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Background: The blood-brain barrier (BBB) is an important anatomical structure of the central
nervous system (CNS) that limits the penetration of a variety of substances from the blood into
the parenchyma. Dysfunction of the BBB is involved in various CNS disorders, including stroke,
inflammation, and pain. However, the evidence concerning its role in migraine is insufficient.

Objective: This study will investigate whether recurrent headache increases BBB permeability and
vascular endothelial growth factor (VEGF) expression in a rat model.

Study Design: This study used an experimental design.

Setting: The research took place in the Laboratory Research Center at The First Affiliated Hospital
of Chongging Medical University.

Methods: Eighty male Sprague-Dawley rats were randomly divided into 3 groups: inflammatory
soup (IS), control (PBS), and treatment (IS+Sumatriptan) groups. Recurrent headache was induced
by episodic IS stimulation: 20 yL of IS were pumped into the dura 3 times per week in rats. The
control group was administered 20 plL of PBS. The rats in the treatment group were simultaneously
treated with sumatriptan (300 ug/kg, intraperitoneal) at the same time that IS was applied to the
dura. Mechanical nociceptive thresholds were examined by electronic von Frey filaments with rigid
tips. BBB permeability changes were measured with Evans blue (EB). The expression of VEGF was
measured by double labeling and Western blotting.

Results: After 4 IS applications, the mechanical nociceptive thresholds significantly decreased. In
addition, the mechanical hypersensitivity persisted for 4 hours after 9 applications. Only after 9
applications did the BBB permeability increase, as demonstrated by the EB tracer. The BBB disruption
was accompanied by an elevation in VEGF expression. Sumatriptan treatment significantly reduced
the mechanical hypersensitivity induced by IS stimulations and decreased the BBB disruption and
VEGF expression.

Limitations: Potential mechanisms that underlie the relationship between BBB and VEGF were not
examined in this study.

Conclusions: The present study showed that repeated IS stimulations induced long-lasting
allodynia, increased BBB permeability, and upregulated VEGF expression, all of which could be
attenuated by early sumatriptan treatment.

Key words: Migraine, inflammatory soup, blood-brain barrier, vascular endothelial growth factor,
sumatriptan
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igraine is an episodic, typically unilateral,
disabling, throbbing headache accompanied
by nausea, vomiting, photophobia, and

phonophobia (1). The mechanism underlying migraine
is complex and unclear. The activation and sensitization
of peripheral trigeminal neurons that innervate the
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meninges, which subsequently produce the activation
and sensitization of the central trigeminovascular
neurons, play an important role in a migraine pain
attack (2). Based on this pathological process, a migraine
animal model was generated by administration of
inflammatory soup (IS) over the dura. Previous studies
have focused on one-time IS applications (3,4). In 2007,
Oshinsky et al employed repeated inflammatory dural
stimulation in freely moving rats to mimic the repeated
activation of dural afferents, and they found more
than 8 IS applications resulted in chronic trigeminal
hypersensitivity, which reflects the features of patients
with recurrent headache (5). Therefore, this model was
considered a rat model of recurrent headache, involving
repeated administration of IS to the dura.

The blood-brain barrier (BBB) is a dynamic and
functional structure that separates the systemic circu-
lation from the central nervous system (CNS). The BBB
plays a crucial role in maintaining proper neuronal
function (6), and disruption of the BBB has been report-
ed in pain disorders including peripheral inflammatory
pain and neuropathic pain. The mechanism involves an
intense release of signaling molecules from peripheral
and central neurons and from blood cells, which can
generate significant effects on the CNS barriers includ-
ing substance P, calcitonin gene-related peptide, and
interleukin-1B (7). Despite these findings, the evidence
concerning migraine is insufficient. Some clinical
evidence suggests the disruption of BBB in migraineurs
by magnetic resonance imaging (MRI) or computed
tomography (CT) scans (8,9). In addition, white matter
lesions (WMLs), which are associated with the function
of the BBB, are independent risk factors for migraine,
and this risk is higher in those with higher attack fre-
quency or longer migraine history (10-13). Therefore,
a clear understanding of the permeability of the BBB
in recurrent migraine will provide new insight into its
underlying molecular mechanisms; such understanding
can lead to more effective therapeutic approaches for
migraine management and prevention of potential
brain damage.

Vascular endothelial growth factor (VEGF) is a po-
tent angiogenic factor and vascular permeability me-
diator that is mostly expressed in endothelial cells and
neurons and enhances BBB permeability after stroke,
cerebral cold injury, and trauma (14-16). Hypoxia,
growth factors, hormones, and inflammatory cytokines
induce VEGF production (17-19). Previous studies have
demonstrated that VEGF participates in the modulation
of nociception during chronic pain, including neuro-

pathic pain and peripheral inflammatory pain (20-22).
Clinically, the VEGF haplotype AGC has been found to
be more frequent in patients with migraine than in
controls, suggesting that VEGF haplotypes are associ-
ated with susceptibility to migraine (23).

The aim of this study was to investigate the effects
of recurrent headache on BBB permeability and VEGF
expression in awake rats and the possible impact of
sumatriptan.

MEeTHODS

Experimental Animals

All experiments were conducted in male Sprague-
Dawley rats weighing 200-300 g that were randomly
divided into 3 groups: inflammatory soup (IS), control
(PBS), and treatment (IS+Sumatriptan) groups. All ani-
mals were purchased from the laboratory animal cen-
ter of Chongqing Medical University (certificate: SCXK
[YU] 2007-0001); housed under optimal conditions for
hygiene, temperature, and photoperiods (12:12 h light/
dark cycle); and allowed food and water ad libitum,
according to the institutional guidelines for the care
and use of laboratory animals. All protocols were ap-
proved by the ethics committee of Chongqing Medical
University.

The Model of Recurrent Headache

The model of recurrent headache associated
with migraine was induced as previously described
(5). Briefly, rats were anesthetized with 10% chloralic
hydras (0.4 mL/100 g, intraperitoneal) and then placed
in a stereotactic apparatus. A 2-mm craniotomy was
performed above the junction of the superior sagittal
and transverse sinuses to expose the dura; and a plastic
cap with a sterile, stainless steel cannula was inserted,
then affixed to the bone with small screws and dental
cement. The cannula was sealed with an obturator cap.
The dura was protected from damage throughout the
whole procedure. After the surgery, the animals were
allowed to recover for one week. The IS was composed
of 1 mM histamine (Sigma, St. Louis, MO), 1 mM sero-
tonin (Sigma, St. Louis, MO), 1 mM bradykinin (Sigma,
St. Louis, MO), and 0.1 mM prostaglandin E2 (Sigma, St.
Louis, MO) in phosphate-buffered saline (PBS) pH 7.4
(3). During the IS application, the obturator cap of the
cannula was moved, and PE50 tubing was connected
to an infusion pump (Zhenghua Biologic Apparatus Fa-
cilities Co. Ltd., Huaibei, China) that steadily delivered
20 pL of IS onto the dura for 5 minutes. Similar to the
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protocol of Oshinsky et al (2007), the rats were admin-
istered IS 3 times per week. The rats were subjected to
mechanical nociceptive threshold testing, detection of
BBB integrity, and VEGF expression evaluations at 1, 2,
and 3 weeks (i.e., 3, 6, and 9 IS applications). Rats in the
control group were administered 20 pL of PBS.

Drugs and Treatment

Sumatriptan succinate (Sigma, St. Louis, MO) was
dissolved in saline and administered at 300 pg/kg via
intraperitoneal injection at the same time IS was ap-
plied. Similar doses and treatment paradigms have been
shown to be effective for inhibiting transmission of pain
signaling in inflammation-induced pain models (24).
Based upon our preliminary study, BBB permeability in-
creased after 9 IS applications. Therefore, the rats in the
treatment group and the control group were analyzed
following 9 IS and PBS applications, respectively.

Mechanical Nociceptive Threshold

Mechanical nociceptive thresholds were measured
via electronic von Frey filaments with rigid tips (IITC
Life Science, Inc., Woodland Hills, CA). The pressure
value was automatically read so as not to change the
monofilaments of different force values to test, which
is more convenient than von Frey monofilaments.
During the test, a tip was placed on a probe tip, and
the pressure probe was applied to the test animals.
The reaction unit subsequently displayed and stored
the readings in grams. In the current study, bilateral
periorbital regions of the face located over the rostral
portion of the eye were chosen to test mechanical allo-
dynia. Positive responses were indicated by withdrawal
of the head, and the results were recorded as previ-
ously described (5).

Evans Blue Detection of BBB Permeability

To accurately assess and quantify BBB permeability,
rats were injected with Evans blue (EB) via the femoral
vein. EB (2%, 4 mL/kg) in normal saline was injected into
the femoral vein and allowed to circulate for 60 min-
utes. The animals were anesthetized and then perfused
transcardially with PBS until a colorless perfusion fluid
was obtained from the right atrium. The brains were
dissected quickly, snap-frozen, sectioned into 10-um-
thick slices, and then analyzed via a confocal-laser scan-
ning fluorescence microscope. For quantification of the
EB tracer, the brain tissues were weighed, homogenized
in 3 mL of N,N- dimethylformamide, incubated for 18
hours at 55°C, and centrifuged at 10,000 rpm for 20

minutes. The supernatants were analyzed with spec-
trophotometry at 620 nm.

Immunofluorescence Staining

Under anesthesia, the rats were perfused via the
ascending aorta with 150 mL of PBS, followed by 300
mL of 4% paraformaldehyde. The brains were re-
moved, postfixed overnight at 4°C, and then stored in
30% phosphate-buffered sucrose solution, pH 7.4. Af-
ter being incubated overnight at 4°C, the brains were
quickly frozen in isopentane (-80°C) and stored at -80°C
until sectioning. Sagittal sections (10 pm) were cut on a
cryostat. Double-fluorescence labeling was performed
on a subset of sections. After washing 3 times with
PBS, the sections were permeabilized with 0.3% Triton
X-100 in PBS for 15 minutes and then incubated with
5% normal goat serum in PBS for 30 minutes followed
by incubation overnight with rabbit polyclonal VEGF
antibody (1:100, Santa Cruz Biotechnology, Inc.), and
a 1.5-hour incubation with anti-rabbit Alexa Fluor 555
(1:100, Beyotime, Beijing, China). Then, the sections
were incubated overnight with mouse anti-NeuN Alexa
Fluor 488-conjugated monoclonal antibody (1:100, Mil-
lipore, Temecula, CA). The sections were visualized us-
ing a confocal-laser scanning fluorescence microscope.

Western Blot Analysis

The brain tissues were snap-frozen in liquid nitro-
gen and stored at -80°C. Tissues were homogenized in
a lysis buffer (20 mM Tris pH7.5, 150 mM NacCl, 1% Tri-
ton X-100, 2.5 mM sodium pyrophosphate, 1 mM EDTA,
1% Na3Vv04, 0.5 pyg/mL leupeptin, and 1T mM PMSF),
and the homogenate was then centrifuged (10000xg,
5 min, 4°C). Protein samples (50 pg) were separated
on 10% SDS-polyacrylamide gels for electrophoresis,
transferred onto PVDF membranes, and then blocked
with 5% skimmed milk in Tris-buffered solution plus
Tween-20 (TBST) at 37°C for 2 hours. The membranes
were incubated overnight with rabbit anti-VEGF
polyclonal antibody (1:500, Santa Cruz Biotechnology,
Inc.) at 4°C. After washing in TBST (3x10 minutes),
the membranes were incubated with a horseradish
peroxidase-conjugated anti-rabbit secondary antibody
(1:500, Zhongshan Biotech Co., Beijing, China) for one
hour. Finally, the proteins were visualized via enhanced
chemiluminescenc (ECL) using a Western blotting Lumi-
nol reagent (Byotime, Beijing, China). B-actin was used
as an internal standard. Finally, the data were analyzed
using Bio-Rad software.
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Statistical Analysis

All data are presented as mean + standard devia-
tion (SD). The statistical significance of the nociceptive
thresholds presented in Fig. 1A was tested by repeated-
measures ANOVA, Evans blue detection of BBB permea-
bility and Western blot analysis using one-way ANOVA,
followed by the Dunnett test for multiple comparisons.
P < 0.05 was considered significant. The statistical
analyses were performed using SPSS Version 13.0 (SPSS
Inc., Chicago, IL).

REesuLts

IS-induced Mechanical Hypersensitivity

In the first week (1-3 applications) after surgery,
responses to the mechanical nociceptive stimulation
were not significantly different between the IS group
and the control group. After 4 IS administrations, the
thresholds of the IS group were significantly reduced
compared with those of the control group (P < 0.05,
Fig. 1A). Meanwhile, as the number of IS stimulations

increased, there was a tendency toward a decrease in
pain thresholds. However, the thresholds of rats treated
with sumatriptan remained at a level comparable to
that observed in the control group (P > 0.05, Fig. 1A).
To determine the duration of mechanical allodynia
after 3, 6, and 9 IS stimulations, the threshold changes
were measured in the same 3 rats before and 0.25, 0.5,
1, 1.5, 2, and 4 hours after IS application. As Fig. 1B
shows, the pain thresholds were lowest 30 minutes af-
ter 3, 6, and 9 IS applications. However, the mechanical
threshold reductions induced by 3 and 6 applications
gradually subsided after one hour. The mechanical hy-
persensitivity persisted for 4 hours after 9 applications.

BBB Permeability Changes Following
Repeated IS Stimulation

The effects of repeated IS stimulations on BBB per-
meability were assessed at 30 minutes by intravenously
administering EB. EB binds to albumin in the blood,
producing a molecular complex of sufficient molecular
size so that it does not cross the intact BBB. As shown
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Fig. 1. IS-induced mechanical hypersensitivity. (A) The pain thresholds were tested before the rats were administered 1S or
PBS for that day. The results showed the thresholds were significantly lower after 4 IS applications than in those animals

treated with PBS. Meanwhile, sumatriptan treatment significantly reduced IS-induced mechanical hypersensitivity (300 ug/kg,
intraperitoneal [i.p.]) (#: P < 0.05, compared to the control group; *: P < 0.05, compared to the treatment group; ANOVA ).
(B) Time course of the mechanical nociceptive thresholds in the same 3 rats after different 1S applications. The thresholds were
evaluated before and 0.25, 0.5, 1, 1.5, 2, and 4 hours after IS stimulation. The mechanical hypersensitivity gradually subsided
after 1 hour in the animals that received 3 and 6 applications, but persisted for 4 hours after 9 applications, and the mechanical
thresholds were lowest 30 minutes after 3, 6, and 9 1S applications.
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in Fig. 2A, EB extravasation was abundantly present
around the blood vessels and entered the parenchyma
in the frontal cortex of the bilateral hemispheres after
9 applications. We investigated several brain regions,
including the brainstem, cerebellum, parietal cortex,

temporal cortex and occipital cortex, and little EB
extravasation was measured. In contrast, EB was not
detected after 3 stimulations, and the EB extravasation
covered the lining of the vessels but did not enter the
parenchyma after 6 stimulations.
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one-way ANOVA followed by the Dunnett test; n = 5).

Fig. 2. Increased BBB permeability following repeated IS stimulations. (A ) Representative brain sections of EB extravasation
among the different groups. EB (arrows) was readily visualized in the frontal cortex after 9 IS stimulations, and EB was blocked
by sumatriptan treatment. (B) Quantification of the amount of EB in the brain tissues. There were statistically significant
differences among the different groups (#: P < 0.05, compared to the control group; *: P < 0.05, compared to the treatment group;
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To investigate the effects of antimigraine drugs
on BBB modulation, sumatriptan was simultaneously
administered each time IS was pumped onto the dura.
The rats were euthanized 30 minutes after 9 IS applica-
tions, and little EB accumulation was observed, demon-
strating that sumatriptan reduced the BBB permeability
(Fig. 2A).

The quantitative analysis results are presented in
Fig. 2B. The levels of EB content significantly increased in
the rats 30 minutes after 9 IS applications compared with
those of the control group. The EB content of the brain
tissue was 3.45 + 0.42 ng/mg of tissue in the 9 IS group
and 0.96 + 0.25 ng/mg of tissue in the control group (P
= 0.001). Sumatriptan decreased EB extravasation (1.14
+ 0.34 ng/mg of tissue vs 3.45 + 0.42 ng/mg of tissue, P =
0.002). In addition, the levels of EB were not significantly
different among the 3 1S, 6 IS, and control groups (1.11 =
0.20 ng/mg of tissue vs 1.93 + 0.65 ng/mg of tissue vs 0.96
+ 0.25 ng/mg of tissue, respectively; P = 0.058).

Changes in VEGF Protein Expression

The expression of VEGF in the frontal cortex was
evaluated 30 minutes after repetition of the IS stimu-
lations. As shown in Fig. 3, there was a mild increase
in VEGF expression after 3 IS applications, compared
with that in the control animals. Additionally, VEGF
expression was markedly increased after 9 applications.
The fluorescence results showed that VEGF was widely
expressed in neurons, and inhibition of nociception by
sumatriptan reduced the expression of VEGF.

The expression of VEGF protein was quantified by
Western blot analysis. VEGF expression increased as
the number of IS stimulations increased. However, this
difference was not statistically significant among the
control, 3 1S, and 6 IS groups. A significant upregulation
of VEGF expression was detected after 9 applications
compared with that in the control group. Furthermore,
sumatriptan reduced the expression of VEGF (P < 0.05;
Fig. 4).

Control

9 1S+Suma

positive cells (n=4).

Fig. 3. VEGF expression in the frontal cortex induced by repeated 1S stimulations. An initial rise in VEGF expression as early
as after 3 1S applications; after 9 applications, VEGF expression was greatly activated. In addition, double immunofluorescence
labeling showed that VEGF was widely distributed in neurons. Sumatriptan treatment clearly reduced the number of VEGF'-

E638
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Fig. 4. IS stimulation upregulated the expression of
VEGF protein. (A) Representative Western blot of
VEGF expression levels among the different groups.
(B) Densitometry analysis of the bands for VEGF
expression. Compared with the control group, there
was a slight increase in the 3 and 6 IS groups, but this
change did not reach statistical significance. After 9
IS applications, the VEGE expression significantly
increased. After treatment with sumatriptan, VEGF
expression was greatly attenuated (#: P < 0.05,
compared to the control group; *: P < 0.05, compared to
the treatment group; one-way ANOVA followed by the
Dunnett test; n = 5).
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Discussion

In the present study, using an established ani-
mal model of migraine, we observed that recurrent
headaches induced by 9 episodic dural IS stimulations
increased BBB permeability in awake rats. BBB disrup-
tion was associated with an elevation in VEGF expres-
sion. The mechanical thresholds were reduced after 4
IS stimulations, which was consistent with the findings
of a previous study (5). Controlling pain with the anti-
migraine drug sumatriptan effectively prevented both
BBB disruption and VEGF expression.

Pain is a complex phenomenon that involves both
the peripheral and central immune systems and the
responses of the central nervous system (CNS), as well
as the activation of the hypothalamic-pituitary-adrenal
(HPA) axis (25). The pain pathway is classically thought
of as a chain of neurons that extend from the periphery
into the cerebral cortex, wherein one neuron relays
action potentials to the next neuron. Although the
pathogenesis of migraine is unclear, neurogenic inflam-
mation that activates the trigeminovascular system is
thought to be involved in the mechanism of migraine
(2). This system includes the peripherally afferent ter-
minals of the trigeminal nerve innervating cerebral
vessels, as well as dura and pia mater. The cell bodies of
trigeminal neurons extend their axonal projections to
the caudal brainstem and the rostral regions of the cer-

vical spinal cord in the region of the trigeminal nucleus
caudalis (TNC) (4). The pain signals from the afferent
projections of the trigeminal nerve are transmitted to
the TNC via the trigeminothalamic tract to higher CNS
centers during migraine attacks. The peripheral mecha-
nism of migraine is mainly the activation of the periph-
eral trigeminal nerve vascular system. The responses of
the CNS to pain include the production and release of
proinflammatory cytokines and growth factors, which
further exaggerate pain transmission. These peripheral
and CNS events may induce alterations in BBB perme-
ability (26,27).

Traditionally, migraine has been considered a
benign disorder without long-term consequences for
the brain. However, in recent years, a growing body of
evidence has reported that migraine is associated with
an increased risk of structural brain lesions, including
WNMLs and clinically silent infarct-like lesions (10,11,28).
The mechanism is not clear but may be attributed to
BBB damage. In some ways, the conclusion of our study
also supports this hypothesis.

In the current study, the time point of 30 minutes
after IS application was chosen to measure BBB perme-
ability and VEGF expression because the mechanical
threshold was lowest at 30 minutes after stimulation.
We employed exogenous EB, which binds to albumin,
to assess and quantify BBB permeability. Albumin is
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normally confined to the luminal side of endothelial
cells, and its extravasation represents BBB damage (29).
Neither 3 nor 6 IS stimulations induced albumin leak-
age into the brain parenchyma, but albumin extrava-
sation occurred after 9 stimulations over 3 weeks. This
observation indicates that repeated IS stimulations that
mimic recurrent headache, enhanced BBB permeability,
and chronic and high frequency headaches may be as-
sociated with BBB changes. This experimental result is
consistent with clinical evidence showing that higher
frequency migraine attacks are associated with more
vulnerable WMLs (10,30). In addition, we found that
the levels of EB significantly increased in the frontal
cortex, a finding that may relate to the participation
of this region in the pathophysiological effects of pain
processing.

VEGF is expressed in the developing brain during
embryogenesis, together with its receptors (31,32). In
the adult brain, VEGF is expressed mainly by neurons
at low levels (33,34). However, VEGF is upregulated
under hypoxic, inflammatory, and tumorous condi-
tions and is involved in the BBB disruption under these
pathological conditions (14,17,19,35). Previous studies
have demonstrated that VEGF and its receptor mediate
the pathogenesis of neuropathic pain, and anti-VEGF
treatment increases mechanical withdrawal thresholds
and thermal withdrawal latencies in rats after chronic
constriction injury (21). The results of our study are
consistent with those of previous studies in that VEGF
expression was enhanced after repeated IS stimulations
in neurons. This observation possibly indicates that
the CNS responded via VEGF expression to chronic and
high-frequency pain stimulations. Although the IS ap-
plication was on a small area of the dura, the repeated
stimulations produced a chronic state of trigeminal hy-
persensitivity and potentiated the CNS central response
to external stimulation.

In the current study, in order to further dem-
onstrate the changes in BBB permeability and VEGF
expression mediated by nociceptive pain, we blocked
the pain from the headache using an analgesic without
anti-inflammatory properties, namely, sumatriptan. Su-
matriptan, a relatively specific drug for acute migraine

attacks, is commonly used in clinical settings (36).
Sumatriptan can inhibit the release of pronociceptive
transmitters, including CGRP, via activation of 5-HT
1B/1D receptors on trigeminal afferents, thus terminat-
ing the throbbing headache and preventing the devel-
opment of central sensitization when administered as
early as the onset of migraine (37-39). In the present
study, simultaneous administration of sumatriptan with
IS stimulation inhibited transmission of noxious signal-
ing, which may have been responsible for the preven-
tion of VEGF overexpression and BBB leakage.

This study had several limitations. First, only one
time point (30 minutes) after IS stimulation was assessed
for BBB permeability. This provided a snapshot but not
a temporal observation, and it was not clear if the
BBB disruption continued for a longer period of time
or if 30 minutes after stimulation was the peak time
of the BBB disruption. Second, the IS was composed of
histamine, serotonin, bradykinin, and prostaglandin
E2, and these cytokines themselves may have adverse
effects on the BBB. However, administration of the ef-
fective anti-migraine drug sumatriptan, which has no
anti-inflammatory properties, prevented mechanical
threshold reductions, VEGF expression upregulation,
and BBB leakage, indicating that the major actions on
VEGF and BBB are mediated by nociceptive pain. Third,
in the present study, we observed the phenomenon
involving significant increases in the BBB permeability
and VEGF expression after 9 IS stimulations; however,
the potential mechanism was not identified.

CONCLUSIONS

In summary, repeated IS stimulations to the dura
decreased mechanical thresholds and increased VEGF
expression and BBB permeability in a rat model of
migraine. This study demonstrates that chronic pain
stimulations may lead to BBB disruption in an animal
model, which explains some neuroimaging observa-
tions in migraine. Early intervention targeting pain
control may not only alleviate feelings of pain, but
also preserve BBB function and prevent potential brain
lesions.
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