and grouped together. Phrenic nerve activity (PNA) was recti-
fied and smoothed (7 0.5 s). PNA was analyzed from 1 min blocks taken
1 min before intrathecal infusion and 60 and 120 min after intraperito-
neal injection of either KA or PBS. The percent change in area under
curve was analyzed at 60 and 120 min compared with pretreatment area
(taken as 100%). SNA raw data were rectified and smoothed (72 s) and
normalized to zero by subtracting the residual activity 5-10 min after
death. SNA was analyzed with a sigmoid curve-fit analysis method. A
sigmoid curve was fitted to the processed SNA channel and the percent-
age low, percentage high, percentage range, and slope (%/s) were calcu-
lated (only percentage range is showed in graphs). Mean arterial pressure
(MAP) and HR were analyzed from 1 min blocks taken 1 min before
intrathecal infusion and the time at which it was peaked. End-tidal CO,
and core temperature were analyzed from 1 min blocks taken 1 min
before intrathecal infusion and intraperitoneal injection and 30, 60, 90,
and 120 min after intraperitoneal injection of either KA or PBS. Arterial
blood gas levels (PaCO, and pH) were measured 10 min before intrathe-
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Figure 1.  Effect of intrathecal (IT) PBS (10 p.l) followed by 2 mg/kg intraperitoneal KA in an anesthetized rat (see Materials and Methods) on (from the top): HR (bpm), BP (mmHg), SNA (V),
and EEG (V). Time of administration of IT PBS and intraperitoneal KA are marked with an arrow. Pre-KA EEG and post-KA EEG refer to the expanded periods as indicated.
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Figure2. Dose—response curve for intraperitoneal KA. Change in SNA (log transform of percentage range) (4), maximum change in MAP (on y-axis) at respective time point after intraperitoneal
PBS or KA injection (on x-axis) (B), maximum change in HR (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (€) and log transform of percentage change in AUC
of EEG activity at 60 min (D) and 120 min (E) after intraperitoneal PBS or KA injection, in PBS (n = 5)and 0.1(n = 3),0.3(n =3),1(n=3),2(n=15),3(n=3),5(n=3),8(n=3),10(n =
3),and 12 (n = 3) mg/kg intraperitoneal KA-treated rats. Statistical significance was determined using one-way ANOVA followed by ¢ tests and Dunnett’s correction to compare effects with the
control value. Data are expressed as mean = SEM. ****p = 0.0001;***p = 0.001;**p = 0.01 and *p = 0.05 compared with vehicle control group.

cal infusion and 120 min after KA or PBS injections in all animals. Log ~ Statistical significance was determined using one-way ANOVA followed
transformation was applied to EEG and SNA raw values where necessary by ¢ tests with Dunnett’s correction for dose-response studies and with
if variances were not normally distributed or heterogeneous. Statisti- ~ the Holm—Sidak correction for the rest of the study. Multiple compari-
cal analysis was performed in GraphPad Prism software (version 6.04).  sons were done between groups. p = 0.05 was considered significant.
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Figure 3.

Invivo effects of intrathecal (IT) PACAP(6 —38) and PACAP-38 in 2 mg/kg KA-induced seizure rats. Change in SNA (% range) (4), maximum change in MAP (on y-axis) at respective time

point after intraperitoneal PBS or KA injection (on x-axis) (B), maximum change in HR (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (C), and log transform
of percentage change in AUC of EEG activity at 60 and 120 min after intraperitoneal PBS or KA injection (D) in different groups of rats after development of seizure. In all groups, n = 5. Statistical
significance was determined using one-way ANOVA followed by ¢ tests with a Holm—Sidak correction. Data are expressed as mean == SEM. ****p = 0.0001; ***p =< 0.001; **p = 0.01; *p =< 0.05

compared with vehicle control group; ##p = 0.01 and #p = 0.05 compared with KA control group.

Calculation of corrected QT interval. Because the length of the QT
interval can be affected by heart rate, corrected QT (QTc) interval was
calculated by dividing the QT interval in seconds by the square root of the
R-R interval in seconds (Bazett, 1920). The QTc was obtained in all rats
before and after vehicle or KA injection.

Results

KA-induced seizures causes sympathoexcitation, tachycardia,
and pressor responses

Intraperitoneal injection of KA in urethane anesthetized rats (Fig.
1) was used to determine the most effective dose for use in this
study (Fig. 2). One-way ANOVA of peak EEG AUC responses
revealed that the 2 mg/kg was the lowest dose of KA effective in
significantly elevating EEG (120 min after KA: 64.0 = 17.7%; p =
0.0001; Fig. 2D, E), SNA (% range: 97.2 * 7.4%; p = 0.001; Fig.
2A)and HR (AHR: 46.5 = 4.8 bpm; p = 0.05; Fig. 2C). Therefore,
a 2 mg/kg dose of KA was used in the rest of the study. SNA
percentage low was same in all groups, whereas percentage high
was significantly different in 2 mg/kg (194.3 % 6.0%; p = 0.05)
and in all higher doses of KA compared with vehicle-treated
group. The change in MAP was significantly higher only in 8
(AMAP: 48.3 + 4.5 mmHg; p =< 0.0001) and 12 mg/kg (AMAP:
28.2 = 14.6 mmHg; p = 0.05) doses of KA compared with vehicle
control, whereas the change in HR was significantly different in 2
mg/kg and all higher doses of KA compared with vehicle control.
There were no significant differences in PNA, expired CO,, and
rectal temperature in any of the groups studied (results not
shown). Blood gas analysis revealed that blood PaCO, and pH
were within normal physiological range in all animals (PaCO,
was 40.0 = 2 and pH between 7.35 and 7.45). There was no
significant change in pretreatment and posttreatment blood
PaCO, and pH levels (results not shown). A 2 mg/kg intraperito-
neal injection of KA increased EEG amplitude beyond 50% of
baseline and was classified as a seizure. The EEG seizure response
was followed by an increase in SNA (Fig. 1). Importantly, SNA
did not begin to increase before the first instance of seizure, elim-
inating the possibility of the increase in SNA being due to a pe-
ripheral effect of KA. The EEG activity started to increase at

25.6 = 3.6 min after KA injection, followed by SNA, MAP, and
HR. SNA, EEG, and HR were significantly increased after KA
injection compared with the vehicle-treated group.

Antagonism of PACAP exacerbates the cardiovascular effects
of seizure

The PACAP antagonist PACAP(6-38) was administered intra-
thecally to test the hypothesis that PACAP has a neuroprotective
and anti-inflammatory role in KA-induced seizure rats that
might be responsible for attenuating the seizure-induced sympa-
thoexcitation. The seizure-induced cardiovascular responses
were significantly increased by infusing PACAP(6-38) 10 min
before KA injection (Fig. 3A-C) compared with the KA control
group (SNA high: 255.1 % 15.3%; p = 0.01, SNA range: 160.8 *
16.0%; p = 0.01, Fig. 3A; SNA slope: 0.043 = 0.0095%/s; p =
0.01, AMAP: 31.84 =+ 3.5 mmHg; p =< 0.05, Fig. 3B; and AHR:
56.1 * 4.9 beats/min; p = 0.05, Fig. 3C). Intrathecal infusion of
300 wmol/L PACAP had no effect on the SNA increase in re-
sponse to KA-induced seizure (Fig. 3A). Intrathecal PACAP
agonist and antagonist treatment had no effect on EEG activity
in seizure-induced rats compared with the KA control group
(Fig. 3D).

Microglia antagonism worsens the cardiovascular
dysfunction in seizure

The effect of blocking microglial activation on seizure-induced
cardiovascular responses was evaluated at the spinal cord level.
Intrathecal injection of the microglia antagonists minocycline
and doxycycline in KA-induced seizure rats more than doubled
the sympathoexcitatory and MAP responses, but did not affect
HR. The microglia antagonists alone had no effect on measured
cardiovascular parameters in vehicle-treated control rats (Fig.
4A-C). These results indicate that microglia have a neuropro-
tective or anti-inflammatory role during seizure. Intrathecal
minocycline significantly increased sympathoexcitation in
KA-induced seizure rats compared with the KA control group
(SNA high: 314.1 = 33.4%; p = 0.01, SNA range: 224.8 = 33.6%;
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Invivo effects of intrathecal (IT) minocycline and doxycycline in 2 mg/kg KA-induced seizure rats and vehicle control rats. Change in SNA (% range) (4), maximum change in MAP (on

y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis) (B), maximum change in HR (on y-axis) at respective time point after intraperitoneal PBS or KA injection (on x-axis)
(€), and log transform of percentage change in AUC of EEG activity at 60 and 120 after intraperitoneal PBS or KA injection (D) in different groups of rats after development of seizure. In all groups,
n = 5. Statistical significance was determined using one-way ANOVA followed by ¢ tests with a Holm—Sidak correction. Data are expressed as mean == SEM. ****p < 0.0001; ***p < 0.001; **p <
0.01; *p = 0.05 compared with vehicle control group; ##p = 0.01 and #p = 0.05 compared with KA control group.

p = 0.01, Fig. 4A; and SNA slope: 0.04 = 0.006%/s; p = 0.05). A
similar response was observed with intrathecal doxycycline,
which augmented the sympathoexcitation in KA-induced seizure
rats compared with the KA control group (SNA high: 313.2 =
31.0%; p = 0.01, SNA range: 214.5 * 33.6%; p = 0.01, Fig. 4A4;
and SNA slope: 0.05 = 0.008%/s; p = 0.01). MAP was also sig-
nificantly increased in both minocycline- and doxycycline-
treated rats after KA treatment compared with the KA control
group (AMAP: 31.0 = 2.9 mmHg; p =< 0.05 and 30.0 = 2.9
mmHg; p = 0.05, respectively; Fig. 4B). There was no significant
difference in the HR response between the intrathecal microglia
antagonist treatment in the seizure-induced group and the KA
control groups (Fig. 4C). Intrathecal minocycline and doxycy-
cline treatment in the KA-induced seizure group had no effect on
EEG activity compared with KA control (Fig. 4D).

Proarrhythmogenic changes in ECG after seizure

In vehicle-treated rats, changes in QTc interval (AQTc) duration
between pretreatment intraperitoneal PBS injection and 120 min
after injection was 2.5 = 1.0 ms (Fig. 6). The AQTc interval was
significantly increased in seizure-induced rats compared with ve-
hicle control (13.1 = 1.5 ms; p < 0.001; Fig. 6). Compared with
the vehicle control group, the AQTc interval duration was signif-
icantly increased in the KA control, intrathecal PACAP-, PACAP
(6-38)-, and doxycycline-treated groups, but not in the
minocycline-treated group (also seen in Fig. 5). The QT interval
was prolonged in KA control, PACAP (6-38)-, PACAP-, and
doxycycline-treated rats compared with vehicle treatment (Fig.
5). PACAP antagonist treatment not only prolongs the QT inter-
val, butalso causes a clear ST segment elevation (Fig. 5C, arrows),
both of which are prominent proarrhythmogenic changes (HR-
triggered ECG was drawn pretreatment and posttreatment and
shown in the right side corner of each graph; Fig. 5). Intrathecal
minocycline treatment in the KA-treated group showed signifi-
cant differences in AQTc¢ interval compared with the KA control
group (p = 0.01; Fig. 6).

Discussion

The main findings of the study are, first, that sympathetic nerve
activity begins to rise several minutes after the start of a seizure.
Second, we find that induction of seizure activity in the hip-
pocampal EEG that follows intraperitoneal KA is associated with
significant and dose-dependent increases in SNA, MAP, and HR
and a prolongation of the QT interval. Third, in KA-induced
seizure rats, intrathecal administration of the PACAP antagonist
PACAP(6-38) exacerbates the cardiovascular responses, whereas
intrathecal administration of PACAP has no beneficial effect.
Fourth, intrathecal infusion of tetracycline-derived microglia an-
tagonists exacerbates the cardiovascular responses after the in-
duction of seizures. Overall, antagonism of PACAP or microglia
tends to worsen the sympathoexcitatory effects of seizures.

Our work demonstrates that KA-induced seizure has a pow-
erful effect on the cardiovascular system. It increases SNA, MAP,
and HR; prolongs QTc; and, after PACAP antagonist, causes ST
elevation. Together, these changes markedly increase the risk of
arrhythmia. The present study revealed a neuroprotective role of
endogenous PACAP that is antagonized by intrathecal infusion
of PACAP(6-38) in KA-induced seizure rats. Therefore, PACAP
attenuates KA seizure-induced sympathoexcitation. The failure
to see a beneficial effect of PACAP agonist infusion may be due to
an inadequate dose being provided. Alternatively, local neurons
secreting PACAP may cause a maximal effect on local PACAP
receptors so that additional intrathecal doses of PACAP provided
exogenously have no effect. This creates the need for further
study of the effect of PACAP during seizure on catecholaminergic
and other bulbospinal sympathoexcitatory neurons in the rostral
ventrolateral medulla (Schreihofer and Guyenet, 1997). It is pos-
sible that microinjection of low doses of exogenous PACAP in
rostral ventrolateral medulla might provide an additional neuro-
protective effect during seizure and inhibit the sympathoexcita-
tion. Microglia are activated by increased phosphorylation of
the MAPK pathway. PACAP act on microglia via membrane-
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Figure6. Groupdatashowingincreasein QTcinterval 120 minafterintraperitoneal injection
of KA or PBSin the different groups of rats (see also Fig. 5). IT, Intrathecal. Statistical significance
was determined using one-way ANOVA followed by ¢ tests with a Holm—Sidak correction. Data
are expressed as mean == SEM. ****p < 0.0001; ***p = 0.001; **p = 0.01; *p = 0.05
compared with vehicle control group; ##p = 0.01 compared with the KA control group.

associated VPAC1 (PACAP) receptors, causing the release of sub-
stances such as IL-10 or TGF-B, compounds that protect neurons
from overexcitation (Fig. 7). The finding that an increase in sym-
pathetic activity after PACAP antagonism with PACAP(6-38) or

of microglial antagonism (doxycycline and minocycline) sug-
gests that, in this model of epilepsy, there is strong activation of a
neuroprotective PACAP and microglial pathway. The physiolog-
ical effect of PACAP on microglia may act to dampen the sympa-
thoexcitatory effects of seizure, an idea that is strengthened by the
finding that tetracycline drugs had no effect in vehicle-treated
animals.

To investigate the role of sympathoexcitation in acute seizure,
we used a urethane-anesthetized, KA-induced model of seizure in
rat. A single injection of KA in the range of 6—15 mg/kg, leads to
asyndrome of recurrent status epilepticus, with each seizure last-
ing 30 min or longer over a prolonged period in conscious rats
(Lévesque and Avoli, 2013). At these doses, it is well known that
seizure activity causes autonomic dysfunction with acute cardio-
vascular changes (Sakamoto et al., 2008; Hotta et al., 2009). Here,
we aimed to determine the lowest dose of KA that elicited seizure
and sympathoexcitation. It is possible that this sympathoexci-
tation might be responsible for progressive deterioration of
cardiovascular function in susceptible individuals and ulti-
mately SUDEP. Several studies in human subjects during electro-
convulsive therapy (ECT) reported changes in ECG that are
proarrhythmogenic or ischemic. Because patients having seizures
during ECT are under general anesthetic and neuromuscular
blockade (Mokriski et al., 1992; Luckhaus et al., 2008), it is likely
that any autonomic features would be blunted. Nevertheless, the
finding that changes do occur suggests that seizures occurring
during daily life would exhibit worse changes in ECG.

We aimed to elucidate PACAP-dependent differences in
seizure-induced sympathoexcitation and a neuroprotective role
of PACAP. PACAP exerts its autocrine neuroprotective (Shioda
etal., 1998; Reglodi et al., 2000) and paracrine anti-inflammatory
(Shioda et al., 2006; Ringer et al., 2013) effects in two ways.
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on sympathetic neurons in the brainstem and spinal cord during seizure. Seizure activates
brainstem presympathetic neurons and changes cardiac and vascular reactivity. In seizure, mi-
croglia respond by changing from a quiescent surveillance state toward a more activated state.
Activated microglia produce neurotropic and anti-apoptotic molecules, including TGF-3 and
IL-10. These molecules have protective effects on sympathetic neurons. Seizure increases the
expression of PACAP, which inhibits the activation of MAPK and stimulates the secretion of IL-6
into the CSF. PACAP then acts on microglial VPAC receptors to cause increased IL-10 protein
expression, followed by downregulation of the expression of the pro-inflammatory receptors
(D10and B7.

PACAP not only inhibits the activation of members of the MAPK
family such as c-Jun N-terminal kinase (JNK) (Shioda et al.,
1998), but also stimulates the secretion of IL-6 in CSF (Gottschall
etal.,, 1994; Shioda et al., 1998). This effect may be the mechanism
of action of PACAP in attenuating seizure-induced sympa-
thoexcitation (Fig. 7). An increased activity of MAPKSs in sei-
zure (Jeon et al., 2000; Ferrer et al., 2002) is associated with cell
death in several experimental paradigms (Chan et al., 2003; Sa-
kon et al., 2003). Although there are controversies about the pro-
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inflammatory and anti-inflammatory properties of IL-6, increased
levels are reported to have neuroprotective effects on sympathetic
neurons (Mérz et al, 1998) and neuroprotective and anti-
inflammatory effects in KA-induced seizure rats (Penkowa et al.,
2001). Nomura et al. (2000) showed that PACAP gene expression
increases in the paraventricular nucleus of the hypothalamus af-
ter KA-induced temporal lobe epilepsy in rats. Our findings sug-
gest a mechanistic role for PACAP during epilepsy because
blockade of PACAP activity during acute seizure has a detrimen-
tal effect on seizure-induced cardiovascular dysfunction. Micro-
glia activated during seizure also express costimulatory molecules
CD40 and B7 that may lead to further activation of microglia.
PACAP, acting on microglial VPACI1 receptors (Delgado et al.,
1999), increases IL-10 protein expression, causing a downregula-
tion of CD40 and B7 mRNA expression in activated microglia,
thereby acting as a potent anti-inflammatory agent (Delgado et
al., 1999; Kim et al., 2002). We propose that this effect of PACAP
is a likely mechanism of action for the responses observed in this
study (Fig. 7).

Microglia are the innate immune cells of the CNS and repre-
sent ~10% of the total brain cell population. Microglia can be
either neuroprotective or neurodegenerative depending on cir-
cumstances (Mosser and Edwards, 2008; Loane and Byrnes, 2010;
Benarroch, 2013; Biber et al., 2014). There is extensive microglial
activation in animal models of seizure (Beach et al., 1995; Drage
et al., 2002; Shapiro et al., 2008) and preconditioning of hip-
pocampal microglia during the acute phase seizure results in a
neuroprotective effect (Mirrione et al., 2010). Other studies re-
porta neuroprotective role of microglia in different animal mod-
els of neurodegenerative diseases (Li et al., 2007; Lai and Todd,
2008; Mosser and Edwards, 2008; Neumann et al., 2008; Loane
and Byrnes, 2010; Vinet et al., 2012; Benarroch, 2013; Biber et al.,
2014) such as ischemic injury (Kitamura et al., 2004; Kitamura et
al., 2005; Imai et al., 2007; Lalancette-Hébert et al., 2007) and
chronic stress-induced depression (Kreisel et al., 2014). Until
now, a role for microglia in seizure-induced cardiovascular re-
sponses was unclear. Our results demonstrate that inhibition of
microglial activation and proliferation during KA-induced sei-
zure worsens sympathoexcitation. The microglial antagonists
minocycline and doxycycline act by inhibiting the p38 MAPK
pathway. Current findings suggest a neuroprotective potential of
activated microglial cells on sympathetic preganglionic neurons.
This neuroprotective effect of microglia may occur through an
endogenous production of neurotropic and anti-apoptotic mol-
ecules such as TGF-$ and IL-10 (Benarroch, 2013) or by in-
creased glutamate uptake (Persson and Ronnbick, 2012). In this
scenario, TGF-B- and IL-10-mediated activation of microglia
into regulatory or M2 type has potent anti-inflammatory and
neuroprotective potential.

Resident microglia actively survey their environment and are
referred to as “surveilling microglia” (Nimmerjahn et al., 2005).
Activated microglia dynamically change into two different phe-
notypes, M1 or M2, that are generally considered to be inflam-
matory and protective respectively depending on the type of
stimulus and microenvironment, participating not only in mech-
anisms of injury, but also in neuroprotection, repair, and circuit
refinement in the CNS (Mosser and Edwards, 2008). Our current
findings suggest that acute seizure causes microglia to adopt the
M2 phenotype and protect sympathetic neurons from excitotox-
icity. The neuroprotective effect on sympathetic neurons may be
due to microglial production of IL-10. Inhibiting microglial ac-
tivation with intrathecal minocycline or doxycycline infusion in
seizure-induced rats increased sympathoexcitation, leading to in-
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creased HR and BP. Recent phase 3 clinical trials of minocycline
in amyotrophic lateral sclerosis (ALS) patients showed that mi-
nocycline has a harmful effect on an ALS functional rating scale
and greater mortality during the 9-month treatment phase com-
pared with placebo treatment (Gordon et al., 2007). These find-
ings are consistent with our current findings, which suggest that
microglia antagonists worsen the effect of cardiovascular dys-
function during seizure. Overall, we propose that microglial ac-
tivation during acute seizure has a neuroprotective effect due to
adoption of the M2 phenotype or “protective” state. Microglial
inactivation during acute seizure produces more neuroexcitation
and cardiovascular dysfunction.

In conclusion, low doses of KA, which are adequate to pro-
duce seizures, lead to slowly developing, but prolonged and sig-
nificant increases in SNA, MAP, HR, and EEG activity and a
prolongation of the QTc interval. This type of severe disruption
in central autonomic function may ultimately lead to progressive
deterioration of cardiovascular function and SUDEP.

The clinical implications of our findings are that PACAP may
exert a protective role against known adverse cardiovascular ef-
fects of seizure because antagonism of the PACAP receptor exac-
erbated the seizure-induced cardiovascular effects. PACAP may
exert neuroprotective effects by preventing the activation of
MAPKSs and increasing levels of IL-6 and by its action on micro-
glia. Together, our findings suggest that targeting PACAP and
microglial activation may provide new therapeutic avenues in the
prevention of seizure-induced cardiovascular dysfunction and
SUDEP.
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Seizure-Induced Sympathoexcitation Is Caused by
Activation of Glutamatergic Receptors in RVLM That Also
Causes Proarrhythmogenic Changes Mediated by PACAP
and Microglia in Rats

Amol M. Bhandare,!> Komal Kapoor,"? “Paul M. Pilowsky,"* and Melissa M.J. Farnham'?
'The Heart Research Institute, Sydney 2042, New South Wales, Australia, 2Faculty of Medicine and Health Sciences, Macquarie University, Sydney 2109,
New South Wales, Australia, and *Department of Physiology, University of Sydney, Sydney 2006, New South Wales, Australia

Cardiovascular autonomic dysfunction in seizure is a major cause of sudden unexpected death in epilepsy. The catecholaminergic
neurons in the rostral ventrolateral medulla (RVLM) maintain sympathetic vasomotor tone and blood pressure through their direct
excitatory projections to the intermediolateral (IML) cell column. Glutamate, the principal excitatory neurotransmitter in brain, is
increased in seizures. Pituitary adenylate cyclase activating polypeptide (PACAP) is an excitatory neuropeptide with neuroprotective
properties, whereas microglia are key players in inflammatory responses in CNS. We investigated the roles of glutamate, PACAP, and
microglia on RVLM catecholaminergic neurons during the cardiovascular responses to 2 mg/kg kainic acid (KA)-induced seizures in
urethane anesthetized, male Sprague Dawley rats. Microinjection of the glutamate antagonist, kynurenic acid (50 nl; 100 mM) into RVLM,
blocked the seizure-induced 43.2 * 12.6% sympathoexcitation (p = 0.05), and abolished the pressor responses, tachycardia, and QT
interval prolongation. PACAP or microglia antagonists (50 nl) (PACAP(6-38), 15 pmol; minocycline 10 mg/ml) microinjected bilaterally
into RVLM had no effect on seizure-induced sympathoexcitation, pressor responses, or tachycardia but abolished the prolongation of QT
interval. The actions of PACAP or microglia on RVLM neurons do not cause sympathoexcitation, but they do elicit proarrhythmogenic
changes. An immunohistochemical analysis in 2 and 10 mg/kg KA-induced seizure rats revealed that microglia surrounding cat-
echolaminergic neurons are in a “surveillance” state with no change in the number of M2 microglia (anti-inflammatory). In conclusion,
seizure-induced sympathoexcitation is caused by activation of glutamatergic receptors in RVLM that also cause proarrhythmogenic
changes mediated by PACAP and microglia.

Key words: glutamate; microglia; PACAP; rat; seizure; sympathetic

(s )

Sudden unexpected death in epilepsy isa major cause of death in epilepsy. Generally, seizures are accompanied by changes in brain
function leading to uncontrolled nerve activity causing high blood pressure, rapid heart rate, and abnormal heart rhythm. Nev-
ertheless, the brain chemicals causing these cardiovascular changes are unknown. Chemicals, such as glutamate and pituitary
adenylate cyclase activating polypeptide, whose expression is increased after seizures, act on specific cardiovascular nuclei in the
brain and influence the activity of the heart, and blood vessels. Microglia, which manage excitation in the brain, are commonly
activated after seizure and produce pro- and/or anti-inflammatory factors. Hence, we aimed to determine the effects of blocking
glutamate, pituitary adenylate cyclase activating polypeptide, and microglia in the RVLM and their contribution to cardiovascular
autonomic dysfunction in seizure. )

ignificance Statement

Introduction

Seizure-induced cardiovascular autonomic dysfunction isa com-
mon cause of sudden unexpected death in epilepsy (SUDEP),
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which accounts for 5%-17% deaths in people with epilepsy
(Sakamoto et al., 2008; Surges et al., 2009; Bardai et al., 2012;
Massey et al., 2014). The rostral ventrolateral medulla (RVLM)
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contains sympathetic premotor neurons (C1), which are a subset
of catecholaminergic neurons that express all of the enzymes nec-
essary for the synthesis of adrenaline (Schreihofer and Guyenet,
1997; Phillips et al., 2001). Sympathetic vasomotor tone and
blood pressure are regulated by C1 neurons, and another smaller
population of neurons that is also located in the RVLM, through
their direct projections to the intermediolateral (IML) cell col-
umn (Ross et al., 1984; Guyenet, 2006; Pilowsky et al., 2009).
Seizure-induced increased activity of C1 catecholaminergic neu-
rons (c-fos) is well documented (Kanter et al., 1995; Silveira et al.,
2000). Seizure causes an increase in sympathetic nerve activity
(SNA) and has significant effect on cardiac electrophysiology and
heart rate (HR) (Nei et al., 2004; Metcalf et al., 2009; Damasceno
etal.,2013). There is no information about the neurotransmitters
mediating activation of brainstem catecholaminergic neurons
contributing to the autonomic manifestations that frequently ac-
company epileptic seizures.

As we have documented previously, low-dose kainic acid
(KA)-induced seizures in rat cause sympathoexcitation, increases
in mean arterial pressure (MAP) and HR, and proarrhythmo-
genic changes, including prolongation of the QT interval (Bhan-
dare et al., 2015). The evidence suggests that pituitary adenylate
cyclase activating polypeptide (PACAP) and microglia have a
protective effect on sympathetic preganglionic neurons in the
IML cell column where they ameliorate the sympathoexcitatory
effect of seizures. PACAP is well established to be neuroprotective
(Shioda et al., 1998; Ohtaki et al., 2006), through its effect on
microglia (Wada et al., 2013). Recently, we investigated the excit-
atory effect of PACAP in cardiovascular autonomic nuclei (Farn-
ham et al, 2008, 2012). KA-induced seizures dramatically
increase PACAP expression in central autonomic nuclei (para-
ventricular nucleus) (Nomura et al., 2000). Additionally, micro-
glia can be pro- or anti-inflammatory in some models of diseases,
such as temporal lobe epilepsy (Shapiro et al., 2008; Mirrione et
al., 2010; Vinet et al., 2012). In seizure, there is extensive activa-
tion of microglia in patients and in animal models (Beach et al.,
1995; Shapiro et al., 2008; Eyo et al., 2014). Moreover, there are
reports suggesting that PACAP modulates the activated micro-
glial state (Wada et al., 2013; Brifault et al., 2015). This important
relationship between PACAP, microglia, and seizure-induced in-
crease in its expression or activation in cardiovascular autonomic
nuclei makes them a very promising target in the development of
therapy for seizure-induced sympathoexcitation and cardiovas-
cular dysfunction. In addition, brain glutamate levels are in-
creased in patients and animal models of temporal lobe epilepsy
(Meldrum et al., 1999; Bliimcke et al., 2000) and play a major
pathogenic role for neuronal hyperexcitability. However, gluta-
matergic drive within RVLM neurons is not important for main-
tenance of basal tonic activity of catecholaminergic neurons or
blood pressure (Guyenet et al., 1987; Araujo et al., 1999; Sved et
al., 2002). Collectively, the sympathoexcitation during seizure
may be due to an increased glutamate turnover that could be
reversed by glutamate antagonist microinjection into RVLM
without affecting basal sympathetic output and blood pressure.

Overall, the aims of this study were to identify the role of
PACAP, microglia, and glutamatergic receptors in the RVLM to
regulate catecholaminergic neuronal hyperexcitability and other
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cardiovascular changes following low-dose KA-induced seizures
in rats. To achieve these aims, we used a combination of electro-
physiological and neuroanatomical approaches with KA-induced
seizures in rats. Seizures were induced with 2 mg/kg intraperito-
neal KA injection in urethane anesthetized, vagotomized, par-
alyzed, and artificially ventilated rats and 50 nl of each PACAP
antagonist, PACAP(6-38); microglia antagonist, minocy-
cline; or glutamate antagonist, kynurenic acid (KYNA) were
microinjected into the RVLM of different group of rats. The
changes in microglial morphology and the expression of
the anti-inflammatory M2 microglial phenotype in the vicin-
ity of RVLM catecholaminergic neurons in response to 2 and
10 mg/kg KA-induced seizures in rats were analyzed with
immunohistochemistry.

Materials and Methods

Animals. The animal usage and protocols were in accordance with the
Australian code of practice for the care and use of animals for scientific
purposes. The protocols were approved by the Animal Care and Ethics
Committee of Macquarie University and the Sydney Local Health Dis-
trict. All electrophysiology and histology experiments were conducted on
adult male Sprague-Dawley rats (250-350 g; Animal Resources Centre).

Surgical preparations. For electrophysiology experiments (n = 31), rats
were anesthetized with 10% urethane (ethyl carbamate; 1.3-1.5 g/kgi.p.;
Sigma-Aldrich) and for histology experiments (1 = 15) with 3% sodium
pentobarbital (50 mg/kg i.p.; Virbac). The depth of anesthesia was mon-
itored by observing reflex responses (withdrawal or pressor >10 mmHg)
to nociceptive stimuli (periodic tail/paw pinches). Additional anesthetic
was injected (30-40 mg, 10% urethane i.v. or 1.5-2.0 mg, sodium pen-
tobarbital i.v.), if reflex responses were observed. Atropine sulfate (100
wg/kg, i.p.; Pfizer) was administered with the first dose of anesthetics to
prevent bronchial secretions. After the completion of the general surgical
procedures described below, rats were secured in a stereotaxic frame and
body temperature was recorded and maintained between 36.5°C and
37.5°C throughout the experiment using a homeothermic blanket (TC-
1000; CWE).

General surgical procedures and electroencephalogram (EEG) electrode
placement. Procedures were performed as described previously (Bhan-
dare et al., 2015). Briefly, the right carotid artery and jugular vein were
cannulated for recording of blood pressure, and for administration of
drugs and fluids, respectively, with a tracheostomy to enable mechanical
ventilation. A three lead electrocardiogram (ECG; front paws, hindpaw)
was recorded, and HR was derived from it. Rats were vagotomized, arti-
ficially ventilated with oxygen-enriched room air, and paralyzed with
pancuronium bromide. Arterial blood gases were analyzed with an elec-
trolyte and blood gas analyzer (IDEXX, Vetstat). PaCO, was maintained
at 40 = 2 and pH between 7.35 and 7.45.

For the placement of EEG electrodes, burr holes were drilled bilaterally
for recording over the dorsal hippocampus (5.2 mm anterior to lambda,
3 mm lateral to midline, and 2-3 mm below the skull surface), and
electrode positions were confirmed with cresyl violet staining. A single 75
um Teflon-insulated stainless steel wire (A-M Systems) was inserted into
each hole using stereotaxic manipulator. The signals were amplified
(CWE, BMA-931 Bioamplifier), bandpass filtered from 1 Hz to 10 kHz,
and digitized at 20 kHz with a 100X gain.

Seizure induction. For electrophysiology experiments, seizures were
induced by intraperitoneal injection of 2 mg/kg KA in Sprague Dawley
rats (Bhandare et al., 2015). In the histology study, two doses of KA (2
and 10 mg/kg; i.p.) were used to elicit mild and severe seizures in rats to
analyze their effects on the morphology of microglia in the vicinity of
catecholaminergic neurons in RVLM; 2 mg/kg is the lowest dose of KA
required to induce seizure and sympathoexcitation (Bhandare et al.,
2015), whereas 10 mg/kg KA induces status epilepticus with generalized
tonic-clonic seizures in rats (Nadler, 1981; Sperk et al., 1983). However,
in our study, rats were paralyzed and had no behavioral seizures. KA
responses were recorded for 2 h after KA injection, during which contin-
uous monitoring of EEG was used to identify the development of sei-
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zures. To investigate the duration of seizure-induced cardiovascular
responses, 2 mg/kg KA-induced seizures were recorded until cardiovas-
cular parameters returned to baseline (n = 4).

In vivo electrophysiology: isolation and preparation of nerves. The left
greater splanchnic sympathetic nerve at a site proximal to the celiac
ganglion, and the left phrenic nerve were isolated, dissected, and tied with
5/0 silk thread. Nerve activity was recorded using bipolar stainless steel
electrodes. Signals were amplified (CWE, BMA-931 Bioamplifiers) (sam-
pling rate: 6 kHz, gain: 2000, filtering: 30-3000 Hz) and filtered with a
50/60 Hz line frequency filter (Humbug; Quest Scientific).

RVLM site detection, confirmation and microinjection. The dorsal sur-
face of the medulla oblongata was exposed by occipital craniotomy and
the dura was removed. The bilateral RVLM stereotaxic coordinates were
measured with respect to calamus scriptorius and confirmed if a 50 nl
microinjection of 100 mmol/L glutamate increased blood pressure > 30
mmHg. After glutamate confirmation, stable baseline parameters were
recorded for at least for 30 min.

In vehicle and KA control groups of rats (n = 5), 50 nl of 10 mmol/L
PBS was microinjected bilaterally in the RVLM; 50 nl of 15 pmol of
PACAP(6-38) (150 wmol/L in 100 nl) (Auspep, Selleck) was microin-
jected bilaterally in the RVLM (n = 6) (Farnham et al., 2012). Minocy-
cline (10 mg/ml) (n = 6) (LeBlanc et al., 2011) and KYNA (100 mM)
(n = 5) (Miyawaki et al., 2002) were bilaterally microinjected in the
RVLM in doses of 50 nl in different groups of rats. In all rats, microin-
jections were made 15 min before intraperitoneal KA or PBS injection.
Microinjections were not made in nn = 4 rats that were used to investigate
the duration of KA-induced cardiovascular effects. At the conclusion of
the experiment, 50 nl of Chicago Sky Blue (2%) was microinjected at the
site of the RVLM, and rats were either killed with 0.5 ml of 3 M potassium
chloride (KC; i.v.) or deeply anesthetized and perfused with 400 ml of
ice-cold 0.9% saline followed by 400 ml of 4% PFA solution. The brains
were removed from the perfused rats and postfixed in the same fixative
overnight. Cerebrum and brainstem were sectioned coronally (100 wm)
and stained with cresyl violet for histological verification of the EEG
electrode positions in hippocampus and microinjection site in RVLM,
respectively.

Histology: perfusions. At the conclusion of the experiment, rats used for
histology study (in all groups; n = 5) were deeply anesthetized with an
overdose of sodium pentobarbital and given 1 ml of heparin via the
venous line. Rats were transcardially perfused with 400 ml of ice-cold
0.9% saline followed by 400 ml of 4% PFA solution. The brains were then
removed and postfixed in the same fixative for 18—24 h.

Sectioning and immunohistochemistry. Immunohistochemical analysis
was done in n = 3 of 5 rats in each group. Brainstems were sectioned
coronally (40 wm thick) with a vibrating microtome (Leica, VT1200S)
and collected sequentially into five different pots containing a cryopro-
tectant solution and stored at —20°C until further processing. Free float-
ing sections were used for all histological procedures. Sections were
rinsed, blocked, and incubated in primary antibodies: mouse anti-
tyrosine hydroxylase (TH) (1:500; Sigma-Aldrich), rabbit anti-CD206
(1:2000; Abcam), and goat anti-Ibal (1:1000; Novus Biologicals). After
48 h, sections were rinsed and TH, CD-206, and Ibal immunoreactivity
was subsequently revealed by overnight incubation with the following
secondary antibodies at 1:500 dilutions (Jackson ImmunoResearch
Laboratories): Cy5-conjugated donkey anti-mouse, AlexaFluor-488-
conjugated donkey anti-rabbit, and Cy3-conjugated donkey anti-goat.
Sections were rinsed, mounted sequentially on glass slides, and cover-
slipped with Vectashield (Vector Laboratories).

Data acquisition and analysis: electrophysiology data. Data were ac-
quired using a CED 1401 ADC system (Cambridge Electronic Design)
and Spike 2 acquisition and analysis software (version 8.03; Cambridge
Electronic Design). The EEG activity raw data were DC removed. The
power in the “gamma” frequency range (25-45 Hz) was analyzed, as
previously shown (Olsson et al., 2006; Gurbanova et al., 2008). A power
spectrum analysis was done from 5 min blocks taken 1 min before mi-
croinjection or intraperitoneal injection and 60 and 120 min after intra-
peritoneal injection. The percentage change in power spectrum area was
calculated for each rat at 60 and 120 min after intraperitoneal injection
compared with pretreatment area (taken as 100%) and grouped together.
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Phrenic nerve activity (PNA) was rectified and smoothed (7 0.5 s). PNA
was analyzed from 1 min blocks taken 1 min before microinjection and
60 and 120 min after intraperitoneal injection. The percentage change in
PNA area under curve (AUC) was analyzed at 60 and 120 min and com-
pared with the pretreatment area (taken as 100%). SNA was rectified,
smoothed (72 s), and normalized to zero by subtracting the residual
activity 5-10 min after death. The integrated SNA trace was calibrated
(baseline as 100%) and analyzed for AUC between 60 and 120 min after
intraperitoneal KA or PBS injection. MAP and HR were analyzed from 1
min blocks taken 1 min before microinjection or intraperitoneal injec-
tion and 30, 60, 90, and 120 min after intraperitoneal injection (only 120
min results are shown in graphs). End-tidal CO, and core temperature
were analyzed from 1 min blocks taken 1 min before microinjection or
intraperitoneal injection and 30, 60, 90, and 120 min after intraperitoneal
injection of either KA or PBS. Arterial blood gas levels (PaCO, and pH)
were measured 10 min before microinjection or intraperitoneal injection
and 120 min after KA or PBS injections in all animals. In the rats used to
investigate the duration of KA-induced seizures, the duration of effect
was analyzed from the time of intraperitoneal KA injection up to the
point where SNA, MAP, and HR returned to baseline. Changes in EEG
activity were analyzed at the point where SNA returned to baseline and
compared against the pre-KA (control) and 60 min post-KA injection
(seizure control) period. A log transformation was applied to EEG raw
values because variances were not normally distributed, and/or hetero-
geneous. Statistical analysis was performed in GraphPad Prism software
(version 6.05). Statistical significance was determined using one-way
ANOVA followed by ¢ tests with the Holm-Sidak correction. Multiple com-
parisons were done between groups. p = 0.05 was considered significant.

Histology imaging and analysis. All images were acquired using a Zeiss
Axio Imager Z2 (Zeiss). Images were captured at 20X and 40X magni-
fications. The RVLM is defined as a triangular area ventral to the nucleus
ambiguus, medial to the spinal trigeminal tract, and lateral to the inferior
olive or the pyramidal tracts. A 0.16 mm * box was then placed within the
imaged RVLM, and this area was used for analysis. The morphological
analysis (branch length and number of endpoint processes) of Ibal-
labeled microglial cells in the vicinity of TH-labeled RVLM neurons was
performed using Image] plugin software, and GraphPad Prism (version
6.05) was used for x? test for goodness of fit. The proportions of CD206-
labeled anti-inflammatory M2 microglia in the RVLM of 2 and 10 mg/kg
KA treated rats were compared with the vehicle-treated group. The pro-
portion of M2 microglia is equal to the number of M2 microglia divided
by the total number of microglia multiplied by 100. Statistical signifi-
cance was determined using nonparametric Kruskal-Wallis test (Sokal
and Rohlf, 2012).

Calculation of corrected QT (QTc) interval. QT, PR, and RR intervals
were calculated from the ECG recordings. ECG raw data were processed
(DC remove), wherever baseline fluctuations were prominent. QT¢ in-
terval was calculated by dividing the QT interval in seconds by the square
root of the R-R interval in seconds (Bazett, 1920). The QTc was obtained
before and 120 min after vehicle or KA injection. The PR and QTc¢ inter-
val statistical analysis was performed in GraphPad Prism software (ver-
sion 6.05). Statistical significance was determined using one-way
ANOVA between treatment groups followed by ¢ tests with the Holm-
Sidak correction. Multiple comparisons were done between groups. p =<
0.05 was considered significant.

Results

Sympathoexcitation, tachycardia, and pressor responses due
to KA-induced seizures in rats

Intraperitoneal injection of 2 mg/kg KA induces seizures, and
subsequently, increases HR, MAP, and SNA in KA control group
of rats (Fig. 1A). KA (2 mg/kg i.p.) leads to development of hip-
pocampal seizure activity within ~15-20 min. At this time, there
are no changes in sympathetic activity (Fig. 2), blood pressure, or
heart rate (Fig. 1A). Ten to 15 min after the start of the hippocam-
pal seizure activity, SNA, MAP, and HR began to increase (Figs.
1A, 2). Autonomic changes are entirely downstream effects of
hippocampal seizures as there was no seizure activity (increase in
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Figure 1.  Effect of bilateral RVLM microinjection of (4) PBS (50 nl) and (B) KYNA (50 nl; 100 mM) followed by 2 mg/kg intraperitoneal KA in an anesthetized rat (see Materials and Methods)

showing the effect on the following: from the top, (i) HR (bpm), (ii) AP (arterial pressure; mmHg), (iii) SNA (%), and (iv) EEG (V). Arrow indicates time of RVLM microinjections and intraperitoneal
KA. Dotted arrows indicate the starting points for increase in EEG and/or SNA activity. Right side panels, Pre (a) and post (b) KA EEG represents the expanded waveform from respective period.
Baseline (a), whichisa pre-KA period with desynchronous waves, and (b) post-KA period with increased -yrange frequencies and followed by the data from the same EEG, drawn as a power spectrum
(¢, d, respectively) (during post-KA period - range frequencies, which is shown between two dotted lines) are increased. Increase in gamma range frequency (25— 45 Hz) is characteristic property

of KA-induced seizures (Olsson et al., 2006; Gurbanova et al., 2008).

gamma frequency, which is typical sign of KA-induced seizures)
in the sympathetic nerve recording until at least 70 min after KA
injection, whereas SNA started to increase 25-30 min after KA
injection (Fig. 2). Together, these findings indicate that cen-
tral autonomic nuclei are not the source of KA-induced sei-
zures. Between 60 and 120 min after KA injection, SNA AUC
was increased by 43.2 + 12.6% (p = 0.04) compared with the
vehicle control group (Fig. 3A). In the KA-induced seizure
group, MAP and HR were increased by 21 = 4 mmHg (p =
0.008) and 32 = 7 bpm (p = 0.0001), respectively, compared
with the vehicle-treated group (Fig. 3 B, C): the findings sup-
port the notion that seizure is the cause of the dramatic in-
crease in sympathetic nerve activity, tachycardia, and pressor
effects (Sakamoto et al., 2008; Bealer et al., 2010). Bilateral
microinjection of PBS (50 nl) had a transient and nonsignifi-
cant effect on MAP, HR, and SNA, that lasted for only a few
minutes (Fig. 1A4).

The induction of seizures was confirmed with hippocampal
EEG recordings; the power spectra were obtained from the same
expanded EEG waveforms as indicated (Fig. 1A). The spectral

changes in EEG at 60 and 120 min after KA injection were ob-
tained using Fourier analysis of 5 min EEG intervals and the AUC
between gamma frequency range (25—45 Hz). The steep increase
in y wave amplitude was observed at both 60 (A 1038 = 4029%,
p =0.0001) and 120 min (A 1329 * 390%, p = 0.0005) after KA
injection (Figs. 1A, 3D,E). This finding also shows that KA-
induced seizures in rats continued for at least 120 min following
KA injection, which is consistent with results of the experiments
performed to analyze the duration of seizure-induced cardiovas-
cular effects.

KA (2 mg/kg)-induced seizures and its effects on SNA, MAP,
and HR lasted for ~3 h. After this time, SNA, MAP, and HR
returned to baseline values at 170, 196, and 160 min, respectively.
At these time points, EEG activity was significantly reduced com-
pared with the seizure period (at 60 min after KA) but did not
return to baseline.

We did not observe any changes in PNA, expired CO,, or body
temperature in any of the groups (results not shown). Blood gas
analysis confirmed that PaCO, and pH were within normal phys-
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Figure 2.

Effects of KA treatment on induction of seizures in hippocampus and central autonomic nuclei. Change in gamma range frequency (25— 45 Hz) in hippocampal EEG and sympathetic

nerve recordings every 10 min after 2 mg/kg KA injection. Arrow indicates time of RVLM microinjections and intraperitoneal KA. Dotted arrows indicate the starting points for increase in EEG and/or
SNA activity. Induction of seizure activity in sympathetic nerve activity does not start at least until 70 min after KA injection, whereas hippocampal seizure activity starts ~15-20 min after KA
injection followed by an increase in SNA at 25-30 min. Time-dependent increases in hippocampal seizure activity occur up to 110 min after KA injection followed by a fall.
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E# Vehicle control

& KA Control

B2 RVLM PACAP(6-38) + KA
0 RVLM Minocycline + KA
RVLM Kynurenic acid + KA

In vivo effects of RVLM microinjection of PBS, PACAP(6—38), minocycline, and KYNA in 2 mg/kg KA-induced seizure rats. Change in SNA (AUC) between 60 and 120 min after

intraperitoneal treatment (A), change in MAP 120 min after intraperitoneal PBS or KA injection (B), change in HR at 120 min after intraperitoneal PBS or KA injection (C), and log transform of
percentage change in EEG activity (Jamma wave frequency AUC), at 60 min (D) and 120 min (E) after intraperitoneal PBS or KA injection in different groups of rats after development of seizure.
Statistical significance was determined using one-way ANOVA followed by ¢ tests with a Holm-Sidak correction. Data are mean = SEM. ****p < 0.0001 compared with vehicle control group.
**¥p < 0,001 compared with vehicle control group. **p =< 0.01 compared with vehicle control group. *p = 0.05 compared with vehicle control group. *p = 0.05 compared with KA control

group.*p = 0.01.

iological range (PaCO, was 40 = 2 and pH between 7.35 and
7.45) throughout the experiment.

Sympathoexcitation, tachycardia, and pressor effects during
seizure are caused by glutamatergic receptors in the RVLM
and not by PACAP or microglial activation

Our findings demonstrate that sympathoexcitation during sei-
zure is caused by glutamatergic receptor activation in the RVLM
because bilateral microinjection of glutamate antagonist KYNA
completely abolished the seizure-induced sympathoexcitation in
rats (Figs. 1B, 3A). After microinjection of KYNA in five rats,
KA-induced seizures were present (Figs. 1B, 3D, E), but pressor
and heart rate responses were blocked (p = 0.005 and p = 0.001,

respectively) compared with KA control group (Figs. 1B, 3B, C).
The KA-induced seizures caused no change (A —1.0 = 6.2%) in
SNA after bilateral microinjection of KYNA and was significantly
reduced compared with KA control group (p = 0.04). In these
groups of rats, MAP and HR were not significantly changed
compared with the vehicle-treated group (A —3 = 5 mmHg
and A =5 £ 7 bpm, respectively; Fig. 3B,C). The findings
reveal that KA-induced sympathoexcitation, tachycardia,
pressor responses along with changes in QT interval are down-
stream effects of seizure and do not have a direct effect on
cardiomyocytes.

Bilateral microinjection of PACAP(6-38) into the RVLM of
KA-induced seizure rats did not ameliorate the significant in-
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Figure4.

Invivo effects of PBS and KA-induced (2 and 10 mg/kg) seizures in rats studied for histology. Change in MAP (A) and HR (B), at 120 min after intraperitoneal PBS or KA (2 and 10 mg/kg)

injection and percentage change in EEG activity (gamma wave frequency AUC), at 60 min (€) and 120 min (D) after intraperitoneal PBS or KA (2 and 10 mg/kg) injection in different groups of rats.
In all groups, n = 5. Statistical significance was determined using one-way ANOVA followed by ¢ tests with a Holm-Sidék correction. Data are mean = SEM. **p =< 0.01 compared with vehicle

control group. *p = 0.05 compared with vehicle control group.

crease in SNA (A 53.7 = 9.6%; p = 0.007) compared with the
vehicle-treated group (Fig. 3A). The HR and MAP responses in
PACAP(6-38) group were still significantly increased compared
with the vehicle control group of rats (Fig. 3B,C). The lack of
response to the PACAP antagonist (PACAP(6-38)) was repli-
cated following bilateral RVLM microinjection of minocycline in
seizure-induced rats. Following minocycline, there was a signifi-
cant increase in SNA (A 55.1 & 13.8%; p = 0.006; Fig. 3A), as well
as MAP and HR (A 16 = 5 mmHg and A 14 = 5 bpm; p = 0.04
and p = 0.02, respectively; Fig. 3B,C) compared with vehicle
control group of rats.

After KA induced seizures, microglia are in surveillance state
in the vicinity of the RVLM neurons with no change in the
proportion of M2 phenotype

Immunohistochemical analysis was done in rats with vehicle
treatment and 2 and 10 mg/kg intraperitoneal KA (n = 3) to
analyze the morphology of Ibal-labeled microglia and propor-
tion of anti-inflammatory M2 phenotype in the vicinity of TH-
labeled RVLM neurons. The effect of different doses of KA on
MAP, HR, and EEG are shown in Figure 4 (n = 5). At 120 min
after 2 and 10 mg/kg KA treatment, the MAP (A 18 £ 6 and A
29 = 5; p = 0.02 and 0.001, respectively; Fig. 4A), HR (A 18 = 18
and A 58 * 19; p = 0.05, and 0.002, respectively; Fig. 4B), EEG
activity at 60 min (A 1791 £ 622 and A 1651 = 400; p = 0.007 and
0.007; respectively; Fig. 4C), and EEG activity at 120 min (A
4164 * 2504 and A 1995 = 563; p = 0.04 and 0.04; respectively;
Fig. 4D) were significantly increased compared with vehicle-
treated rats. The findings are consistent with in vivo electrophys-
iology data and our previous studies. Immunohistochemical
analysis revealed that TH-immunoreactive (ir) neurons were sur-
rounded with typical resting microglial cells in all three groups
(Fig. 5A—C). In all three groups, microglia appeared with a round
cell body and processes that appeared normal with few ramifica-
tions (Fig. 5A—C). The total number of microglia in each group

are shown in Figure 5D. A branch length, and number of end-
point analysis, was performed to identify the activated microglia.
There were no differences in mean branch length, and number of
endpoint processes of Ibal-labeled microglia between vehicle
control and seizure-induced rats (Fig. 5E, F). The proportion of
anti-inflammatory M2 phenotype of microglia was 14.2 * 1.4%
in saline-treated rats, which was similar in 2 and 10 mg/kg KA-
treated rats (10.1 = 2.5% and 9.6 = 2.4%, respectively; Fig. 5G).
The findings revealed that microglia are in a surveillance state
with no differences in their morphology and proportion of
M2 phenotype, at least in the RVLM, between vehicle and
seizure-induced groups. These results are consistent with our
electrophysiology findings where microinjection of a microglia
antagonist had no effect on increase in SNA, MAP, and HR in
KA-induced seizure rats.

Proarrhythmogenic ECG changes during seizures are driven
by activation of glutamatergic receptors, PACAP, and
microglia

The 2 mg/kg KA-induced seizures caused prolongation of QT
interval. The AQTc was significantly increased in KA control
group (A 8.2 = 2.5 ms; p = 0.02) compared with vehicle treat-
ment (Fig. 6A). These changes in QT interval are most clearly
seen in Poincare plots before and after treatment; representative
QT Poincare plots from each group are shown in Fig. 7A. KA
control group showed almost complete dispersion of the QT in-
terval along with arrhythmic behavior in heart rate (multiple
ellipses) (Fig. 7AIT). Despite this, there was no evidence of atrial
fibrillation, although there was evidence of dramatic decrease in
PRinterval after KA treatment (Figs. 6B, 7BII ). The prolongation
of QT interval (AQTc) was completely blocked by administration
of glutamate receptors antagonist KYNA in the RVLM (p = 0.02;
Figs. 6A, 7AV); nevertheless, bilateral microinjection of KYNA
has no effect on seizure-induced shortened PR interval (Figs. 6B,
7BV). PACAP(6-38) and minocycline microinjections also
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Figure5.  Fluorescenceimages of RVLM area containing TH *-ir (red), Iba1-labeled microglia (yellow), and (D206-labeled M2 microglial cells (green) and their morphological analysis n different
treatment groups of rats. Scale bar, 20 wm. TH, Iba1 and (D206 immunoreactivity in RVLM in PBS (4), 2 mg/kg KA (B), and 10 mg/kg KA () treated rats. In all of these three groups, TH * -ir neurons
(red) were surrounded with microglia with its round cell body and normal appearing processes with few ramifications (closed arrow) and no change in number of anti-inflammatory M2 microglia
(open arrow). Quantitative analysis of number of microglial cells in mean square area (D), number of end processes/microglia (E), branch length (um)/microglia of Iba1-labeled microglial cells (F),
and percentage of (D206-labeled M2 microglial cells (G) in the RVLM of vehicle-treated and KA-induced seizure (2 and 10 mg/kg i.p.) rats.
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Figure6. Proarrhythmogenic effects of seizures. Group data showing changesin Qlcinterval (A) and PRinterval (B) 120 min after intraperitoneal injection of PBS or KA n different groups of rats.
Statistical significance was determined using one-way ANOVA followed by ¢ tests with a Holm-Sidak correction. Data are mean == SEM. **p < 0.01 compared with vehicle control group. *p = 0.05
compared with vehicle control group. *p = 0.05 compared with KA control group.
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Representative Poincare plots illustrate the changes in QT interval (4) and PR interval (B) following KA-induced seizures in rats. A, Treatment with KA causes a dramatic dispersion in

the QT interval (prolongation) and arrhythmic behavior in the heart rate (multiple ellipses) (/). In rats treated with the PACAP antagonist (PACAP(6—38)) or (Figure legend continues.)
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significantly reduced AQTc¢ interval compared with KA control
group of rats (A 1.9 £ 1.5; p = 0.03and A 1.5 * 1.2; p = 0.03; Fig.
6A). In PACAP(6-38) and minocycline-treated groups, prolon-
gation of QT interval and dysrhythmia is abolished. As shown in
Figure 7A, PACAP(6-38) and minocycline treatment in KA-
induced seizure rats has almost similar patterns of pre- and
post-QT interval as the vehicle-treated group (Fig. 7ALIILIV).
The seizure-induced prolongation of QT interval is very obvious
in KA control, which was significantly blocked in PACAP(6-38)
and minocycline-microinjected rats. The PR interval was signif-
icantly reduced in the 2 mg/kg KA-induced seizure group com-
pared with the vehicle control group of rats (Fig. 6B). This is
clearly represented in Poincare plots (Fig. 7B). In contrast to the
improvements seen in the QT interval, RVLM microinjection of
PACAP(6-38), minocycline, or KYNA did not prevent changes
in seizure-induced shortening of PR interval (Fig. 6B). However,
PACAP(6-38) (Fig. 7BIII) and minocycline (Fig. 7BIV') showed
quantally dispersed PR intervals as evidenced by multiple ellipses,
rather than complete R-R dispersion, and an absence of P-waves,
which is clearly not suggestive of atrial fibrillation.

Discussion

This study provides the first direct evidence that the sympathoe-
xcitation, tachycardia, pressor responses, and proarrhythmo-
genic changes during seizures are driven by activation of
glutamatergic receptors, which leads to increased activity of the
sympathetic premotor neurons in the RVLM. The sympathoex-
citatory effect does not appear due to increases or decreases in
PACAP secretion, or microglial activation. However, PACAP and
microglial activity in the vicinity of RVLM neurons mediate the
proarrhythmogenic changes during seizures. Central autonomic
nuclei are not the source of KA-induced seizures (2 mg/kg). We
confirm that the induction of seizures does not cause changes in
the state of microglia within the RVLM, and microglia remain in
a surveillance state with no change in the number of M2 pheno-
types, supporting our in vivo electrophysiology findings.

Our results strengthen the findings that seizures have a devas-
tating effects on the cardiovascular system (Sakamoto et al., 2008;
Brotherstone et al., 2010; Bhandare et al., 2015), with immediate
cardiovascular effects that last for ~3 h (Lothman et al., 1981).
Importantly, these cardiovascular changes are downstream ef-
fects of seizure-induced autonomic overactivity and mediated by
the action of the excitatory amino acid, L-glutamate, on sympa-
thetic premotor neurons in the RVLM as the bilateral microin-
jection of ionotropic glutamate receptor antagonist KYNA
completely abolished these changes. Glutamatergic synapses are
important in the development of seizures, as seizure elevates the
glutamate levels in the extracellular fluid of the rat hippocampus
(Chapman, 1998; Faingold and Casebeer, 1999; Ueda et al., 2001;
Kanamoriand Ross, 2011). The RVLM contains sympathetic pre-
motor neurons responsible for maintaining tonic excitation of
sympathetic preganglionic neurons involved in cardiovascular

<«

(Figure legend continued.)  with the microglial antagonist minocycline, prolongation of QT
interval and the dysrhythmia is abolished (11, IV). Following treatment with KYNA, the HR and
QT are restored to normal (V). HR-triggered ECG was drawn before and after treatment and
shown in the right side corner of each box. Continuous black and dotted red lines indicate
pretreatment and post-treatment ECG, respectively. B, Induction of seizures with intraperito-
neal KA injection shortened the PR interval (/) compared with vehicle control. RVLM
microinjection of PACAP(6—38) (/II), minocycline (IV), or KYNA (V) did not show changes in
seizure-induced short PR interval; however, PACAP(6—38) (Il) and minocycline (/V) showed
more dispersed PR interval with multiple ellipses. Scale bars are in milliseconds.
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regulation (Guyenet, 2006; Pilowsky et al., 2009). Increased ac-
tivity of sympathetic premotor RVLM neurons has significant
effect on cardiac electrophysiology and is arrhythmogenic during
seizures (Metcalf et al., 2009; Damasceno et al., 2013). Microin-
jection of L-glutamate into the RVLM causes pressor responses
and sympathoexcitation that is completely blocked with KYNA
(Ito and Sved, 1997; Araujo et al., 1999; Dampney et al., 2003).
KYNA microinjection into RVLM on its own does not affect basal
blood pressure and sympathetic activity (Guyenet et al., 1987;
Kiely and Gordon, 1994; Araujo et al., 1999). Subsequently, Ito
and Sved (1997) observed that, if the caudal ventrolateral me-
dulla (inhibitory drive to the RVLM) is inhibited first, subse-
quent blockade of glutamate receptor in the RVLM markedly
reduces blood pressure. In this paradigm, glutamatergic input to
the RVLM directly excites presympathetic neurons and indirectly
inhibit gamma-GABAergic inhibition of the RVLM, and the lack
of change in arterial pressure with KYNA in the RVLM reflects
the balance of these two actions. Miyawaki et al. (2002) also ob-
served that, after blockade of GABAergic input within the RVLM,
injection of KYNA produced inhibition of splanchnic and lum-
bar sympathetic nerve activity. Together, these findings illustrate
that there is a tonic glutamatergic input with the existence of
additional sources of neurotransmitter drive to RVLM neurons.
We hypothesized that the increased concentration of glutamate
in the RVLM during seizure leads to sympathoexcitation, tachy-
cardia, and pressor responses. In turn, the responses can be an-
tagonized by microinjection of KYNA into RVLM; indeed, our
findings support this hypothesis. The findings suggest that not
only sympathoexcitation but also proarrhythmogenic changes
during seizures are mediated through glutamatergic receptor ac-
tivation in RVLM catecholaminergic neurons. RVLM microin-
jection of KYNA (as well as PACAP(6-38) and minocycline) was
unable to block the reduction in PR interval. In this paradigm, it
is possible that the KA treatment had peripheral effects on
dromotropy at the level of the AV node.

Generalized seizures in rats cause the expression of Fos, a
protein marker of recently activated neurons (Minson et al.,
1994), in brainstem catecholaminergic neurons in RVLM (Sil-
veira etal., 2000). Earlier studies also suggests that C1 neurons are
activated following seizure (Kanter et al., 1995), findings that
were supported in our previous, and current work (Bhandare et
al., 2015), where KA-induced seizures in rats elicited sympathoe-
xcitation, tachycardia, and pressor responses. Together, the
findings confirm that during seizure most of the excitatory
effects of glutamate in RVLM are mediated by ionotropic re-
ceptors because the broad-spectrum ionotropic glutamate re-
ceptor (NMDA, AMPA, and kainate) antagonist (KYNA)
completely abolished these effects.

PACAP isa 38 amino acid pleotropic neuropeptide. The effects of
PACAP are mediated via three different G-protein receptors
(PACIR, VPACIR, and VPAC2R); all are positively coupled to ad-
enylate cyclase. PACAP gene expression is increased in the paraven-
tricular nucleus of the hypothalamus after KA-induced temporal
lobe epilepsy in rats (Nomura et al., 2000), whereas PACAP is sym-
pathoexcitatory (Lai et al., 1997; Farnham et al., 2008, 2012; Gaede et
al.,, 2012), anti-inflammatory, and neuroprotective (Shioda et al.,
1998) on sympathetic preganglionic neurons during seizure (Bhan-
dare et al., 2015). Therefore, we aimed to determine whether or not
PACAP also has a sympathoexcitatory or neuroprotective effect on
RVLM sympathetic premotor neurons during seizures. The findings
show that blockade of PACAP receptors (PACI and VPAC2) in the
RVLM does not affect seizure-induced sympathoexcitation, tachy-
cardia, and hypertension but does abolish prolongation of the QT
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elevates synaptic glutamate release that can act on postsynaptic AMPA or NMDA receptors. Activation of AMPA or NMDA receptors leads to inhibition of cysteine uptake and influx of extracellular
calcium, which stimulates production of oxidants, NO and O ~. Under repetitive and extreme neuronal activation, neurotoxic effects are mediated through increased production of apoptotic
factor-like caspase-3. Glutamate transporters are expressed by astrocytes and play animportant role in rapid clearance of the synaptically released glutamate, whose expression is downregulated in seizure.
Together, increased oxidative stress and cellular excitability cause increased activity of sympathetic premotor neurons. B, Increased PACAP expression can act via cAMP-mediated PKA and/or PKC pathways and
produce either excitatory effect through phosphorylation of TH at serine 40 or neuroprotective effect requlated through decreased caspase 3, increased glial-glutamate transporters, and redirecting microglia
toward anti-inflammatory M2 phenotype. In neurons, PACAP inhibits MAPK and increases IL-6 production. Microglia are activated by PACAP binding to PACT and VPACT receptors. Subsequently, microglia
increase production and release of IL-10 and TGF-3 and decrease production and release of TNF-cx, as well as downregulating (D40 and B7 surface protein expression, with a neuroprotective effect. Conversely,
the pro-inflammatory phenotype of activated microglia can produce IL-13 and TNF-c that may increase the sensitivity of neurons to activation.

interval. This response to PACAP(6—38) suggests that the excitatory
action of PACAP (Fig. 8) on RVLM sympathetic premotor neurons
mediates proarrhythmogenic changes, but not seizure-induced
sympathoexcitation. Possible explanations could be that PACAP ex-
pression in the RVLM at 2 h after 2 mg/kg KA injection may be
insufficient to produce sympathoexcitation, but enough to induce
proarrhythmogenic effects. This idea is supported by the findings
that PACAP gene expression reaches a maximum at 12 h after 12
mg/kg KA-induced seizures in the paraventricular nucleus of the
hypothalamus (Nomura et al., 2000).

Microglia are the principal resident immune cells of the CNS,
contributing ~10% of the total brain cell population. Activated
microglia respond to environmental perturbations by adopting
either a “pro-inflammatory M1” or “anti-inflammatory M2”
phenotype (Li et al., 2007; Lai and Todd, 2008; Pisanu et al.,
2014). Seizure causes extensive microglial activation in patients
(Beach et al., 1995), and in animal models (Drage et al., 2002).
There is considerable controversy surrounding the pro- (Shapiro

et al., 2008) or anti-inflammatory (Mirrione et al., 2010; Eyo et
al., 2014) role played by microglia during seizure. Our recent find-
ings demonstrate that microglia are protective during seizure on
sympathetic preganglionic neurons within spinal cord (Bhandare et
al,, 2015). The findings of the current study show that blockade of
microglial activation with minocycline microinjection in RVLM
abolishes the prolongation of QT interval caused by KA-induced
seizures but causes no change in sympathoexcitation, tachycardia, or
hypertension. Our immunohistochemical analysis revealed that
there are no changes in microglial morphology or phenotype in the
vicinity of RVLM neurons (branch length or number of endpoint
processes) or proportion of the M2 phenotype following induction
of seizures. The increased RVLM neuronal activity may have acti-
vated microglia (which might be insufficient to differentiate with
immunohistochemistry) producing an excitatory effect and contrib-
uted to the seizure-induced prolongation of QT interval (Fig. 8).

A possible mechanism to explain the increased glutamate release
from presynaptic cells during seizure, and sympathoexcitation, is
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proposed in Figure 8. The oxidative stress and inflammation in
RVLM during seizure (Tsai et al., 2012) could be mediated through
increased glutamate levels or functional failure of glutamate trans-
porters. Increased synthesis and release of PACAP during seizure
acts via cAMP-mediated PKA and/or PKC pathways that may have
either excitatory effects through phosphorylation of TH at serine 40
(Bobrovskaya et al., 2007) or neuroprotective effects regulated
through decreased caspase 3 (Dejda et al., 2011), increased glial-
glutamate transporters, and redirecting microglia toward anti-
inflammatory M2 phenotype (Brifault et al., 2015). PACAP inhibits
MAPK and increases IL-6 (Shioda et al., 1998), whereas its action on
the PAC1 and VPACI receptors of activated microglia increase pro-
duction of IL-10, TGF-f and decrease TNF-« (Wada et al., 2013).
Whereas polarization of activated microglia toward pro-
inflammatory M1 phenotype increase IL-18 and TNF-a. Overall,
depending on the type, severity, and intensity of stimulus, selective
actions of PACAP and microglia regulate the physiological state of
neurons. In the current study, both PACAP and microglia may reg-
ulate excitatory effects as their antagonism results in restoration of
QT prolongation.

This is the first evidence to indicate that an increase in sym-
pathetic nerve discharge and cardiovascular dysfunction in sei-
zure is due to activation of glutamatergic receptors within the
RVLM. Second, antagonism of PACAP and microglial activity in
RVLM did not abolish the seizure-induced sympathoexcitation,
hypertension, and tachycardia. Interestingly, minocycline, a drug
that has central bioavailability following oral administration, and
PACAP antagonist, restores the proarrhythmogenic effects of sei-
zures to normal. This is the evidence for the physiological inter-
action between neurons and microglia. Third, the finding that
microglia are not activated, and there is no change in the propor-
tion of M2 phenotype during seizures, is consistent with our
physiological findings.

In conclusion, the implications of the current findings are
that, in patients with seizure, targeting glutamatergic receptors in
RVLM catecholaminergic neurons and tailoring activity of
PACAP and microglia in the vicinity of sympathetic premotor
neurons may have protective effects and lead to novel therapies
for seizure-induced cardiovascular dysfunction and SUDEP.
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Appendix 2
Details of the chemicals, reagents, materials,
equipment and software
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CED Spike2

Compumedics EEG-ECG acqusition
CorelDraw

IITC- Non-invasive tail cuff BP
measurement

Prism

Pulser script

Zeiss ZEN

Cambridge Electronic Design
Profusion EEG 4 v4.3, Australia
CorelDRAW X7, Version 17.6.0.1021
Life Sciences Inc., California, USA

Prism 6 for Windows, Version 6.05

Cambridge Electronic Design

ZEN 2012 (blue edition), Carl Zeiss
Microscopy GmbH, 2011

Table 1: Details of the software used.

Axio Imager 2 (Z2)
Bioamplifier (BMA-931)
Cautery

CED 1401 ADC system
Centrifuge machine (ALLEGRA
X-15R)

CO; analyser

Electrolytes and blood gas analyser
Hamiltor microsyringe

Heater with magnetic stirrer
Heating pad

Homeothermic blanket (TC-1000)
Humbugs

Isoflurane anasthesia machine

Nerve stimulator
Peristaltic pump

Pipette puller (P-2000)
Pre-amplifier

Shaker

Stereotaxic manipulator
Surgical drill

Surgical Microscope
Tail-cuff machine
Ventilator

Vertex mixer
Vibrotome (VT1200S)

Carl Zeiss Pty Ltd, NSW, Australia

Cambridge Electronic Design, Cambridge, UK

RB Medical Engineering, Herefordshire,
England

Cambridge Electronic Design, Cambridge, UK

Beckman Coulter, NSW, Australia

Cambridge Electronic Design, Cambridge, UK

IDEXX Vetstat, West Brook, USA

Grace Discovery Sciences, VIC, Australia

John Morris Scientific, NSW, Australia

Cambridge Electronic Design, Cambridge, UK

Cambridge Electronic Design

Quest Scientific

Blease Medical Equipment Ltd., Chiltern
District, England

A M.PI. Jerusalem, Israel

John Morris Scientific, NSW, Australia

SDR Scientific Pty Ltd, NSW, Australia

Cambridge Electronic Design, Cambridge, UK

John Morris Scientific, NSW, Australia

Narishige International Inc, NY, USA

Ozito Rotary Tools, Australia

Carl Zeiss Pty Ltd, NSW, Australia

ADInstruments Australia, NSW, Australia

Ugo Basile S.R.L., Monvalle, VA, Italy

Ratek Instruments Pty Ltd, VIC, Australia

Leica Microsystems Pty Ltd, NSW, Australia

Table 2: Details of the instruments used.

Isoflurane

Lignocaine gel

Lignocaine solution
Sodium pentobarbital
Urethane (ethyl carbamate)

Pharmachem, QLD, Australia

Pfizer Australia Pty Limited, NSW, Australia
Pfizer Australia Pty Limited, NSW, Australia
Virbac (Australia) Pty Limited
Sigma-Aldrich, NSW, Australia

Table 3: Details of the anesthetics used.
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Atropine sulphate
Diazepam
Doxycycline
Heparin
Minocycline
Pancuronium

Pfizer Australia Pty Limited, NSW, Australia
Mayne Pharma, Adelaide, SA

LKT Laboratories, Inc, MN, USA

Pfizer Australia Pty Limited, NSW, Australia
Sigma-Aldrich, NSW, Australia

AstraZenca Pty Ltd, NSW, Australia

Table 4: Details of the drugs used.

PACAP-38
PACAP(6-38)

Auspep, VIC, Australia and Selleck Chemicals, TX, USA
Auspep, VIC, Australia and Selleck Chemicals, TX, USA

Table 5: Details of the peptides used.

Compound sodium lactate Baxter, NSW, Australia

solution

Chicago Sky Blue Sigma-Aldrich, NSW, Australia
Chloroform Sigma-Aldrich, NSW, Australia

Cresyl violet Sigma-Aldrich, NSW, Australia

Etahnol Sigma-Aldrich, NSW, Australia

Ethylene glycol Sigma-Aldrich, NSW, Australia

Glacial acetic acid Sigma-Aldrich, NSW, Australia
Glutamate Sigma-Aldrich, NSW, Australia

Xylene ROWE Scientific Pty Ltd, NSW, Australia
HCI Sigma-Aldrich, NSW, Australia

Kainic acid Sapphire Bioscience, NSW, Australia and Enzo Life

Kynurenic acid

Sciences, Farmingdale, NY, U.S.A.
Sigma-Aldrich, NSW, Australia

Merthiolate Sigma-Aldrich, NSW, Australia
Paraformaldehyde Sigma-Aldrich, NSW, Australia
PBS tablets Amresco, OH, USA
Polyvinylpyrrolidone Sigma-Aldrich, NSW, Australia
Potassium chloride (KCI) Chem-Supply, SA, Australia
Sodilum chloride (NaCl) Chem-Supply, SA, Australia
Sodium hydroxide solution Sigma-Aldrich, NSW, Australia
(NaOH; IN)

Sodium phosphate dibasic Sigma-Aldrich, NSW, Australia
(NaH2PO4)

Sodium phosphate monobasic ~ Sigma-Aldrich, NSW, Australia
(NaHPO4)

Sucrose Sigma-Aldrich, NSW, Australia
Tris-HC1 Sigma-Aldrich, NSW, Australia
Triton-X Sigma-Aldrich, NSW, Australia

Table 6: Details of the chemicals used.
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75-pum Teflon-insulated
stainless steel EEG wires
Catalyst

Cotton swabs

Cover slips

Dental cement
Donkey serum

DPX (dibutylphthalate
polystyrene xylene)
ECG leads

Extradural electrodes
Gelatinised slides
Glass slides

Needles

Parafin oil

pH strips

Pipettes

Polyethylene tubing (arterial)
Polyethylene tubing (IT)
Sharpoint polypropylene, 4-0
Silastic tubing (arterial)
Silastic tubing (IT)

Silgel Part-A and -B

Silk threads (2/0)

Silk threads (5/0)

Surgical tools

Syringes

Vectashield (H-1000)

A-M Systems Inc., WA, USA

IMCD Australia Limited, VIC, Australia

Mcfarlane Medical Equipment (Holdings) Pty Ltd,
NSW, Australia

Thermo Fisher Scientific, VIC, Australia

Vertex-Dental, Soesterberg, The Netherlands

Sigma-Aldrich, NSW, Australia

Sigma-Aldrich, NSW, Australia

Plastics One, VA, USA

Plastics One, VA, USA

Thermo Fisher Scientific, VIC, Australia

Thermo Fisher Scientific Australia Pty Ltd, VIC,
Australia

Diagnostic and Medical Pty Ltd, NSW, Australia

Biotech Pharmaceuticals Pty Ltd, VIC, Australia

Sigma-Aldrich, NSW, Australia

SDR Scientific Pty Ltd, NSW, Australia

Microtube Extrusions Pty Ltd, NSW, Australia

Microtube Extrusions Pty Ltd, NSW, Australia

eSuture.com, IL, USA

Microtube Extrusions Pty Ltd, NSW, Australia

Microtube Extrusions Pty Ltd, NSW, Australia

Barnes Products Pty Ltd, NSW, Australia

Pearsalls Embroidery, Wales, UK

Pearsalls Embroidery, Wales, UK

Fine Scientific Tools, CA, USA

Diagnostic and Medical Pty Ltd, NSW, Australia

Vector Laboratories, Burlingame, California, USA

Table 7: Details of the miscellaneous items used.
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0))/ ANIMAL RESEARCH AUTHORITY (ARA)

MACQUARIE
UNIVERSITY
AEC Reference No.: 2013/017 Date of Expiry: 19 May 2014

Full Approval Duration: 20 May 2013 to 19 May 2016 (36 Months)

This ARA remains in force until the Date of Expiry (unless suspended, cancelled or surrendered) and will only be renewed upon
receipt of a satisfactory Progress Report before expiry (see Approval email for submission details).

Principal Investigator: Associate Investigators:
Professor Paul Pilowsky Amol Bhandare 0406 896 534
School of Advanced Medicine Melissa Farnham 0415 821 096

Macquarie University, NSW 2109
paul.pilowsky@mag.edu.au
0431 500 553

In case of emergency, please contact:
the Principal Investigator / Associate Investigator named above

or Manager, CAF: 9850 7780 / 0428 861 163 and Animal Welfare Officer: 9850 7758 / 0439 497 383

The above named are authorised by MACQUARIE UNIVERSITY ANIMAL ETHICS COMMITTEE to conduct the following research:
Title of the project: Brain mediated cardiorespiratory dysfunction during chemically induced seizures in rats
Purpose: 4 Research: Human or Animal Biology

Aims: To identify brain chemicals (neurotransmitters) in the nuclei of the brain responsible for seizure-induced cardiovascular
effects

Surgical Procedures category: 2 Animal Unconscious without Recovery

All procedures must be performed as per the AEC-approved protocol, unless stated otherwise by the AEC and/or AWO.

Maximum numbers approved (for the Full Approval Duration):

Species Strain Age/Sex/Weight Total Supplier/Source
02-Rat Sprague-Dawley 6-8wk / Male / 200-350g 274 ARC Perth
TOTAL 274

Location of research:

Location Full street address
Central Animal Facility Building F9A, Research Park Drive, Macquarie University, NSW 2109
ASAM Level 1, F10A, 2 Technology Place, Macquarie University, NSW 2109

Amendments approved by the AEC since initial approval: N/A

Conditions of Approval: N/A

Being animal research carried out in accordance with the Code of Practice for a recognised research purpose and in connection with
animals (other than exempt animals) that have been obtained from the holder of an animal suppliers licence.

Professor Mark Connor (Chair, Animal Ethics Committee) Approval Date: 17 May 2013

Adapted from Form C (issued under part IV of the Animal Research Act, 1985)







L7\
ADDRESS FOR ALL CORRESPONDENGE "“"I
RESEARCH DEVELOPMENT OFFICE QA7» Health
ROYAL PRINCE ALFRED HOSPITAL NSW Sydney

CAMPERDOWN NSW 2050

TeLerHoNE: (C

Facsimie:  (C

EMAIL: |

Rererence: 2013/082
3.12/Nov13

4 December 2013

Professor P Pilowsky

covement | Local Health District

High Blood Pressure Group

Heart Research Institute

Dear Professor Pilowsky,

Re: Protocol No 2013/082 - “Brain mediated cardiorespiratory dysfunction during
chemically induced seizures in rats”

Thank you for submitting the above research proposal, which was considered by the
SLHD Animal Welfare Committee, at its meetings of 31 October 2013 and
22 November 2013. Approval is given for this study to be undertaken.

Approval Number:
Approval Period:

Description of research:

Location of research:

Animals Approved:

1D 640008 Dec 11

2013/082A
1 December 2013 to 30 November 2014

This study will investigate brain chemicals
(neurotransmitters) that can affect heart function and which
may have a role in sudden unexplained death in epilepsy.
Rats will undergo a number of invasive procedures under
anaesthesia in one of two separate experiments, at the end
of which the animals will be euthanased for collection of the
brain for laboratory analysis.

Heart Research Institute — Animal House

Year 1: 74 male rat (Sprague Dawley)

Sydney Local Health District
ABN 17 520 269 052

www.slhd.nsw.gov.au






ADDRESS FOR ALL CORRESPONDENCE
RESEARCH DEVELOPMENT OFFICE
ROYAL PRINCE ALFRED HOSPITAL
CAMPERDOWN NSW 2050

1(:.“:)_; Health

GOVERNMENT

Sydney
Local Health District

TELEPHONE: (
Facsmie: (., - -
EMAIL: e
RerFerence: 2014/024
3.2/Aug14

1 September 2014

Professor P M Pilowsky
C/- Dr M Farnham

Heart Research Institute

!

Dear Professor Pilowsky,

Re: Protocol No 2014/024 - “Brain mediated cardiorespiratory dysfunction in
kainic acid induced chronic seizures rats”

Thank you for submitting the above research proposal, which was considered by the
SLHD Animal Welfare Committee, at its meeting of 28 August 2014. Approval is given
for this study to be undertaken.

Approval Number:

Approval Period:

Description of research:

ID 840008 Dec 11

2014/024A
September 2014 to August 2017

This is subject to receipt of timely and satisfactory annual
reports.

In a series of invasive experiments, this study will investigate
the complex relationship between brain function, nerve
activity and changes in blood pressure and heart rate and
rhythm that occur during and after epileptic seizures. A rat
model of epilepsy will be used in which epileptic seizures are
induced by the gradual administration of kainic acid solution
and then stopped by the anti-epileptic drug, diazepam. This
results in a period of wellness of 10-11 weeks after which the
animals achieved through immunohistochemical study of the
brain and spinal cord removed from deeply anaesthetised
animals, and through in vivo physiological studies on deeply
anaesthetised animals. The latter involve non-recovery,
invasive procedures over a four hour period. At the
conclusion of the studies blood and tissue collected for the
animals will undergo laboratory analysis.

Sydney Local Health District
ABN 17 520 269 052

www.slhd.nsw.gov.au








