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Neurobiology of Disease

Activation of Peripheral and Central Trigeminovascular
Neurons by Seizure: Implications for Ictal and Postictal
Headache

Agustin Melo-Carrillo,"> ““Aaron J. Schain,” Andrew M. Strassman,"> and ““Rami Burstein'>
1Department of Anesthesia, Critical Care and Pain Medicine, Beth Israel Deaconess Medical Center, Boston, Massachusetts 02115, and *Harvard
Medical School, Boston, Massachusetts 02215

An epileptic seizure can trigger a headache during (ictal) or after (postictal) the termination of the event. Little is known about
the pathophysiology of seizure-induced headaches. In the current study, we determined whether a seizure can activate nociceptive
pathways that carry pain signals from the meninges to the spinal cord, and if so, to what extent and through which classes of pe-
ripheral and central neurons. To achieve these goals, we used single-unit recording techniques and an established animal model of
seizure (picrotoxin) to determine the effects of epileptic seizure on the activity of trigeminovascular AJd-, C-, wide-dynamic range,
and high-threshold neurons in male and female rats. Occurrence of seizure activated 54%, 50%, 68%, and 39% of the AJ-, C-,
wide-dynamic range, and high-threshold neurons, respectively. Regardless of their class, activated neurons exhibited a twofold to
fourfold increase in their firing, which started immediately (1 min) or up to 90 min after seizure initiation, and lasted as short as
10 min or as long as 120 min. Administration of lidocaine to the dura prevented activation of all neuronal classes but not the ini-
tiation or maintenance of the seizure. These findings suggest that all neuronal classes may be involved in the initiation and main-
tenance of seizure-induced headache, and that their activation patterns can provide a neural substrate for explaining the timing
and duration of ictal and possibly postictal headaches. By using seizure, which is evident in humans, this study bypasses controver-
sies associated with cortical spreading depression, which is less readily observed in humans.
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This preclinical study provides a neural substrate for ictal and postictal headache. By studying seizure effects on the activity of
peripheral (C and A6 ) and central (wide dynamic range and high-threshold) trigeminovascular neurons in intact and anesthe-
tized dura, the findings help resolve two outstanding questions about the pathophysiology of headaches of intracranial origin.
The first is that abnormal brain activity (i.e., seizure) that is evident in human (unlike cortical spreading depression) gives
rise to specific and selective activation of the different components of the trigeminovascular system, and the second is that the
activation of all components of the trigeminovascular pathway (i.e., peripheral and central neurons) depends on activation of
the meningeal nociceptors from their receptors in the dura. /

ignificance Statement

Introduction

Epilepsy is a common neurologic disorder globally, with a life-
time prevalence of 7.69 per 1000 persons (95% CI, 6.17-9.38)
with incidence of 61 per 100,000 person-years (95% CI,
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50.75-74.38), and has one of the highest disability-adjusted life
years among neurologic disorders (Zarrelli et al., 1999; Murray et
al,, 2012; Ablah et al, 2014; Fiest et al.,, 2017). Over 50% of
patients have focal epilepsy; and of the subset with refractory
seizures, only ~10%-20% of patients undergo epilepsy sur-
gery (Sanchez Fernandez et al., 2017). Patients with medi-
cally refractory epilepsy are at increased risk of sudden
unexplained death in epilepsy, with a high lifetime burden of
frequent generalized tonic clonic seizures further elevating
this risk (Verducci et al., 2019).

The association between seizures and migraine is well estab-
lished (Leniger et al, 2001; Forderreuther et al., 2002; Karaali-
Savrun et al., 2002; Kwan et al., 2008; Cianchetti et al., 2013) and
widely recognized by the International Classification of Headache
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care and were in accordance with the National Institutes
of Health’s Guide for the care and use of laboratory

Trigeminal animals.
_Ganglion Visual cortex
mlcmeleamde7 i micropipette SPVc Surgical preparation
V|§ua| cortex v Male and female Sprague Dawley rats (250-340 g) were
micropipette anesthetized with urethane (0.9-1.2 g/kg, i.p.). They were
" fitted with an intratracheal tube to allow artificial ventila-
tion (0.1 L/min of O,) and an intrafemoral vein cannula
AL for later infusion of drugs. Rats were placed in a stereo-
Z taxic apparatus, and core temperature was kept at 37°C
using a heating blanket. End-tidal CO, was monitored
Figure 1.  Experimental setup. A, Peripheral recording in the trigeminal ganglion. Diagram showing position continuously and kept within physiological range (3.5-

of cortical micropipette for electrocorticogram recording; trigeminal ganglion electrode, which was advanced
through the contralateral (right) cortex with a medial angle to reach the left trigeminal ganglion, for unit re-
cording; and a representative location for seizure induction with picrotoxin. B, Central recordings in the SpV.
Diagram showing position of cortical micropipette for electrocorticogram recording, SpV electrode, and a repre-

sentative location for seizure induction with picrotoxin.

Disorders Committee, which attributes two different headaches to
epileptic seizure, ictal and postictal. Ictal epileptic headache is a
headache caused by and occurring during a partial epileptic sei-
zure, ipsilateral to the epileptic discharge and remitting immedi-
ately or soon after the seizure has terminated (Headache
Classification Committee of the International Headache Society,
2018). This condition may be followed by other epileptic
manifestations involving motor, sensory, or autonomic
networks (Yankovsky et al., 2005; Syvertsen et al., 2007).
Postictal headache is a headache by and occurring within 3 h
after an epileptic seizure, and remitting spontaneously
within 72 h after seizure termination (Headache Classifi-
cation Committee of the International Headache Society,
2018). It affects 12%-36% of pediatric patients and 30%-50%
of adult patients. It occurs in over 40% of patients with either
temporal lobe epilepsy or frontal lobe epilepsy and in up to
60% of patients with occipital lobe epilepsy. It is more fre-
quent after generalized tonic-clonic seizures than other sei-
zure types (Schon and Blau, 1987; Ito et al., 2004; Botha et
al., 2010). In clinical practice, however, patients with epilepsy
frequently complain of headache but primarily seek treat-
ment for the seizure. As a result, physicians tend to focus on
the treatment of the seizure rather than on the headache,
which is considered less risky. Although less risky, postictal
headache can last many hours; and since it strikes repeti-
tively, it causes patients to endure a significant hardship.

The goal of this study is to investigate the mechanism by
which seizure might induce headache, by examining the
effect of seizure on the activity of primary afferent (trigemi-
nal ganglion) and second-order (dorsal horn) trigeminovas-
cular neurons. The trigeminovascular system is the sensory
pathway that provides the innervation to the intracranial
meninges, and is thought to be involved in the generation of
migraine headache (Moskowitz, 1984; Strassman et al., 1996;
Burstein et al., 2015). Previous studies have shown that trige-
minovascular neurons become activated following the induc-
tion of cortical spreading depression (CSD), a type of cortical
disturbance that has been implicated in the migraine aura.
By examining the effect of seizure, the present study goes
beyond CSD in exploring further the relationship between
cortical pathophysiology and the trigeminovascular system.

Materials and Methods

Experiments were approved by the Beth Israel Deaconess Medical
Center and Harvard Medical School standing committees on animal

4.5 pCO,). Once stabilized, rats were paralyzed with
rocuronium bromide (10 mg/ml, 2.1 ml/h continuous in-
travenous infusion) and ventilated.

In all experiments, for stimulation of the cranial
dura later in the experiment, a 5 X 5 mm opening was
carefully carved in the parietal and occipital bones in
front and behind the A suture directly above the left
transverse sinus. The exposed dura was kept moist using a modified
synthetic interstitial fluid containing the following (in mM): 135
NacCl, 5 KCI, 1 MgCl,, 5 CaCl,, 10 glucose, and 10 HEPES, pH 7.2. A
second craniotomy (~2.2 mm diameter) was carefully carved imme-
diately caudal to the left coronal suture (parietal cortex), and the
cortex was exposed by removal of the dura to induce epileptiform
activity by topical application of picrotoxin.

Peripheral recordings

In experiments in which recordings were made from peripheral
neurons in the left trigeminal ganglion, a craniotomy was made on
the right (contralateral) side to allow the microelectrode to be
advanced through the contralateral cortex to reach the ganglion,
using an angled approach. This was done to avoid damage to the
ipsilateral cortex. The craniotomy was made to allow electrode
insertions into the right cortex covering an area of 1-3 mm caudal
to bregma and 1.5-3 mm lateral. The dura covering this area of cor-
tex was removed to allow microelectrode insertion.

Central recordings

In experiments in which recordings were made from central neurons in
the left C1-C2 dorsal horn (spinal trigeminal nucleus [SpV]), a segment
of the spinal cord between the obex and C2 was uncovered from overly-
ing tissues, stripped of the dura mater, and kept moist with synthetic in-
terstitial fluid.

Experiments were only performed in cases in which the physio-
logical condition of the rats (heart rate, blood pressure, respiration,
end-tidal CO,) and the neuronal isolation signal (signal-to-noise ra-
tio ~ 1:3) were stable throughout the experimental period. At the
conclusion of all central experiments, a small lesion was produced at
the recording site (anodal DC of 15 nA for 15 s), and its localization
in the dorsal horn was determined postmortem using histologic
analysis as described previously (Zhang et al., 2011). Only one neu-
ron was studied in each animal.

Identification and characterization of peripheral and central trigemino-
vascular neurons

Peripheral recordings. A platinum-coated tungsten microelectrode
(impedance 150-300 k()) was advanced into the trigeminal ganglion for
single-unit recording (Fig. 1A4). To reach the ganglion via a contralateral
approach, the electrode was angled medially 21° and was advanced
through the contralateral cortex (see above for coordinates). Dural affer-
ent neurons in the ganglion were identified by their constant latency
response to single-shock stimulation delivered to the dura overlying the
ipsilateral transverse sinus with a bipolar stimulating electrode (0.5 ms
pulse, 5mA, 0.75Hz). The response latency was used to calculate con-
duction velocity, based on a conduction distance to the trigeminal gan-
glion of 12 mm. Neurons were classified as either A§ units (conduction
velocity 1.5-5 m/s) or C units (conduction velocity <1.5 m/s). Neurons
with conduction velocity >5 m/s were not studied. Spike 2 software
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Figure 2.

(Cambridge Electronic Design) was used for acquisition and waveform
discrimination of the electrically evoked spikes, and for offline analy-
sis. Mechanical receptive fields of dural afferents were identified by
probing the dura with a von Frey hair (4.19 g). Only neurons for
which a mechanical receptive field could be identified were selected
for study.

Central recordings. To record neuronal activity, a tungsten micro-
electrode (impedance 1-4 M(), FHC) was lowered repeatedly into
the SpV (C1-C2 dorsal horn) in search of central trigeminovascular
neurons receiving input from the dura (Fig. 1B). Trigeminovascular
neurons were first identified based on their responses to electrical
stimulation of the dura. They were selected for the study if they
exhibited discrete firing bouts in response to ipsilateral electrical
(0.1-3.0mA, 0.5ms, 0.5Hz pulses) and mechanical (with a cali-
brated von Frey monofilaments) stimulation of the exposed cranial
dura.

Dural receptive fields were mapped by indenting the dura
(4.19 g von Frey hair monofilament). Points at which dural indenta-
tion produced a response in >50% of the trials were considered
inside the neurons’ receptive field. Cutaneous receptive fields were
mapped by applying innocuous and noxious mechanical stimulation
to all facial skin areas as described previously (Burstein et al., 1998).
An area was considered outside the receptive field if no stimulus
produced a response in >50% of the trials. Responses to mechanical
stimulation of the skin were determined by applying brief (10 s) in-
nocuous and noxious stimuli to the most sensitive portion of the cu-
taneous receptive field. Innocuous stimuli consisted of slowly
passing a soft bristled brush across the cutaneous receptive field
(one 5 s brush stroke from caudal to rostral and one 5 s brush stroke
from rostral to caudal) and pressure applied with a loose arterial
clip. Noxious stimuli consisted of pinch with a strong arterial clip
(Palecek et al., 1992; Dado et al., 1994; Burstein et al., 1998). More
intense or prolonged stimuli were not used to avoid inducing pro-
longed changes in spontaneous neuronal discharge or response
properties. Two classes of neurons were thus identified: wide-
dynamic range (WDR) neurons (incrementally responsive to brush,
pressure, and pinch) and high-threshold (HT) neurons (unrespon-
sive to brush). A real-time waveform discriminator was used to cre-
ate and store a template for the action potential evoked in the

A, Normal (before picrotoxin) and epileptiform cortical activity (after picrotoxin). B, Propagation of epileptic cortical activity from the frontal to the visual cortex.

neuron under study by electrical pulses on the dura; spikes of activ-
ity matching the template waveform were acquired and analyzed
online and offline using Spike 2 software (Cambridge Electronic
Design).

Seizure induction and electrocorticogram recording

Seizures were induced by application of picrotoxin (gelfoam soaked in
10 ul of 100 mm picrotoxin) to the surface of the parietal cortex for the
duration of the experiment. This dose was chosen because it consistently
induced generalized seizure (i.e., seizure that gave rise to propagating epi-
leptiform activity in all animals). For verification of seizure induction,
cortical activity was recorded (ECG) with a glass micropipette (0.9% sa-
line, ~ 1 M(), 7 um tip) placed at a depth of ~ 500 um (layers II-III) in
the visual cortex. Induction of seizure was confirmed by the appearance of
the epileptiform activity in the cortex (Fig. 2A). In order to confirm the
method for induction of generalized seizure, preliminary experiments
(n=45) were performed in which the propagation of seizure was con-
firmed by recording epileptiform activity simultaneously in the frontal
and occipital cortices (Fig. 2B). As shown in the figure, the typical propa-
gation rate of the epileptiform activity was 0.35 mm/min (0.1-3.3 mm/
min).

Experimental protocol

Seizure effects on meningeal nociceptors. A6 and C fibers were
identified, classified based on their conduction velocities, isolated,
and their responses to mechanical indentation of the dura deter-
mined. Their firing rate was then recorded for 1 h before and 2 h af-
ter induction of seizure.

Seizure effects of central trigeminovascular neurons. HT and WDR
neurons located in the SpV were identified by their responses to electri-
cal stimulation of the dura, classified by their responses to innocuous
and noxious mechanical stimulation of the skin, and their spontaneous
firing was recorded continuously 1 h before and 2 h after induction of
seizure.

In another set of experiments, lidocaine was applied to the dural
receptive field of Aé fibers, C fibers, WDR neurons, and HT neurons for
a period of 2 h, starting 1 h before and ending 1 h after seizure induction.
In these experiments, continuous neuronal recording began 1 h before
and ended 3 h after seizure induction (ie., neuronal recording was
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neuron was considered activated if its mean fir-
ing rate after seizure exceeded its mean baseline
activity by 1 SD for a period > 10 min, which
translated to ~>33% increase in activity. Mean
firing rates of respective values were compared
using nonparametric repeated-measures test
(Friedman test) and post hoc analysis (Tukey
HSD). The level of significance was set at 0.05. A
small number of neurons (<10%) showed a
brief activation immediately following the picro-
toxin application. This brief activation typically
subsided before the onset of seizure, and was not
included as part of the neuronal response to the
seizure. The transient response to picrotoxin is
attributable to the DMSO solvent, as found in
prior control studies with DMSO application.

Results

Experiments were conducted in male and
female rats. There was no significant differ-
ence between males and females in the
percentage of neurons that showed seizure-
induced activation, in any of the four neu-
ronal groups (g =043, p=0.58, p=045,
p=061, and x* = 0.63, x> = 031, x* =
0.56, x> = 0.27 for A8, C, WDR, and HT,
respectively; df = 1; x?). Data from males
and females were combined for all analyses
described below.

Baseline activity
The firing rate at baseline, before seizure

H induction was 1.3 spikes/s [0.4-5.7] (me-
M Ww dian [interquartile range, IQR]) for A&,
2.9 spikes/s [0.7-6.1] (median [IQR]) for

MF

C, 3.4 spikes/s [0.1-6.6] (median [IQR])
for HT, and 3.5 spikes/s [0.9-10.3] (me-
dian [IQR]) for WDR neurons. As noted
below, there was no significant difference
in baseline firing between neurons that
showed seizure-induced activation and
those that did not (p=0.72 (U=17, n; =
7,m,=6), p=0.59 (U=23,n,=7,n,=7),
p= 091 (U=149, n; =27, n, = 13), p =
097 (U=29, n, = 7, n, = 11) for A$, C,
WDR, and HT respectively, Mann-
Whitney).

Seizure characterization
Seizure was induced successfully in all 85
experiments in which neuronal recording

0 15 30
Time (sec)
Figure 3.  Seizure development from normal (W1) to the appearance of isolated epileptic spikes (W2) and the transition

to epileptiform cortical activity characterized by synchronized firing of cortical neurons (W3-W6).

maintained for 2 h under lidocaine conditions and 2 h in the absence of
lidocaine).

Data analysis

Neuronal activity was analyzed to measure amplitude, latency, and duration
of responses to seizure. To determine neuronal responses to seizure, the
mean firing frequency occurring before the onset of seizure (calculated
from measuring the SA 1 h before seizure onset) was compared with the
mean firing frequency recorded for 1 h (0-60 min after seizure onset) and 2
h (recorded from 60-120 min after seizure onset) after seizure induction. A

was maintained for the full duration of the
experiment. Successful induction of seizure
was determined by the transition from
normal cortical activity driven by non-
synchronized random firing of cortical neu-
rons (Fig. 3; W1) to epileptiform cortical
activity marked by synchronized firing of
the cortical neurons (Fig. 3; W3-W6).

AJ fiber responses

Seizure effects were tested on 13 Ad fibers. Their receptive fields
included portions of the dura overlying the visual cortex (Fig.
4A). Of these, 7 neurons (54%) were activated by the seizure
(Fig. 5AI). Their baseline firing rate (1.6 spikes/s [0.5-7.1] me-
dian [IQR]) increased by 0.73 spikes/s [0.5-1.1] at 1 h, and 1.6
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spikes/s [0.6-2.0] at 2 h (x* =119, df =
2, p = 0.0003, Friedman test). Post hoc
(Tukey HSD) comparisons between base-
line and 1 and 2 h after seizure onset
yielded p values of 0.17 and 0.001, respec-
tively (Fig. 5BI). The latency for activation
of these Aé fibers, calculated from the
time the epileptiform activity was first
recorded in the visual cortex to the time
the neuronal activity began to increase,
was 2.7 [1.0-18.2] min (Fig. 5BII), and the
duration of activation was 56.6 [32.0-66.4]
min (Fig. 5BIII). In only one of these
experiments, neuronal activity was still ele-
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vated at the time the recording session
ended (2 h after seizure onset). Six Ad
neurons (46%) were not activated by the
seizure (Fig. 5AII). Their baseline firing
rate (1.0 spikes/s [0.3-5.0]) did not change
significantly at 1 h (decrease of 0.24

Transverse sinus

spikes/s [0.5-0.03]) or 2 h (decrease of
0.15 spikes/s [0.31-0.09]) (x* = 2.1, df = 2,
p = 0.42 Friedman test).

C fiber responses

Seizure effects were tested on 14 C fibers.
Their receptive fields included portions
of the dura overlying the visual cortex
(Fig. 4B). Of these, 7 neurons (50%) were
activated by the seizure (Fig. 6AI). Their
baseline firing rate (2.8 spikes/s [1.3-5.1]
median [IQR]) increased by 0.4 spikes/s
[—0.2-0.5] at 1 h, and 3.2 spikes/s [0.6—
6.2] at 2 h (xy* = 10.8, df = 2, p=0.001,
Friedman test). Post hoc (Tukey HSD)
comparisons between baseline and 1
and 2 h after seizure onset yielded p
values of 0.99 and 0.006, respectively
(Fig. 6BI). The latency for activation
of these C fibers, calculated from the
time the epileptiform activity was first
recorded in the visual cortex to the
time the neuronal activity began to increase, was 11.2 [1-
30.1] min (Fig. 6BII), and the duration of activation was
120 [52.0-120] min (Fig. 5BIII). In four of these experi-
ments, neuronal activity was still elevated at the time the re-
cording session ended (2 h after seizure onset). Seven C
fibers (50%) were not activated by the seizure (Fig. 6AII).
Their baseline firing rate (3.0 spikes/s [0.34-9.26]) did not
change significantly at 1 h (decreased by 0.2 spikes/s [0.6-
0.13] or 2 h (decreased by 0.1 spikes/s [0.1-0.3] (X2 =5.7,df
=2, p=0.056 Friedman test).

1
i

Figure 4.

WDR neuronal responses

Seizure effects were tested on 40 WDR neurons located in lami-
nae I (16) and V (24) of the SpV (Fig. 7A). Their dural receptive
fields included areas anterior to the transverse sinus that overlay
the visual cortex (Fig. 7C), and the most sensitive portion of their
facial receptive fields was located around the eye (Fig. 7B).
Twenty-seven (11 of 15 lamina I and 16 of 25 lamina V) of these
40 WDR neurons (68%) were activated by the seizure (Fig. 8AI).
Their baseline firing rate (1.9 spikes/s [0.8-9.8] median [IQR])
increased by 1.4 spikes/s [0.1-6.4] at 1 h, and 4.5 spikes/s [1.108—

i
i

1319
{117

Mechanically sensitive dural receptive fields of 13 AS fibers (4) and 14 C fibers (B) whose activity was recorded
during induction of seizure by picrotoxin. All mechanically sensitive fields on the dura were on or around the transverse sinus.
Inset, Dashed line indicates the portion of the dura shown in the receptive field drawings.

10.1] at 2 h (x* = 20.6, df = 2, p=0.00,003, Friedman test). Post
hoc (Tukey HSD) comparisons between baseline and 1 and 2 h
after seizure onset yielded p values of 0.015 and 0.004, respec-
tively (Fig. 8BI). The latency for activation of these WDR neu-
rons was 14.1 [5.7-60] min (Fig. 8BII), and the duration of
activation was 98.9 [58.4-120] min (Fig. 8BIII). In 12 of these
experiments, neuronal activity was still elevated at the time the
recording session ended (2 h after seizure onset). Thirteen WDR
neurons (32%) were not activated by the seizure (Fig. 8AII).
Their baseline firing rate (8.8 spikes/s [4.4-12.875]) decreased by
1.1 spikes/s [4.3-0.2] at 1 h, and 1.0 [6.5-0.4] at 2 h (x* = 6.5,
df = 2, p=0.038 Friedman test). Post hoc (Tukey HSD) compari-
sons between baseline and 1 and 2 h after seizure onset yielded p
values of 0.095 and 0.007, respectively.

HT neuronal responses

Seizure effects were tested on 18 HT neurons located in laminae
1(9) and V (9) of the SpV (Fig. 9A). Their dural receptive fields
included areas anterior to the transverse sinus that overlay the
visual cortex (Fig. 9C), and the most sensitive portion of their fa-
cial receptive fields was located around the eye (Fig. 9B). Seven
(0 of 6 lamina I and 7 of 12 lamina V) of these 18 HT neurons
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Figure 5.  Responses of AS fibers to seizure. A, Plots of firing rate before and after seizure induction for the following: (4f) an AS fiber that became activated after induction of epileptic

cortical activity; and (All) an AS fiber that did not change its firing rate regardless of the epileptic activity in the cortex. BI, Box-and-whisker plots (median and IQR), as well as scatterplots of
individual values, of the changes from baseline at 1 and 2 h after seizure, in red neurons that became activated (n = 7) and in blue neurons that did not get activated (n = 6). *p << 0.05 (post
hoc/Tukey HSD). BII, Box-and-whisker plot of the latency of all neurons activated after seizure induction. BII, Duration of the activation of said neurons (up to maximum of 2 h, when record-

ing was stopped).

(39%) were activated by the seizure (Fig. 10AI), all located in
lamina V (of note, no lamina I HT neuron was activated). Their
baseline firing rate (4.5 spikes/s [1.2-7.3] median [IQR])
increased by 2.9 spikes/s [1.6-7.4] at 1 h, and 8.0 [4.1-11.7] at2 h
(y* = 6.8, df = 2, p=0.027, Friedman test). Post hoc (Tukey
HSD) comparisons between baseline and 1 and 2 h after sei-
zure onset yielded p values of 0.137 and 0.006, respectively
(Fig. 8BI). The latency for activation of these HT neurons was
6.7 [1.6-31] min (Fig. 10BII), and the duration of activation
was 120 [49.1-120] min (Fig. 10BIII). In four of these experi-
ments, neuronal activity was still elevated at the time the re-
cording session ended (2 h after seizure onset). Eleven HT
neurons (61%) were not activated by the seizure (Fig. 10AII).

Their baseline firing rate (2.6 spikes/s [0-6.5]) showed no sig-
nificant change at 1 h (change of 1 spikes/s [—0.96 to 0]) or 2
h (change of 0 spikes/s [—3.1 to 0.7] (x* = 05, df = 2,
p=0.773 Friedman test).

Lidocaine effects

To determine the origin of activation of these trigeminovascular
neurons, lidocaine was applied locally to the dura for a period of
2 h (1 h before and 1 h after seizure induction). This was tested
in 15 central trigeminovascular neurons and 5 trigeminal gan-
glion neurons. As indicated in Figure 11, lidocaine presence in
the dura blocked the activation of Ad fibers (Fig. 11A), C fibers
(Fig. 11B), WDR neurons (Fig. 11C), and HT neurons (Fig.
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was stopped).

11D), but not the seizure. Thus, this demonstrates that the acti-
vation of all components of the ascending trigeminovascular
pathway depends on activation of the meningeal nociceptors in
the dura. This point is further illustrated by the increase in the
firing rate above baseline that developed after the lidocaine was
rinsed/removed from the dura (right side of each panel). Of the
15 central trigeminovascular neurons tested, 7 became activated
following rinsing of the lidocaine, whereas none of them was
activated while the lidocaine was present. Of the 5 peripheral tri-
geminovascular neurons tested, 3 became activated following
rinsing of the lidocaine, whereas none of them was activated
while the lidocaine was present.

Discussion

Using single-unit recording techniques and an established
animal model of seizure, we found that generalized seizure
activated approximately half of the studied Aé and C fibers,
68% of the WDR and 39% of the HT neurons, and that sur-
prisingly, the activation magnitude, duration, and latency
overall were similar among these four classes, although there
was a wide range within each class. Their firing frequency
(i.e., response magnitude) increased, their response duration
ranged between 10 min and 2 h, and their response latency
ranged between 1 min and 1.5 h after development of epilep-
tic cortical activity. These findings suggest that all classes
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of peripheral and central trigeminovascular neurons are
involved in the initiation and maintenance of seizure-
induced headache. The wide range of activation latencies and
duration provide a mechanistic framework for explaining
headaches that occur during the seizure itself (called ictal
headaches) and those that begin after the seizure had ended
(called postictal headache), as well as their brief (just a few
minutes) or more prolonged duration. Further mechanistic
clues to activation of these four classes of neurons by seizure
are provided in experiments showing that application of lid-
ocaine to the dura prevents activation of all classes of periph-
eral and central trigeminovascular neurons, thus supporting
the view that seizure-induced activation of meningeal noci-
ceptors depends on activation of their dural receptors and
that the activation of the central neurons depend on inputs
they receive from the peripheral nociceptors.

Headaches attributed to epileptic seizures are poorly defined,
and their pathophysiologies had not been researched clinically or
preclinically. The International Classification of Headache
Disorders defines headaches attributed to epileptic seizures as
ictal, if they occur during a partial epileptic seizure, involve the
ipsilateral head, and remit immediately or soon after the seizure
had terminated; and postictal if the headache occurs within 3 h
after the seizure event, and remits spontaneously within 3d.
Based on these definitions, we interpreted cases in which neu-
rons began to fire within minutes (in many cases, as short as
1 min) from the occurrence of the epileptic activity as represent-
ing a mechanism for initiation of ictal headache, whereas cases in
which neurons began to fire an hour or more after occurrence of
epileptic activity as representing a mechanism for initiation of
postictal headache. Along this line, we propose that neurons that

became active immediately after the occurrence of the seizure for
a short period of time may represent better the pathophysiology
of ictal headache as many such headaches tend to be brief.
Mechanistically, neurons whose activity stopped during the
seizure suggest that continuing of seizure activity is not suffi-
cient for maintaining neuronal activation. Although our
inability to abort the seizure does not allow us to provide fur-
ther interpretations about the termination of firing while the
seizure itself was still going on, the observation itself chal-
lenges the view that ictal headaches are short-lasting because
they depend on the actual occurrence of the seizure itself.
Regarding those cases in which neuronal activity began to
increase an hour or more after the occurrence of the epileptic
seizure (which in our case was always generalized) and lasted
for more than just a few minutes, these may represent better
the pathophysiology of postictal headache. This interpreta-
tion, however, is also somewhat limited by our inability to
abort the seizure without affecting the firing of the nocicep-
tors. If, by definition, postictal seizure can begin only after
seizure termination, the delayed activation of the nociceptors
and central neurons does not fulfill the current postictal
headache criteria. Conversely, our findings suggest that the
definition of postictal headache may need to be expanded to
the extent that it takes into consideration the possibility that
in some cases the headaches can begin during long-lasting
seizures.

In general, both the associated symptoms and the head-
ache characteristics that are triggered by epileptic seizures,
regardless of whether they are ictal or postictal, are similar to
those associated with migraine (Schon and Blau, 1987; Ito et
al., 2004; Botha et al., 2010). As with migraine headache
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(Burstein et al., 2015; Dodick, 2018), ictal and postictal head-
aches can be moderate or severe, unilateral or bilateral,
fronto-orbital and retro-orbital, and described as throbbing,
pounding, and exacerbated by sudden head movement
(Bernasconi et al., 2001; Caminero and Manso-Calderon,
2014; Fanella et al., 2015). Similarly, their most common
associated symptoms include photophobia, phonophobia,
vomiting, nausea, and visual hallucination or aura (Ito et al,,
1999; Piccioli et al., 2009; Belcastro et al., 2011; Kim and
Lee, 2017). These commonalities suggest that the same noci-
ceptive pathways mediate migraine-type and seizure-type
headache. Indeed, both migraine and seizure appear to
involve activation of meningeal nociceptors and trigemi-

novascular neurons in the SpV from their dural receptive
fields (Zhang et al., 2010, 2011). This explanation, while logi-
cal, raises the question of how the brain distinguishes
between a headache induced by seizure and a headache
induced by a migraine event, such as aura or CSD. While the
literature focuses heavily on finding all possible similarities
between postictal headache and migraine, we must also point
out the data that show that 26%-56% of all postictal head-
aches lack migraine features and in different studies are
termed tension-type headache (Leniger et al., 2001), other
postictal headache (Ito et al., 2004), or just postictal head-
ache that is not migraine-like (Bernasconi et al., 2001). In the
next paragraph, we make the case that the ability to
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For the central trigeminovascular neu-
rons, magnitude of activation in
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distinguish between migraine headache and postictal head-
ache that lack migraine features (Schon and Blau, 1987; Ito et
al., 2004; Botha et al., 2010) is generated mainly at supraspi-
nal areas that process nociceptive signals from the meninges
with potential contributions from the SpV.

Closer examination of the response characteristics of the dif-
ferent classes of trigeminovascular neurons to CSD (an animal
model of migraine headache) and seizure (an animal model of
ictal or postictal headache) reveals many similarities and only
one difference (Zhang et al.,, 2010, 2011; Zhao and Levy, 2015,
2018; Melo-Carrillo et al., 2017a,b, 2019). The many similarities
include the following: (1) incidence of activation, which was
~50% in both Ad and C fibers, 40%-60% for WDR, and 30%-
50% for HT neurons; (2) duration of activation, which ranged
between 10min (shortest duration) and 2 h or more (longest
activation we recorded) for all four classes of neurons; (3) latency
of activation, which ranged between 1 and 60 min in all four
classes of neurons studies; and (4) magnitude of activation in
the peripheral (but not central) neurons, which showed
approximately twofold increase for both the Aé and C fibers.

REEAESE!
{

Recording sites (A), facial receptive fields (B), and dural receptive fields (€) of each of the 18 HT trigeminovascu-
lar neurons tested for effects after seizure induction. A, Recording sites plotted on a representative transverse section through
the first cervical segment. Black circles represent HT neurons in laminae | and V. B, Most sensitive regions of cutaneous recep-
tive field (i.e., where brush, pressure, and pinch were applied). €, Mechanically sensitive receptive fields on the dura; all of
them were on or around the transverse sinus. Inset, Dashed line indicates the portion of the dura shown in the receptive field

tinguish between a headache induced by
seizure and a headache induced by aura
or CSD. Along this line, it is reasonable
to speculate that a post-seizure cortex
processes sensory and nociceptive infor-
mation (including information from the
meningeal sensory pathway) differently
than a post-CSD cortex as the two
events differ in their ability to alter cort-
ical physiology (spatially, temporally,
quantitatively). One finding in the cur-
rent study that may support this possi-
bility is the larger response magnitude
of the central neurons seen after seizure,
possibly caused by transient interrup-
tion of corticospinal pathways that
modulate the activity of ascending noci-
ceptive neurons in the spinal dorsal
horn (Noseda et al., 2010).

Mechanistically, one may be tempted
to suggest that the massive alteration in
the activity of widespread areas of the cor-
tex can, through descending pathways,
trigger a headache by causing central trige-
minovascular neurons to become acti-
vated. In this hypothetical scenario, the
activation of the central neurons would
not be dependent on input from the pri-
mary afferent neurons, and so anesthetic
blockade of the dura would be expected to
block the seizure response in the primary
afferent neurons but not the central neu-
rons. However, this was not the case.
Lidocaine application to the dura pre-
vented the activation of the AS and C fiber primary afferent neu-
rons as well as the WDR and HT central neurons, but not the
initiation or maintenance of the seizure. This result confirms
that the activation of the central neurons is dependent on pri-
mary afferent input and refutes the idea that the seizure-induced
activation is via descending pathways.

A note about the validity of this animal model

Unlike the case of CSD, a phenomenon whose relevance to mi-
graine headache continues to be debated as it cannot be routinely
detected clinically, evidence for occurrence of epileptic seizures
and ictal or postictal headaches in patients is convincing. By
showing that epileptic seizure, an event that occurs inside the
blood-brain barrier, is capable of activating meningeal nocicep-
tors from their receptive fields in the dura, which is outside the
blood-brain barrier, this study provides an overall justification
for the use of these two animal models in the study of headache
of intracranial origin.
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Technical considerations and caveats

Seizure can be induced in rodents by a number of methods,
including auditory stimulation, systemic administration of pen-
tylenetetrazole, or electroshock (Loscher, 2011, 2017). For the
present study, we chose the method of topical application of pic-
rotoxin to the cortical surface. Although this method requires
surgical exposure of the cortex, we found it to be advantageous
for our purposes in that we could reliably induce a seizure with
consistent characteristics from animal to animal, in a dose-de-
pendent manner. For the present study, we used a dose that

produced a generalized seizure, as verified by recording its prop-
agation across the cortex. While we have not tested other meth-
ods of seizure induction for activation of meningeal nociceptors,
we would expect that such activation would depend on the char-
acteristics of the seizure rather than the method of induction,
and so would be similar with any method that induced a general-
ized cortical seizure.

One caveat that should be recognized in this study, as in all
studies of neural activity in the meningeal sensory pathway, is that
the surgery that is necessary to expose the neurons’ dural receptive
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Effect of dural application of lidocaine on neuronal responses to seizure. Plots of firing rate before and after seizure induction of an AS fiber (A), C fiber (B), WDR neuron ((),

and HT neuron (D). In these experiments, lidocaine was applied locally to the dura for a period of 1 h before and 1 h after seizure induction, whereas neuronal recording was maintained for 4
h (1 h before and 3 h after seizure induction). This experimental setup allowed us to determine the dural role in seizure-induced neuronal activity. In all 4 classes of neurons, the presence of

lidocaine in the dura blocked their activation.

fields also produces some disturbance to the exposed dura, as well
as damage to the overlying extracranial tissues, which potentially
results in some degree of sensitization of the nociceptive innerva-
tion. (This caveat applies to virtually all electrophysiological stud-
ies of nociceptive sensory pathways.) In our studies, care is taken
to minimize the degree of sensitization, including the subcutane-
ous injection of lidocaine at the incision site. One indication of the

degree of sensitization is the level of baseline spontaneous activity,
which generally is fairly low in our studies.
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