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Abstract

Migraine headaches are often precipitated by stress and seem to involve neurogenic inflammation (NI) of the dura mater associated
with the sensation of throbbing pain. Trigeminal nerve stimulation had been reported to activate rat dura mast cells and increase vascular
permeability, effects inhibited by neonatal pretreatment with capsaicin implicating sensory neuropeptides, such as substance P (SP). The

99aim of the present study was to investigate NI, assessed by extravasation of 99-Technetium-gluceptate ( Tc-G), as well as the role of
mast cells, SP and its receptor (NK-1R) in dura mater of mice in response to acute stress. Restraint stress for thirty min significantly

99 vincreased Tc-G extravasation in the dura mater of C57BL mice. This effect was absent in W/W mast cell-deficient mice and NK-1
receptor knockout mice (NK-1R2 /2), but was unaltered in SP knockout mice (SP2 /2). Acute restraint stress also resulted in increased
dura mast cell activation in C57BL mice, but not in NK-1R2 /2 mice. These data demonstrate for the first time that acute stress triggers
NI and mast cell activation in mouse dura mater through the activation of NK-1 receptors. The fact that SP2 /2 mice had intact vascular
permeability response to stress indicates that some other NK-1 receptor agonist may substitute for SP. These results may help explain
initial events in pathogenesis of stress-induced migraines.
   2003 Elsevier B.V. All rights reserved.
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1 . Introduction

Neurogenic inflammation (NI) involves vasodilation and
plasma protein extravasation in response to neural stimula-

Abbreviations: CGRP, calcitonin gene-related peptide; CRF, corticot- tion. Considerable evidence suggests that NI of the dura
ropin-releasing factor; NI, neurogenic inflammation; NK-1R, neurokinin-

mater may be involved in the pathogenesis of vascular1 receptor; NKB, neurokinin B; NO, nitric oxide; SP, substance P;
headaches and can be used as a relevant ‘migraine model’TNF-a, tumor necrosis factor alpha; VIP, vasoactive intestinal peptide

*Corresponding author. Department of Pharmacology and Experimen- in experimental animals[19,20,33,41].The leptomeninges,
tal Therapeutics, Tufts University School of Medicine, 136 Harrison especially the dura mater, are innervated by catechol-
Avenue, Boston, MA 02111, USA. Tel.:11-617-636-6866; fax:11- aminergic (superior cervical ganglion), cholinergic
617-636-2456.

(sphenopalatine ganglion) and sensory neurons (trigeminalE-mail address: theoharis.theoharides@tufts.edu(T.C. Theoharides).
1 ganglion) [1]. Electrical stimulation of the trigeminalPresent address: Department of Neurology, Charite, Schumannstrasse
20/21, 10117 Berlin, Germany. [15,31] and the sphenopalatine[12] ganglions leads to

0006-8993/03/$ – see front matter   2003 Elsevier B.V. All rights reserved.
doi:10.1016/S0006-8993(03)02975-5

mailto:theoharis.theoharides@tufts.edu


214 K. Kandere-Grzybowska et al. / Brain Research 980 (2003) 213–220

increased plasma protein extravasation in the dura mater of facility of Tufts—New England Medical Center. Both
rats. Upon stimulation of trigeminal nerve, sensory neuro- male and female mice were used in these experiments
peptides are released from small unmyelinated C-fibers and because the knockout mice were in short supply. C57BL
activate neurokinin-1 receptors (NK-1R) leading to plasma mice were obtained from Jackson Laboratories (Bar Har-
protein extravasation from postcapillary venules. Sensory bor, ME, USA) and were used as a control strain since
neurons containing substance P (SP), neurokinin A (NKA) both, NK-1R2 /2 and SP2 /2 mice, were derived from

vand calcitonin gene-related peptide (CGRP) are often them. Mast cell-deficient mice (W/W ) and their1 /1
1 1localized in a close contact with small blood vessels and control mice (WBB6/F -Kit /Kit ) were also obtained1

vmast cells in dura mater[43,52,55].Moreover, tachykinins from Jackson Laboratories. Only male C57BL, W/W and
(SP and NKA) and their receptor (NK-1R) have been 1 /1 mice were used in experiments because they were
implicated in pain sensation[8,11,58]. Sensory neuro- readily available from Jackson Laboratories and we wished
peptides can activate dura mast cells ex vivo to release to avoid any possible variability due to the oestrus cycle;
histamine[40], while electrical stimulation of trigeminal however, preliminary findings (not shown) did not indicate
and cervical ganglions can activate dura mast cells in vivo any major difference between male and female mice. All
[14,25]. animals were housed in plastic cages (three per cage) with

Migraines are often precipitated or worsened by stress a wire top in the animal facility with an automatic 14:10 h
[13]. The stress response involves release of corticotropin- dark–light cycle, and were allowed food and water ad
releasing factor (CRF) from hypothalamic neurons fol- libitum. Mice weighing 21–27 g (7–20 weeks old) were
lowed by activation of the hypothalamic–pituitary–adrenal used in all experiments.
(HPA) axis, as well as the sympathetic and parasympa-
thetic nervous systems[9]. Earlier studies had indicated 2 .2. Restraint stress
that the central nervous system (CNS) could activate mast
cells through classical conditioning[29,45].We previously All mice were kept in the animal facility for at least 1
reported that acute non-traumatic restraint stress induced week before use and were handled for 30 min each day in
degranulation of mast cells in rat dura mater, an effect the room where the experiments were performed for 3 days
inhibited by neonatal pretreatment with capsaicin[54]. before the experiment. On the fourth day, each control
Subsequently, we found that acute stress increased vascu- mouse was left in its cage for 30 min. In a separate room,
lar permeability in the dura mater of rats, and this effect each experimental mouse was stressed for 30 min by
was reduced by pretreatment with the mast cell ‘stabilizer’ placing it in a plexiglass restrainer (Harvard Apparatus,
disodium cromoglycate[17]. These results suggested that Cambridge, MA, USA). Conscious control and stressed
activation of dura mast cells by neuropeptides was neces- mice were always isolated from the area where perfusion
sary for stress-induced vascular permeability to occur in and dissection procedures were performed. All stress
the dura mater. experiments were performed between 8.00 and 11.00 a.m.

The aim of the present study was to determine if acute to avoid any non-specific effects due to the changes in
restraint stress could trigger NI in mouse dura mater. circadian rhythms. All procedures performed in this study
Stress-induced vascular permeability and mast cell de- were approved by the Institutional Animal Care and Use
granulation were investigated in normal (C57BL and1 /1 Committee of Tufts—New England Medical Center.

v), as well as in mast cell-deficient (W/W ), NK-1R2 /2
and SP2 /2 mice. Our results indicate that stress-induced 2 .3. Extravasation of 99-Tc-gluceptate in the dura mater
vascular permeability in the dura mater of mice requires
mast cells and NK-1 receptors, but may involve some Vascular permeability in the dura mater was evaluated
NK-1R agonist other than SP. Our results might help by extravasation of intravenously administered 99-Tc-

99explain initial events of the pathogenesis of stress-induced gluceptate ( Tc-G) as previously described for rat dura
migraine headaches. [17]. Briefly, the Technetium–D-glycero-D-gluco heptonate

complex was prepared by mixing the content of one vial
from the Technetium Gluceptate kit (DRAXIMAGE,

992 . Materials and methods Kirkland, Canada) with 5 mCi Tc (DuPont, Billerica,
MA, USA) in 10 ml of 0.9% NaCl. While awake, each

992 .1. Animals animal was injected with 75mCi Tc-G in a 0.15-ml
volume through the tail vein. Mice to be stressed were

NK-1R2 /2 breeding mice were a kind gift from Dr. placed in plexiglass restrainers (Harvard Apparatus) 10
99Norma Gerard (Harvard Medical School, Boston, MA, min following the injection of Tc-G. Control mice were

USA) [6]. SP2 /2 breeding mice were kindly provided Dr. kept in a different room until the time of perfusion. Mice
Eva Mezey (NIH); these mice have a deletion of the Ppta were stressed for 30 min and were anesthetized immedi-
(preprotachykinin a) gene that encodes SP and NKA[58]. ately after stress with an intraperitoneal injection of a
NK-1R2 /2 and SP2 /2 mice were bred in the animal mixture (0.15 ml) of ketamine (80 mg/kg) and xylazine
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(10 mg/kg). Before perfusion, blood for serum corticos- with approximately 50% or less of the cell stained with
terone measurements was drawn through a 27.5 G needle toluidine blue were considered activated[17,54].
inserted in the right ventricle of the heart. Then through a
blunted needle inserted into the left ventricle of the heart, 2 .6. Data presentation and statistics
the circulation was flushed with 1 ml of 0.9% NaCl and

99intracranial tissues were fixed with an additional 20 ml of 2 .6.1. Extravasation of Tc-gluceptate
10% formalin. Following the perfusion, mice were decapi- Total counts (cpm) from the whole dura collected from
tated, the whole brain was removed and the supratentorial at least three control animals in each experiment were
dura was dissected away from the bone. Dura samples averaged. Counts from the dura of each stressed animal
were then counted in a Gamma Well Counter for 1 min were expressed as percent change from control using the
(Ludlum Measurements, Sweetwater, TX, USA). In order following equation: percent change from control5[(Sn2
to account for any error in counts per min due to the decay Mc) /Mc]3100%, where Sn represents counts per min

99of the Tc in the time interval from perfusion till (cpm) of the dura of each stressed animal and Mc is the
counting, cpm values were corrected assuming exponential mean counts of dura of three or more control animals

99decay of Tc using the following formula:Y 5 Y 3 (unstressed). Raw cpm data and percent change overTs Tc
[(T 2T )3ln 2] /tc s control data is presented as mean6S.E. Statistical analysise whereY is cpm at the end of perfusion;1 / 2 Ts

for comparing stressed and non-stressed mice of differentY is cpm at the time of counting;T 2T is the timeTc c s
99 strains was performed using One samplet-test which isbetween counting and perfusion; the half-life of Tc

commonly used to compare one experimental group tot 56.02 h.1 / 2

baseline set at zero meaning no change observed. Different
groups were compared among themselves (e.g., stressed
C57BL vs. stressed SP2 /2) using the Mann–WhitneyU2 .4. Corticosterone measurements
ranked sum non-parametric analysis. The differences with
P,0.05 were considered statistically significant.Blood that was collected under anesthesia from the right

ventricle before cardiac perfusion was allowed to clot, and
2 .6.2. Mast cell activationserum was separated after centrifugation of blood samples

The percent of mast cells activated for each mouse wasfor 15 min at room temperature. Corticosterone levels in
calculated as follows: [(number of activated mast cells) /stressed and control mice were measured using the

125 (number of total mast cells)]3100%. Total number of mastImmunoChem� Double Antibody Corticosterone I-RIA
cells was obtained by counting mast cells in every 20thkit (ICN Biomedicals, Costa Mesa, CA, USA). Data are
section. The degree of mast cell activation in each group ispresented as mean6S.D.
reported as mean of percent mast cell activation6S.E.
Different groups were compared using the Mann–Whitney
U ranked sum t-test; differences withP,0.05 were2 .5. Evaluation of mast cell activation
considered statistically significant.

To evaluate the activation of mast cells, mice were
killed under ketamine/xylazine anesthesia by perfusion

3 . Resultsthrough the ascending aorta with 10 ml phosphate-buffered
saline, followed by 30 ml of 10% ethanol-free formalde-

3 .1. Acute restraint stress increases vascularhyde (EM grade, Polysciences). Whole skulls were postfix-
permeability in C57BL miceed in the same fixative solution overnight; subsequently,

the skulls were opened, the whole brain was removed, and
C57BL mice stressed for 30 min displayed increasedthe dura carefully dissected away from all areas of the

vascular permeability when compared to unstressed controlbone. Dura tissue was immersed in freezing medium
mice. Representative data from two experiments for con-(Triangle Biomedical Sciences, Durham, NC, USA), and 7
trol and stress groups, respectively, were as follows:mm serial sections were cut using a cryostat (Jung
(experiment 1) 8886246 and 18816440 cpm; (experimentCM3000, Leica, Deerfield, IL, USA). Every 20th section
2) 24366779 and 40626292 cpm (Fig. 1A). It is obviouswas then stained with acidified toluidine blue (pH 2.5,
that the raw cpm for control and stress groups varied0.05%; Sigma, St. Louis, MO, USA) for 5 min at room
considerably from experiment to experiment, most likelytemperature. Mast cells were counted using a Nikon

99 99due to the short half-life of Tc and the use of Tc ofinverted light microscope (Diaphot, Don Santo, MA, USA)
slightly different specific activity in each experiment. Inat magnification 4003 in all fields of these sections by two
order to normalize the values from different experiments,investigators blinded to the experimental conditions. The
the results were expressed as percent change from controltotal number and the number of activated mast cells from
(see Materials and methods section) with zero meaning nothese sections was counted. As previously, all mast cells
change observed (0% change). The mean6S.E. increase inwith extruded granules in close proximity, as well as those
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Fig. 1. Stress-induced extravasation of 99-Technetium-gluceptate in the dura mater. (A) Scattergram of raw cpm recorded in two different experiments
using C57BL mice; each diamond represents one control (empty diamonds) or stressed (filled diamonds) animal, and horizontal bars represent the
respective means. (B) Percent change from control in vascular permeability of stressed mice in C57BL, NK-1R2 /2 and SP2 /2 mice (n57–12;
mean6S.E.; *P,0.05, one samplet-test); n.s.5not significant.

vascular permeability using this approach was 1 /1 mice (157.5617.4%;n58, P,0.05) was somewhat
90.8616.8% for stressed C57BL mice (n512, P,0.05, higher but not statistically different from what was seen in
Fig. 1B). stressed C57BL mice (90.8616.8%; n512, P,0.05). In

99contrast, there was no increase in Tc-G extravasation
v3 .2. Neurokinin-1 receptor knockout mice do not display observed in stressed W/W mice (0.2618.6%;n57; Fig.

increased vascular permeability 2).

Further experiments evaluated the role of NK-1 re- 3 .4. Effects of restraint stress on the activation of mast
ceptors and SP in stress-induced vascular permeability ofcells in C57BL and NK-1R2 /2 mice
dura mater by using NK-1 receptor (NK-1R2 /2) and SP
(SP2 /2) knockout mice. NK-1R2 /2 mice stressed for The number of activated mast cells in the dura of
30 min did not show increased vascular permeability C57BL mice stressed for 30 min was higher (60.762.2%,
(28.4614.2%,n58; Fig. 1B). In contrast, stressed SP2 / n54, P,0.05) than in control C57BL mice (39.963.0%,
2 mice showed increased vascular permeability n54, P,0.05;Fig. 3). No significant increase of mast cell
(114.9638.8%, n57, P,0.05; Fig. 1B) comparable to activation was observed in stressed NK-1R2 /2 mice
that seen in stressed C57BL mice (90.8616.8%, n512, (43.262.0%, n55, P,0.05) as compared to control NK-
P,0.05; Fig. 1B). 1R2 /2 mice (41.261.4%, n56, P,0.05; Fig. 3).

3 .3. Mast cell-deficient mice do not display increased 3 .5. HPA axis is functional in NK-1R2 /2, SP2 /2
vvascular permeability and W/W mice

To assess the involvement of mast cells in stress-in- In order to exclude the possibility that the differences in
duced vascular permeability of dura mater directly, mast vascular permeability we observed were due to a dysfunc-

w wv vcell-deficient mice WBB6/F -Kit /Kit (W/W ) and tional HPA axis, we compared serum corticosterone levels1
1 1their congenic wild type WBB6/F -Kit /Kit (1 /1) in control and stressed mice. In response to 30 min1

littermates were restrained for 30 min (stress group) or restraint stress, there was a similar increase in serum
kept in their cages in a different room (control group). The corticosterone levels in all strains of mice (C57BL,1 /1,

99 vextent of Tc-G extravasation in dura mater of stressed SP2 /2, NK-1R2 /2 and W/W ) used in this study (Fig.
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Fig. 4. Stress-induced activation of HPA axis. Serum corticosterone
levels (ng/ml) in control (white bars) and stressed (black bars) mice
(n54–5; mean6S.D.; *P,0.05, Student’st-test).

SP2 /2 mice; 59.8628.3 and 365.5674.5 ng/ml in1 /1
vmice; 40.5635.9 and 317.3647.0 ng/ml in W/W mice

(n53–6 in all groups). Tail vein injection did not cause
Fig. 2. Stress-induced extravasation of 99-Technetium-gluceptate in the any additional stress, as indicated by similar corticosteronevdura mater of1 /1 and W/W mast cell-deficient mice. Data are

levels in mice in which tail-vein injection was omittedexpressed as percent change from control (n56–9; mean6S.E.; *P,
(data not shown).0.05, one samplet-test).

4). The serum corticosterone levels of control and stress
4 . Discussiongroups, respectively, were 135.9635.5 and 370.762.6 ng/

ml in C57BL mice; 188.9690.2 and 461.5614.7 ng/ml in
To our knowledge, this is a first demonstration of acuteNK-1R2 /2 mice; 44.2653.2 and 461.5614.7 ng/ml in

restraint stress increasing vascular permeability in the dura
mater of mice. Moreover, our results indicate that this 

effect depends on mast cells and NK-1 receptors, but does
not involve SP. The lack of any increase in vascular

vpermeability in response to acute stress in W/W mast
cell-deficient mice definitively implicates mast cells and
complements our previous studies showing that pretreat-
ment of rats with the mast cell ‘stabilizer’ disodium
cromoglycate (cromolyn) inhibits increased vascular per-
meability of the dura mater in rat[17].

Studies using pharmacological receptor antagonists have
shown that the NK-1 receptor, but not NK-2 or NK-3
receptors, is essential for the development of NI in the dura
mater and other tissues in response to electrical stimulation
of nerves in guinea pigs[36,49] and rats[3,48]. Further-
more, findings of the lack of microvascular permeability in
immunologically or chemically stimulated peripheral tis-
sues of NK-1R2 /2 mice [6,7] suggest that NK-1R is the
sole most important tachykinin receptor involved in regula-
tion of vascular permeability. It, therefore, appears that
stress-induced NI of the dura mater as shown herein is
similar to chemically or electrically induced vascular

Fig. 3. Stress-induced activation of dura mast cells in C57BL and permeability in its dependence on NK-1 receptors. A series
vNK-1R2 /2 mice. Scattergram showing degranulation of mast cells in of independent studies with NK-1R2 /2 mice and W/W

dura of control (empty diamonds) and stressed (filled diamonds) mice
mast cell-deficient mice have recently reported the absence(n54–5; *P,0.05, Student’st-test). Each diamond represents one
of an inflammatory response. For instance, intradermalanimal and horizontal bars represent respective means; n.s.5not signifi-

cant. injection of SP resulted in edema in dorsal skin of wild
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type mice, but not in NK-1R2 /2 mice [7] and in the ear For instance, it was recently reported that mast cells and
vof 1 /1, but not W/W mice[56]. Plasma extravasation NK-1 receptors were required for bladder inflammation

v vwas not observed in the bladders of W/W mice that were [47]; however, reconstitution of W/W mice with bone
infused with SP or LPS[5], or had CNS infection of marrow mast cell progenitors from NK-1 receptor knock-
pseudorabies virus[24]. Inflammation also did not develop out mice showed that NK-1 receptors did not have to be
in the bladders of NK-1R2 /2 mice during antigen- present on mast cells[46]. In our study, basal mast cell
induced cystitis, even though, mast cells in this study were degranulation in control mice was about 40%. Similar high
found to be degranulated[47]. Taken together, these and baseline mast cell degranulation (.25%) was previously
our present findings suggest that a complex interplay observed in dura mater[17,54], skin [26], and heart[22]
between mast cells and NK-1R regulates vascular per- suggesting a role of baseline mast cell activation in
meability. Anatomical and functional associations of mast maintenance of homeostasis possibly through nitric oxide
cells and neurons making such an interaction possible have[53] or histamine-3-receptors[16,44]. In our experiments,
been demonstrated in the dura mater[16,43]. the actual mast cell activation, however, might be overesti-

The present findings using mice are consistent with mated. Both partially and totally degranulated mast cells
previous reports showing that stress-induced intracranial were counted to obtain percent of degranulated mast cells,
mast cell degranulation in rats is dependent on sensory which may not be the same as percent of total mediators
neuropeptides[54]. SP stimulates release of histamine secreted.
from rat dura ex vivo in NK-1R-dependent manner[40], The relevance of stress-induced mast cell activation in
and induces plasma protein extravasation in rat dura mater migraines comes from studies showing that migraine
when injected IV[31]. It was, therefore, surprising to find headaches in children are associated with urine elevations
that SP2 /2 mice, unlike NK-1R2 /2 mice, exhibited of the unique mast cell enzyme tryptase, both of which
increased vascular permeability during acute restraint were decreased when the patients were taught to relax[39].
stress. This finding suggests that unlike in normal rodents We have shown that restraint stress-induced degranulation
where SP stimulates dura mast cells[43], NK-1R agonists of skin mast cells was blocked by pretreatment with

99other than SP could substitute for SP to stimulate Tc-G neutralizing antiserum to CRF[50]. Stress-induced activa-
extravastion in SP2 /2 mice. Possible candidates include
Neurokinin B, as well as the recently discovered  

hemokinin-1 [32,57]. The possibility of NK-1R subtypes
[4] may explain the findings showing that NK-1R antago-
nists failed to block migraine pain in human patients[21].

The location of NK-1 receptors involved in stress-
induced NI, however, cannot be deduced from the present
findings. Evidence from receptor binding studies and
histamine release assays suggest their expression by mast
cells of some strains of rats[27,37]. Data from functional
assays support this evidence. For instance, SP stimulated
production of TNF-a in a murine mast cell line[2] and
induced calcium transients in rat basophilic leukemia mast
cells (RBL-2H3) cocultured with sensory neurons[51];
both effects were dependent on NK-1 receptors. Low
concentrations of neuropeptides were sufficient for ‘prim-
ing’ of RBL cells via NK-1 receptors for their activation
by subsequent stimuli[23]. Activation of mast cells in dura
mater was greater with electrical stimulation of the tri-
geminal ganglion at lower frequencies as opposed to
higher frequencies[14]. Moreover, injection of lower, but
not higher, concentrations of SP led to mast cell activation
and subsequent granulocyte infiltration in the ear of mice
[56]. Such mast cell activation via NK-1R would be
consistent with low concentrations (pM–nM) of sensory
neuropeptides found at tissue sites. Alternatively, high
concentrations of SP (mM) could bypass receptors to
directly activate G proteins resulting in mast cell degranu-

Fig. 5. Schematic representation of proposed events contributing to
lation [34,35]. Our results do not exclude the possibility stress-induced vascular permeability in mouse dura mater. CRF—Cor-
that NK-1 receptors required for stress-induced vascular ticotropin releasing factor, NKB—neurokinin B, VIP—vasoactive intesti-
permeability are expressed by other cells than mast cells.nal peptide, NO—nitric oxide, TNF-a—tumor necrosis factor alpha.
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subtypes of tachykinin NK(1) receptor binding sites are present intion of rat dura mast cells was blocked by a CRF receptor
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moderate to intense pain, Nature 392 (1998) 390–393.histamine, TNF-a [52], NO [30] and vasoactive intestinal

[9] G .P. Chrousos, Stressors, stress, and neuroendocrine integration ofpeptide (VIP) [28], which have been implicated in mig-
the adaptive. Response: The 1997 Hans Selye Memorial Lecture,

raines[18,38], leading to NI (Fig. 5). In keeping with this Ann. N. Y. Acad. Sci. 851 (1998) 311–335.
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[13] D . Deleu, Y. Hanssens, E.A. Worthing, Symptomatic and prophylac-
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