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20 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- and anti-inflammatory effects in the CNS. During

acute seizures in rats, PACAP and microglia produce

sympathoprotective effect at the intermediolateral cell col-

umn (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 elec-

trocardiographic changes in the post-status epilepticus

(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, signif-

icantly 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 epi-

lepsy 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. � 2017 IBRO. Published by Elsevier Ltd.

All rights reserved.
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22INTRODUCTION

23Epilepsy is a chronic brain disorder characterized by

24spontaneous recurrent seizures and carries a risk of

25sudden death that is 15–20 times higher than in normal

26population (Ficker et al., 1998; Nilsson et al., 1999;

27Eastaugh et al., 2015). Epilepsy affects about 50 million

28people worldwide (WHO, 2005); seizures can range from

29brief, barely noticeable loss of attention to major convul-

30sions that affect the entire neuraxis. Epilepsy is associ-

31ated with changes in autonomic functions, such as

32sympathovagal imbalance, sympathetic reflex dysfunc-

33tion, tachycardia with concomitant arrhythmia or brady-

34cardia with associated apnea (Dütsch et al., 2006;

35Bateman et al., 2008; Ponnusamy et al., 2012; Massey

36et al., 2014; Powell et al., 2014b; Bhandare et al., 2015,

372016a). Seizure-associated autonomic cardiorespiratory

38changes are well-documented and are thought to play

39an important role in a mechanism of sudden unexpected

40death in epilepsy (SUDEP) (Nei et al., 2004; Dlouhy

41et al., 2015). Interictal autonomic changes are also seen

42in patients with chronic epilepsy (Ansakorpi et al., 2000;

43Berilgen et al., 2004; Müngen et al., 2010; Lotufo et al.,
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44 2012). Nevertheless, the neuronal mechanisms causing

45 autonomic cardiorespiratory dysfunction during chronic

46 epilepsy are unknown.

47 Pituitary adenylate cyclase-activating polypeptide

48 (PACAP), a 38 amino acid pleiotropic neuropeptide,

49 produce neuroprotective effects (Shioda et al., 1998;

50 Ohtaki et al., 2006; Bhandare et al., 2015) that are partly

51 mediated through its action on microglia (Wada et al.,

52 2013; Brifault et al., 2015). PACAP and microglia have a

53 protective effect on sympathetic preganglionic neurons at

54 the intermediolateral cell column (IML), where they ame-

55 liorate the sympathoexcitatory effect of acute seizures

56 (Bhandare et al., 2015). During acute seizures, PACAP

57 and microglia act on presympathetic rostral ventrolateral

58 medulla (RVLM) neurons in the brainstem to promote

59 proarrhythmogenic changes, but not sympathoexcitation

60 (Bhandare et al., 2016a). In many cardiovascular auto-

61 nomic nuclei PACAP is pressor and sympathoexcitatory

62 (Farnham et al., 2008, 2011; Inglott et al., 2011) and

63 changes baroreflex response in trout (Lancien et al.,

64 2011) but not in rats (Farnham et al., 2012). PACAP

65 expression is increased in central autonomic nuclei (par-

66 aventricular nucleus) after kainic acid (KA)-induced sei-

67 zures in rats (Nomura et al., 2000). Secondly, seizures

68 produce microglial activation, and neuroinflammation in

69 patients and animal models (Beach et al., 1995; Shapiro

70 et al., 2008; Eyo et al., 2014), which persist for many

71 years during chronic epilepsy (Beach et al., 1995;

72 Papageorgiou et al., 2015). Microglia can be pro- or

73 anti-inflammatory in animal models of temporal lobe epi-

74 lepsy (TLE) (Shapiro et al., 2008; Mirrione et al., 2010;

75 Vinet et al., 2012; Devinsky et al., 2013). Although the

76 pro- or anti-inflammatory state of activated microglia is a

77 topic of debate, there is strong support for their dual role

78 (Hanisch and Kettenmann, 2007). Short-term microglial

79 activation is considered beneficial (Mirrione et al., 2010;

80 Vinet et al., 2012; Szalay et al., 2016), whereas chronic

81 microglial activation is deleterious, and produces a dam-

82 aging response to injury (Qin et al., 2007; Loane et al.,

83 2014; Olmos-Alonso et al., 2016). During KA-induced

84 acute seizures, spinal microglia have a protective effect

85 on sympathetic preganglionic neurons (Bhandare et al.,

86 2015), however, their role in chronic epilepsy is not

87 known.

88 Thus, the aims of this study were to identify the role of

89 PACAP and microglia in the spinal cord, during chronic

90 epilepsy, in the regulation of central autonomic

91 cardiovascular activity. To achieve these aims we used

92 a model of acquired epilepsy in rats that manifest

93 spontaneous seizures and many features of acquired

94 epilepsy in humans- the KA-induced post-status

95 epilepticus (post-SE) model (Morimoto et al., 2004;

96 Powell et al., 2008; Jupp et al., 2012). The effect of

97 intrathecal (IT) infusion of the PACAP antagonist,

98 PACAP(6–38), and the microglial antagonist, minocy-

99 cline, on sympathetic activity, cardiovascular reflex

100 responses, and the electrocardiogram (ECG) were ana-

101 lyzed in chronically epileptic and control rats. Microglial

102 morphology and their phenotype in the vicinity of RVLM

103 neurons were analyzed with immunohistochemistry in

104 epileptic and control rats.

105EXPERIMENTAL PROCEDURES

106Animals

107The animal usage and protocols were in accordance with

108the Australian code of practice for the care and use of

109animals for scientific purposes. The protocols were

110approved by the Animal Care, and Ethics Committee of

111Macquarie University, The University of Melbourne, and

112the Sydney Local Health District. The epilepsy surgery

113and procedures were performed under isoflurane

114anesthesia on 17–19-week-old adult non-epileptic

115control (n= 9), and post-SE (n= 15) male Wistar rats,

116whereas electrophysiology experiments were performed

117under urethane anesthesia.

118KA-induced post-SE rat model

119The post-SE model of acquired epilepsy was generated

120by i.p. injection of the glutamate receptor agonist, KA, to

121induce a period of continuous seizure activity (status

122epilepticus) in non-epileptic rats as described previously

123(Hellier et al., 1998; Powell et al., 2008, 2014b; Jupp

124et al., 2012; Vivash et al., 2014). Twelve-week-old Wistar

125rats were injected with repeated low doses of KA (5 mg/

126kg, i.p., followed by 2.5 mg/kg, i.p., injections once per

127hour) until SE behavior was observed. After 4 h of SE,

128all rats were given diazepam injection (5 mg/kg i.p.) to ter-

129minate the SE. Rats were then returned to their home

130cages in the animal house and maintained with normal

131animal house care and diet.

132Implantation of EEG-ECG electrodes in post-SE and
133control rats

134Seven weeks after KA-induced SE (n= 15) (or saline

135administered controls (n= 9)), two ECG electrodes and

136four EEG electrodes were implanted in each rat under

137isoflurane anesthesia (5% during induction, 2.5–1.5%

138for maintenance) in oxygen (2.0 L/min during induction,

1390.5–1.0 L/min for maintenance) as detailed in supporting

140data by Powell et al. (2014b). Two small incisions were

141made to expose the thoracic muscle directly above the

142heart, and to expose the muscle overlying the xiphoid pro-

143cess of the sternum. The distal end of an ECG lead

144(13 cm; PlasticsOne, USA) was sutured to each muscle

145using polypropylene, 4-0 (Sharpoint, USA). The leads of

146both ECG electrodes were then tunnelled up through

147the left side of the neck subcutaneously, and the skin

148layer was sutured (polyglycolic, 4-0; LOOKTM, USA). A sin-

149gle midline incision was then made on the scalp to expose

150the skull. Two ECG leads were located and tunneled

151through the neck to allow protrusion of the leads out of

152the incision site on the scalp. Each rat was then placed

153into a stereotaxic frame, and four extradural electrodes

154comprised of gold-plated sockets attached to stainless

155steel screws (O.D. 1 mm; Plastics One, USA) were

156implanted into the skull: one on each side approximately

1572 mm from the midline, 3 mm anterior to the Bregma,

158one at approximately the center of the midline, and

159another 6 mm posterior to the Bregma, 4 mm right of

160the midline. The electrodes were fixed to the skull using
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