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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
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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.
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Introduction
Seizure-induced cardiovascular autonomic dysfunction is a com-
mon cause of sudden unexpected death in epilepsy (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 rostral ventrolateral medulla (RVLM)
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Significance Statement

Sudden unexpected death in epilepsy is a 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.
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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
et al., 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; Blümcke 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

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/kg i.p.;
Sigma-Aldrich) and for histology experiments (n � 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
�g/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). PaCO2 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
�m 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 100� 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 �mol/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 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 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% PFA solution. The brains
were removed from the perfused rats and postfixed in the same fixative
overnight. Cerebrum and brainstem were sectioned coronally (100 �m)
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 �m 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-Iba1 (1:1000; Novus Biologicals). After
48 h, sections were rinsed and TH, CD-206, and Iba1 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.

Phrenic nerve activity (PNA) was rectified and smoothed (� 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 (� 2 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 CO2 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 (PaCO2 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 t tests with the Holm-Šídák 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 20� and 40� 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 2 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 Iba1-
labeled microglial cells in the vicinity of TH-labeled RVLM neurons was
performed using ImageJ plugin software, and GraphPad Prism (version
6.05) was used for � 2 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. QTc 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 t tests with the Holm-
Šídák 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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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. 1A).

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 � wave amplitude was observed at both 60 (� 1038 � 402%,
p � 0.0001) and 120 min (� 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 CO2, or body
temperature in any of the groups (results not shown). Blood gas
analysis confirmed that PaCO2 and pH were within normal phys-

Figure 1. Effect of bilateral RVLM microinjection of (A) 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), which is a pre-KA period with desynchronous waves, and (b) post-KA period with increased � range frequencies and followed by the data from the same EEG, drawn as a power spectrum
(c, 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).

Bhandare et al. • Glutamate-Mediated Sympathoexcitation in Seizure J. Neurosci., January 13, 2016 • 36(2):506 –517 • 509



iological range (PaCO2 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 (� �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 (� �3 � 5 mmHg
and � �5 � 7 bpm, respectively; Fig. 3 B, 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-

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.

Figure 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 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 (gamma 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 t tests with a Holm-Šídák 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.
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crease in SNA (� 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 (� 55.1 � 13.8%; p � 0.006; Fig. 3A), as well
as MAP and HR (� 16 � 5 mmHg and � 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 Iba1-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 (� 18 � 6 and �
29 � 5; p � 0.02 and 0.001, respectively; Fig. 4A), HR (� 18 � 18
and � 58 � 19; p � 0.05, and 0.002, respectively; Fig. 4B), EEG
activity at 60 min (� 1791 � 622 and � 1651 � 400; p � 0.007 and
0.007; respectively; Fig. 4C), and EEG activity at 120 min (�
4164 � 2504 and � 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 Iba1-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 �QTc was significantly increased in KA control
group (� 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. 7AII). Despite this, there was no evidence of atrial
fibrillation, although there was evidence of dramatic decrease in
PR interval after KA treatment (Figs. 6B, 7BII). The prolongation
of QT interval (�QTc) 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

Figure 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 after intraperitoneal PBS or KA (2 and 10 mg/kg)
injection and percentage change in EEG activity (gamma wave frequency AUC), at 60 min (C) 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 t tests with a Holm-Šídák correction. Data are mean � SEM. **p � 0.01 compared with vehicle
control group. *p � 0.05 compared with vehicle control group.
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Figure 5. Fluorescence images of RVLM area containing TH 	-ir (red), Iba1-labeled microglia (yellow), and CD206-labeled M2 microglial cells (green) and their morphological analysis in different
treatment groups of rats. Scale bar, 20 �m. TH, Iba1 and CD206 immunoreactivity in RVLM in PBS (A), 2 mg/kg KA (B), and 10 mg/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 (�m)/microglia of Iba1-labeled microglial cells (F ),
and percentage of CD206-labeled M2 microglial cells (G) in the RVLM of vehicle-treated and KA-induced seizure (2 and 10 mg/kg i.p.) rats.

Figure 6. Proarrhythmogenic effects of seizures. Group data showing changes in QTc interval (A) and PR interval (B) 120 min after intraperitoneal 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-Šídák 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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Figure 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 behavior in the heart rate (multiple ellipses) (II ). In rats treated with the PACAP antagonist (PACAP(6 –38)) or (Figure legend continues.)
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significantly reduced �QTc interval compared with KA control
group of rats (� 1.9 � 1.5; p � 0.03 and � 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. 7AI,III,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 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;
Kanamori and Ross, 2011). The RVLM contains sympathetic pre-
motor neurons responsible for maintaining tonic excitation of
sympathetic preganglionic neurons involved in cardiovascular

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 et al., 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 is a 38 amino acid pleotropic neuropeptide. The effects of
PACAP are mediated via three different G-protein receptors
(PAC1R, VPAC1R, 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 (PAC1 and VPAC2) in the
RVLM does not affect seizure-induced sympathoexcitation, tachy-
cardia, and hypertension but does abolish prolongation of the QT

4

(Figure legend continued.) with the microglial antagonist minocycline, prolongation of QT
interval and the dysrhythmia is abolished (III, 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 (II) compared with vehicle control. RVLM
microinjection of PACAP(6 –38) (III), minocycline (IV), or KYNA (V) did not show changes in
seizure-induced short PR interval; however, PACAP(6 –38) (III) and minocycline (IV) showed
more dispersed PR interval with multiple ellipses. Scale bars are in milliseconds.
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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

Figure 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 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 regulated 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 PAC1 and VPAC1 receptors. Subsequently, microglia
increase production and release of IL-10 and TGF-�and decrease production and release of TNF-�, as well as downregulating CD40 and B7 surface protein expression, with a neuroprotective effect. Conversely,
the pro-inflammatory phenotype of activated microglia can produce IL-1� and TNF-� that may increase the sensitivity of neurons to activation.
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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 VPAC1 receptors of activated microglia increase pro-
duction of IL-10, TGF-� and decrease TNF-� (Wada et al., 2013).
Whereas polarization of activated microglia toward pro-
inflammatory M1 phenotype increase IL-1� and TNF-�. 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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