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Abstract: A bi-directional relationship between epilepsy and migraine has been widely reported in epidemiological
and clinical studies, but the mechanisms of interaction between these disorders have not been fully examined us-
ing animal models. The aim of the present study was to develop a new comorbidity model of migraine and epilepsy.
Nociception was induced by applying an inflammatory soup to the dura mater; this procedure resulted in nocicep-
tion similar to that expressed in inflammatory disorders such as migraine. We showed that nociceptive behaviors
(head rubbing, including with the forepaws and hindpaws) were significantly enhanced in comorbidity rats compared
to sham-operation (Sham) rats, and these nociceptive behaviors were correlated with epilepsy-like behaviors. The
plasma levels of calcitonin gene-related peptide (CGRP) significantly increased in the migraine group compared with
the sham group, but CGRP did not further increase in comorbidity rats compared with migraine rats. C-Fos immu-
noreactive area values were higher in the comorbidity group than in the migraine group in the trigeminal nucleus
caudalis (Sp5C) area (P<0.05). There was no significant difference in HSP70 expression between the comorbidity
group and the epilepsy group. The expression of brain-derived neurotrophic factor (BDNF) in the CA3 area of the hip-
pocampus in the comorbidity group was significantly higher than that in the epilepsy group according to the immu-
nohistochemical test (P<0.05). In conclusion, our findings indicate that pilocarpine-induced epilepsy exacerbates
inflammatory nociception, which can aggravate seizure severity. Moreover, we established a new comorbidity model
for migraine and epilepsy.
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Introduction

Epilepsy and migraine are chronic paroxysmal
neurologic disorders [1] showing high comor-
bidity. The prevalence of epilepsy in Europe is
estimated as 0.3-0.8% [2], and the prevalence
of migraine is 11-15% [3-5]. Among patients
with migraine, 6% have epilepsy, and up to 26%
of patients with epilepsy have migraine [6-9]. A
large epidemiological study revealed that adult
persons with epilepsy were 2.4 times more like-
ly to develop migraine than their relatives with-
out epilepsy [10].

The cholinergic (muscarinic) agonist pilocar-
pine or lithium-pilocarpine model is widely used
to characterize the mechanisms of status epi-
lepticus (SE) resistance and the long-term con-

sequences of SE, including neurodegenerative
brain alterations, psychopathology, cognitive
impairment and epilepsy, and determine how to
prevent such sequelae with potentially antiepi-
leptogenic compounds [11-14].

Inflammatory soup (IS), comprising a mixture of
prostaglandin E2, serotonin, bradykinin, and
histamine, has been frequently used in migraine
studies to examine the activation of nocicep-
tors in response to immune-derived products
commonly released at sites of inflammation,
including the meninges. The administration of
inflammatory soup over the meninges induces
the expansion of mechanical receptive fields in
the skin, the sensitization of nociceptors to
mechanical stimulation, and the sensitization
of trigeminal nucleus caudalis neurons in anes-
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thetized animals [15]. The inflammatory soup
model has been successfully used to elucidate
the mechanistic relationship between menin-
geal nociceptor activation by immune media-
tors and consequent changes in trigeminal sen-
sory processing. Accordingly, the migraine
model in the present study was elicited by IS.

To our knowledge, there is no established ani-
mal model on the association between epilepsy
and migraine. In the present study, we investi-
gated the effects of epilepsy on trigeminovas-
cular nociception behaviors in conscious rats
and determined the levels of calcitonin gene-
related peptide (CGRP), brain-derived neuro-
trophic factor (BDNF), c-Fos and HSP70 to
explore the molecular biological mechanisms
of the comorbidity between epilepsy and
migraine.

Materials and methods
Animals

Male Sprague-Dawley (SD) rats (Animal Center
of Wuhan University, PR China) weighing 220-
250 g were used. All rats were housed individu-
ally at a constant temperature (22+2°C) under
standard lighting conditions (12/12-h dark/
light cycle with the lights turned on at 07:00
am) and habituated in the experimental room
for 1 hour per day for at least 1 week prior to
the experiment. The experimental procedures
were approved by the Committee on Animal
Use for Research and Education of the La-
boratory Animals Center, Renmin Hospital of
Wuhan University (Wuhan, PR China), and were
consistent with the ethical guidelines recom-
mended by the International Association for the
Study of Pain in Conscious Animals [16]. Efforts
were made to minimize animal suffering.

Cannula implantation

After a midline incision, a guide cannula used
for the dural delivery of IS or PBS was affixed on
the dura mater adjacent to the superior sagittal
sinus in all rats. IS (1 mM bradykinin, serotonin,
and histamine and 0.1 mM prostaglandin E2 or
2 mM bradykinin, serotonin, and histamine and
0.2 mM prostaglandin E2; pH 5.5) was made
fresh immediately prior to use from stock solu-
tions. The animals with cannulas received IS
(volume of injection: 30 ul) or PBS (volume of
injection: 30 ul) through the cannula.
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SE induction

The induction of status epilepticus using pilo-
carpine was performed as previously described
[17]. Atropine (dissolved in 0.9% saline, Sigma
Chemical) was subcutaneously administered at
1 mg/kg for 30 min prior to pilocarpine admin-
istration to reduce peripheral cholinergic
effects. The animals received a single intraperi-
toneal (i.p.) dose of pilocarpine (250 mg/kg dis-
solved in 0.9% saline, Sigma Chemical). When
the dose of pilocarpine was increased to 30
mg/kg, the rats became too sick to continue
the following test and the mortality rate was
high after 24 hours. When the dose of pilocar-
pine was decreased to 20 mg/kg, the number
of the rats developing SE was too small to per-
form the subsequent experiment. Hence, 25
mg/kg was determined as the most efficient
dosage.

The Racine scale, as previously described, was
used with the following stages: (0) no abnor-
mality, (1) mouth and facial movements, (2)
head nodding, (3) forelimb clonus, (4) rearing,
and (5) rearing and falling. A full motor seizure,
with temporary loss of postural control, referred
to as a stage 5 motor seizure [18], was used to
index seizure intensity. Only rats displaying SE
(stages 4-5) were selected. After the rats
reached stage 5, some rats jumped up and
down. Those rats were much more seriously
affected than the rats reaching stage 5. We
referred to this state as the jumping-up-and-
down state.

Nociceptive behavior

A nociception scale was used, with face rub-
bing considered as nociceptive behavior. The
nociception scale was measured using a von-
Frey filament (vFF). The vFF can be used in paw
withdrawal pain threshold assessment, one of
the most popular tests for pain evaluation using
animal models. For this test, a set of filaments,
each exerting a different force, was applied to
the rat skins immediately above the eyes, from
the weakest to the strongest, until the rat head
was withdrawn. This method starts with a mid-
range filament and increases or decreases lin-
early, depending on the response of the animal.
A defensive response results in the subsequent
use of a lower filament, while a lack of a
response dictates the use of a higher-strength
filament for the next test.
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Table 1. The animals for nociceptive behavior tests

bated with primary anti-c-

Day O Day 1

Day 2 Day 3 Day 4 Day5

Fos antibody (1:200), an-

Migraine Surgery
Comorbidity Surgery Pilocarpine + chloral hydrate
Sham Surgery

ti-BDNF antibody (1:200),
and anti-HSP70 antibody
(1:200) at 37°C for 30

IS IS IS
IS IS IS

PBS PBS PBS PBS

Table 2. The animals for seizure attack behavior tests

min prior to incubation at
4°C overnight. After four
cycles of washing with

DayO Dayl Day2 Day3 Day4

0.01 mol/I PBS at 5 min

Day 5 for each cycle, secondary

Pilo-surgery Surgery  PBS PBS PBS
Comorbidity Surgery IS IS IS
Sham Surgery - - -

PBS + pilocarpine

antibody (1:200) was ad-
ded to the slides and pla-
ced at 37°C for 30 min

IS + pilocarpine
Pilocarpine

Table 3. The animals for ELISA tests and immunohistochemicaltests

prior to another four
cycles of PBS wash. Slides
were incubated with HRP

Day O Dayl Day2 Day3 Day4

Day 5 at 37°C for 30 min prior

Migraine Surgery - - -
Pilo-surgery Surgery - - -
Comorbidity Surgery - - -
Sham Surgery - - -

IS to three cycles of 5-min
Pilocarpine + PBS PBS washing. Subsequ-
Pilocarpine + IS ently, DAB was added to

PBS the slides, followed by

As previously described, migraineurs common-
ly describe facial allodynia during a pain attack,
including pain during hair brushing or face
shaving [19]. Similarly, rats rub the face with
forepaws and hindpaws when they receive IS.

Enzyme-linked immunosorbent assay (ELISA)

The levels of CGRP and BDNF in jugular blood
[17, 19] were determined using the ELISA me-
thod with aCGRP detection kit (Catal. No.
CEA876Ra USCN, China) and aBDNF detection
kit (Catal. No. SEAO11Hu USCN, China) accord-
ing to the manufacturer’s instructions. For jugu-
lar blood collection, 1 ml of blood sample in
each group was drawn from the jugular vein
and stored in Eppendorf tubes containing EDTA
(L mg/ml blood) and the protease inhibitor
Aprotinin (0.55 TIU/ml blood).

Immunohistochemical detection

For immunohistochemical assays, sections of
Sp5C tissues for c-Fos and the CA3 of hippo-
campus tissues for BDNF and HSP70 from dif-
ferent groups were incubated at 60°C over-
night prior to dewaxing with dimethylbenzene.
The slides were hydrated with alcohol, followed
by washing with H,O, for 5 min, fixing using
methanol solution with 3% H,0,, and blocking
with 1% goat serum for 15 min at room tem-
perature. Subsequently, the slides were incu-
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incubation for 3-10 min
until the reaction was
stopped using ddH,0. The slides were re-
stained using hematoxylin and subsequently
dehydrated. The percentage of positively
stained cells and the staining intensity of the
different groups were determined through
observation under a microscope at 200x mag-
nification by experimenters blind to the ex-
periments.

Experiment procedure

The animals for the nociceptive behavior tests
were treated according to Table 1. Ten minutes
after the comorbidity group reached stage 4 on
day 2, the comorbidity rats received chloral
hydrate (30 mg/kg) to decrease the morta-
lity rate. The nociceptive behavior tests were
video recorded for 2 h on day 5 post-IS/PBS
injection.

The animals for the seizure attack behavior
tests were treated according to Table 2, and
the tests were video recorded after the injec-
tion of pilocarpine. Additionally, pilocarpine and
IS/PBS were simultaneously injected on day 5.

The animals for ELISA tests were treated
according to Table 3. The plasma samples were
obtained at 2 h after the rats were adminis-
tered a simultaneous injection the pilocarpine/
IS/PBS on day 5. The animals for immunohisto-
chemical tests were also tested according to
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Figure 1. The effects of pilocarpine-induced seizure attacks on nociceptive behavior. A: Number of face rubbings.
The number of face rubbings significantly increased in the migraine group compared with the sham group. The
number of face rubbings markedly increased in the comorbidity group compared with those in the migraine group
(P=0.0176; N=15 for sham, N=12 for migraine, N=12 for comorbidity). B: Von Frey filament forces. The von Frey fila-
ment forces were significantly lower in the comorbidity group than in the migraine group. N=12 for sham, migraine
and comorbidity. *P<0.05, **P<0.01. Note: One-way ANOVA followed by Student’s t test was used for comparisons

between groups.

Table 3. The immunohistochemical assays
were performed at 2 h after the rats received
pilocarpine/IS/PBS treatment on day 5.

Statistical analysis

Prism 5 were used for statistical analyses and
to generate graphs. One-way ANOVA for multi-
ple comparisons was used to compare differ-
ences among groups. Post-hoc comparisons
between experimental groups were performed
using the least significant difference test. A chi-
square test was used to calculate significant
differences in the incidence of jumping-up-and-
down state. The data are presented as the
means + SEM. A value of P<0.05 indicated sta-
tistical significance.

Results

The effects of pilocarpine-induced seizure at-
tack on nociceptive behaviors

The animals were prepared according to Table
1. The rats in the migraine group without pilo-
carpine (219.8+20.69) showed a significantly
higher number of rubbings than the sham gro-
up (145.9+16.93) (P=0.0204) (Figure 1A).
These results showed that the migraine model
used in the present study was successfully
established.
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As shown in Figure 1A and 1B, the number of
face rubbings markedly increased in rats in
the comorbidity group (307.2+37.45) compar-
ed with those in the migraine group (198.1+
33.24) (P=0.0176). The von-Frey filament forc-
es markedly increased in rats in the sham
group compared with those in the migraine
group (P=0.0172) (Figure 1B).

The effects of IS-induced migraine on seizure
attacks

Animals were prepared according to Table 2.
The rats in the comorbidity group displayed sig-
nificantly decreased latent periods (1521+
93.62) than those in the pilo-surgery group pre-
treated with PBS (2055+143.0) during the
experiment (P=0.0023) (Figure 2A). An incre-
ased number of rats in the comorbidity group
reached the jumping-up-and-down state than
in the sham group pre-treated with PBS (100%
vs. 50%) (Figure 2B).

The effects of pilocarpine-induced seizure
attack on CGRP levels and the effects of IS-
induced migraine on BDNF levels

Animals were prepared according to Table 3.
Figure 3A shows the blood concentration of
CGRP in the external jugular vein. The CGRP
level in the migraine group (324.9+2.53) was
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Figure 2. The effects of IS-induced migraine on seizure attacks (A). In contrast to the epilepsy group pre-treated with
PBS, the rats in the comorbidity group displayed a decreased latent period. N=12 for sham, N=18 for pilo-surgery,
N=24 for comorbidity. (B) Racine scale. More rats in the comorbidity group reached the jumping-up-and-down state
than in the pilocarpine-induced seizure attack group pretreated with PBS. N=10 for sham, pilo-surgery, and comor-
bidity. *P<0.05, **P<0.01. Note: One-way ANOVA followed by Student’s t test was used for comparisons between
groups for (A). Chi-square test was used in (B).
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Figure 3. (A) The effects of pilocarpine-induced seizure attack on CGRP levels. The CGRP level in the migraine group
was significantly higher than that in the sham group, whereas the CGRP level in comorbidity group was lower than
that in the migraine group. N=10. (B) The effects of IS-induced migraine on BDNF levels. There was no significant
difference among the sham, migraine, pilocarpine-induced seizure attack and comorbidity groups. N=10. *P<0.05,
**P<0.01. Note: One-way ANOVA followed by Student’s t test was used for comparisons between groups.

significantly higher than that in the sham group
(81.74+81.7) (P=0.0079), whereas the CGRP
level in the comorbidity group was lower than
that in the migraine group. These results might
demonstrate that the comorbidity group be-
came seriously sick and could not accurately
feel pain. The behavior of the comorbidity group
was significantly different from that of the
migraine group. The results for plasma levels
and behavior were not similar because the
recorded time points were different.
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There was no significant difference among the
sham, migraine, and comorbidity groups in
plasma BDNF levels (Figure 3B).

The effects of pilocarpine-induced seizure
attack on c-Fos levels and the effects of IS-
induced migraine on HSP70 and BDNF levels

The animals were prepared according to Table

3. As shown in Figure 4A, c-Fos-positive neu-
rons were determined as brown granules in the

Am J Transl Res 2017;9(5):2286-2295
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Figure 4. The effects of pilocarpine-induced seizure attack on c-Fos levels. A: The expression of c-Fos in four groups
in the Sp5C. c-Fos-positive neurons were determined as brown granules in the cell nucleus. B: The c-Fos expression
in the comorbidity group was higher than that in the migraine group in the Sp5C in the trigeminal sensory nuclear
complex, and the expression of c-Fos in the migraine group was significantly higher than that in the sham group.
N=6. *P<0.05. Note: One-way ANOVA followed by Student’s t test was used for comparisons between groups.
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Figure 5. The effects of IS-induced migraine on HSP70 levels. A: The expression of HSP70 in the four groups in the
CA3 area of the hippocampus. HSP70-positive neurons were determined as brown granules in the cell nucleus. B:
The expression of HSP70 in the pilocarpine-induced seizure attack group was higher than that in the sham group.
N=6. *P<0.05, **P<0.01, ***P<0.001. Note: One-way ANOVA followed by Student’s t test was used for compari-

sons between groups.

cell nucleus. One-way ANOVA followed by Stu-
dent’s t test was used for comparisons bet-
ween groups. The expression of c-Fos in the
comorbidity group (110.8+1101) was higher
than that in the migraine group in the Sp5C
(78.12+3.159) in the trigeminal sensory nucle-
ar complex, and the expression of c-Fos in
migraine group (78.12+3.159) was significantly
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higher than that in the sham group (61.23+
5.606) (P=0.0207) (Figure 4B).

As shown in Figure 5A, HSP70-positive neu-
rons were determined by the presence of brown
granules in the cell nucleus. The expression of
HSP70 in the comorbidity group was higher
than that in the sham group. However, the
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Figure 6. The effects of IS-induced migraine on BDNF levels. A: The expression of BDNF in four groups in the hippo-
campus. BDNF-positive neurons were determined as brown granules in the cytoplasm. B: The expression of BDNF in
the comorbidity group was significantly higher than that in the pilocarpine-induced seizure attack group pretreated
with PBS. N=6. *P<0.05, **P<0.01, ***P<0.001. Note: One-way ANOVA followed by Student’s t test was used for

comparisons between groups.

expression of HSP70 in the comorbidity group
was not significantly higher than that in the pilo-
carpine-induced seizure attack group (Figure
5B). As shown in Figure 6A, BDNF-positive neu-
rons were shown as brown granules in the cyto-
plasm. The BDNF expression in the comorbidity
group (1588+384.6, 4596+243.7) was signifi-
cantly higher than that in the pilocarpine-
induced seizure attack group (1588+384.6)
(Figure 6B).

Discussion

Epilepsy is a paroxysmal disease comorbid
with migraine, depression, anxiety, cognitive
impairment and attention deficits. The comor-
bidity of headache and epilepsy is well known:
the frequency of epilepsy among people with
migraine (range 1-17%) is higher than that in
the general population (0.5-1%), just as the
prevalence of migraine among patients with
epilepsy is higher (range 8-15%) than that
reported in healthy individuals [20]. A survey
study of 597 patients from 32 epilepsy clinics
showed that the age at the onset of epilepsy
was lower in patients with seizure-related head-
aches than in those without, and the risk of
seizure-related headaches was significantly
higher in patients with longer epilepsy duration.
The comorbidity between migraine and epilep-
sy decreases quality of life, complicates treat-
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ment, and increases mortality. There are co-
morbidity models of epilepsy and depression
and of epilepsy and anxiety, but there is no
comorbidity model of epilepsy and migraine.
However, such a model could help us to better
understand the mechanisms of comorbidity.
The aim of the present study was to establish
a new comorbidity model. The comorbidity
model exhibited much more rubbing than the
migraine rats and greater latency to seizures
than the epilepsy rats (Figures 2 and 3). These
results might help us understand why migra-
ineurs complain of a higher frequency of head-
aches during bouts of epilepsy. Additionally, the
data may help us better understand why epilep-
tics undergo more serious attacks when they
have a migraine. Subsequently, the comorbidity
worsened both migraine and epilepsy.

CGRP, a neuropeptide released from activated
trigeminal sensory nerves, dilates intracranial
blood vessels and transmits vascular nocicep-
tion. Interestingly, plasma levels of CGRP, but
not other neuropeptides, were elevated in the
external jugular vein during the headache
phase of migraine, and these levels were nor-
malized to triptans in parallel with the ameliora-
tion of headache [21]. Therefore, a clear asso-
ciation exists between CGRP and migraine [22],
and CGRP is a biological marker of trigemino-
vascular activation [21, 22]. In addition, in the
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present study, the GGRP in the external jugular
vein significantly increased in the comorbidity
group compared with the levels in the single
migraine group. The results showed that the
migraine rats experienced more serious pain
than the sham rats. However, the CGRP in the
comorbidity rats was lower than that in the
migraine rats. This result might reflect the fact
that the plasma of the comorbidity rats was
sampled only 2 h after these rats received IS
and pilocarpine. The behavior of the comorbid-
ity group was significantly different from that of
the migraine group. The results of plasma and
behavior were not similar because we recorded
different time points.

The c-Fos gene is an early-response gene.
c-Fos is a sensitive marker of neuronal activa-
tion following noxious stimulation, and the
expression of c-Fos has been widely used to
identify areas of neuronal activation and to
study the neural correlates of nociception [23].
c-Fos expression can be induced within the tri-
geminal nucleus via the application of different
stimuli (mechanical, electrical or chemical) in
either intra- or extra cranial structures inner-
vated by the trigeminal nerve. The Sp5C is a
component of the ascending sensory pathway
that transmits nociceptive signals from the tri-
geminal nerve territory to the thalamus. Noci-
ceptive information from the orofacial region is
input to the Sp5C and subsequently transmits
to the ventral posteromedial (VPM) nucleus of
the thalamus [24]. The results demonstrated
that the expression of c-Fos in the Sp5C area
increased in the migraine group compared with
the sham group. The results of the present
study are consistent with those of previous
studies. In the present study, the expression of
c-Fos in the Sp5C area significantly increased
in the comorbidity group compared with the
migraine group (Figure 4). The detection dem-
onstrated that comorbidity involves more
intense pain than simple migraine. Therefore,
epilepsy worsened the pain.

Heat shock proteins (HSPs) are induced in
response to many injuries, including stroke,
neurodegenerative disease, epilepsy, and trau-
ma. The overexpression of one HSP in particu-
lar, HSP70, serves a protective role in several
different models of nervous system injury but
has also been linked to a deleterious role in
some diseases. HSP70 acts as a chaperone
that protects neurons from protein aggregation
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and toxicity (Parkinson’s disease, Alzheimer’s
disease, polyglutamine diseases, and amyo-
trophiclateral sclerosis), protects cells from
apoptosis (Parkinson’s disease), is a stress
marker (temporal lobe epilepsy), protects
against inflammation (cerebral ischemic injury),
has an adjuvant role in antigen presentation
and is involved in the immune response in
autoimmune diseases (multiple sclerosis) [25].
Inpatients with temporal lobe epilepsy, HSP70
can be considered as a potential stress bio-
marker because its serum level exhibits an
inverse correlation with memory function and
hippocampal volume. In the present study,
there was no significant difference in the
expression of HSP70 between the comorbidity
group and the seizure attack group (Figure 5).
Furthermore, the migraine rats (28.50+3.030)
exhibited higher HSP70 than the sham animals
(19.67£0.5578) (P=0.0168). No evidence has
ever showed that HSP70 correlates with
migraine. Nevertheless, in the present study,
we detected that HSP70 increased in migraine
rats. HSP70 is a protective protein in several
nervous system injuries: thus, this protein
might also play a protective role in migraine.

Previous evidence suggested that abnormal
activity of brain-derived neurotrophic factor
(BDNF) contributes to the pathogenesis of epi-
lepsy [26]. According to several reports, the
development of epilepsy can be attenuated or
postponed through the intrahippocampal deliv-
ery of BDNF [27]. At the initial stage of epilepto-
genesis in temporal lobe epilepsy, seizures can
increase the production of BDNF to foster neu-
rogenesis, decrease neuronal cell death, and
exert anti-inflammatory effects, leading to the
protection of neurons against seizure-induced
damage [26]. The ELISA results obtained in the
present study did not reveal a significant differ-
ence among the groups (Figure 3). However,
immunohistochemical analysis showed that
the comorbidity rats had higher expression lev-
els of BDNF in the CA3 area of the hippocam-
pus than the pilocarpine-induced seizure att-
ack rats. This finding might suggest that BDNF
had not been released into the blood when we
sampled the plasma. Therefore, the comorbidi-
ty rats might have more serious attacks than
the simple seizure attack animals (Figure 6).

The limitation of the present study is that the
sampling time point might be more optimal.
The mechanisms underlying the comorbidity of
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migraine and epilepsy should be further stud-
ied. In the future, the common pathway under-
lying the comorbidity should be explored and a
therapeutic target should be identified.

Conclusions

In summary, pilocarpine-induced epilepsy co-
uld exacerbate trigeminovascular nociception,
making the rats more sensitive to pain. Mo-
reover, IS-induced migraine could decrease the
latency period of epilepsy rats and increase
the risk of SE. Finally, we established a comor-
bidity model of migraine and epilepsy to help us
better understand the mechanism.
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