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Abstract

The blood flow in and around the medial meningeal artery (dural arterial flow) was recorded in the exposed parietal dura mater
encephali of the anesthetized rat using laser Doppler flowmetry. Local electrical stimulation of the dura mater (pulses of 0.5 ms delivered
at 7.5-17.5 V and 5 or 10 Hz for 30 s) caused temporary increases in dural arterial flow. The effects of the 5-HT, receptor agonists
sumatriptan and CP 93,129 on the basal flow and the electrically evoked increases in flow were examined. Topical administration of
undiluted sumatriptan (12 mg/ml) lowered the basal and the evoked flow by 20% on average. Systemic (i.v.) administration of
sumatriptan (0.24, 0.72 and 3.6 wmol /kg) caused a short-lasting reduction of the evoked flow increases only at the higher doses while
the basal flow was not significantly altered. Systemic administration of CP 93,129 (0.46 and 4.6 p.mol /kg) caused no significant changes
of the basal and the evoked flow. At a dose of 23 pmol /kg CP 93,129 lowered the basal flow by 20% and the evoked flow by 30% for
20 min. The systemic arterial pressure was not significantly altered by sumatriptan and CP 93,129 within the whole range of doses. It is
suggested that sumatriptan and CP 93,129 at high doses exert inhibitory effects on those fine afferent nerve fibers which release the
calcitonin gene-related peptide, since this neuropeptide mediates the evoked increasesin dural arterial flow. © 1997 Elsevier Science B.V.
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1. Introduction

Stimulation of the trigeminal ganglion in the rat causes
increased blood flow (Escott et al., 1995), plasma extrava
sation (Markowitz et al., 1987), aggregation and adhesion
of platelets and activation of mast cells (Dimitriadou et 4.,
1991, 1992) in parts of the facial skin, mucous membranes
and the dura mater encephali. These responses, which
represent elements of a neurogenic inflammation, are most
likely mediated by neuropeptides, in particular substance P
and calcitonin gene-related peptide (CGRP), released from
fine afferent fibres. These neuropeptides have first been
demonstrated in cerebral arteries and the dura mater en-
cephali of different species including rodents by Edvinsson
et al. (1983, 1987) who used using immunocytochemistry
and radioimmunoassay. An extended network of CGRP
and substance P immunoreactive nerve fibres has been
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found in the dura mater of the rat (Von During et al., 1990;
Keller and Marfurt, 1991; Messlinger et al., 1993). Some
of the neurogenic inflammatory responses in the dura
mater of rodents have been shown to be inhibited by
5-HT, receptor agonists (Buzzi and Moskowitz, 1990;
Matsubara et al., 1991; Buzzi et al., 1991b, 1992). In man,
the neurogenic inflammation of the meninges has been
suggested to be involved in nociceptive mechanisms that
cause migraine pain and other severe headaches (Hardebo,
1990; Moskowitz, 1993). Accordingly, 5-HT analogs such
as dihydroergotamine and the specific 5-HT, receptor ago-
nist sumatriptan are effectively used in the therapy of
migraine attacks and cluster headache (Friberg et al., 1991,
Ferrari, 1993; Saxena and Tfelt-Hansen, 1993; Goadsby
and Edvinsson, 1994b; Wilkinson et al., 1995).

Using laser Doppler flowmetry, we have recently shown
that local electrical stimulation of the rat dura mater causes
increasesin blood flow in and around the medial meningeal
artery (Kurosawa et al., 1995), an effect that seems to
require the excitation of primary afferents, since it could
be blocked by local anesthetics and tetrodotoxin (unpub-
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lished results). The increases in blood flow could be
inhibited also by local application of the CGRP receptor
antagonist, human CGRP-(8-37), suggesting that they are
mediated by CGRP released from stimulated perivascular
afferents. The same type of stimulation was able to modify
the shape of CGRP immunoreactive nerve fibers and to
deplete immunoreactivity in the rat dura mater after stimu-
lation periods of more than 20 min (Messlinger et al.,
1995a). This type of stimulation has also been shown to
activate trigeminal brainstem neurons with afferent input
from the dura mater (Mesdinger et a., 1995h).

The present investigation was undertaken in view of the
long debate about a possible vascular origin of migraine
attacks (Drummond and Lance, 1983; Friberg et al., 1991;
Saxena and Tfelt-Hansen, 1993; Humphrey and Goadsby,
1994; Ferrari and Saxena, 1995), which have been shown
to be accompanied by increases in regional cerebral blood
flow (Olesen et al., 1990; Goadsby and Edvinsson, 1993).
We were interested in examining possible inhibitory ef-
fects of 5-HT, receptor agonists on the dural arterial flow
in our model, paralleling the inhibitory effects of these
substances on the plasma extravasation in the dura mater
(Buzzi and Moskowitz, 1990; Buzzi et al., 1991b). For this
study we used (i) sumatriptan as a clinically approved
5-HT, receptor agonist and (ii) CP 93,129, the latter being
highly effective in inhibiting plasma extravasation in par-
ticular in the rat dura mater (Buzzi and Moskowitz, 1990;
Matsubara et a., 1991; Moskowitz and Cutrer, 1994).
Since it has been proposed that one subtype of the 5-HT,
receptor is located on dural blood vessels mediating vaso-
congtriction and another subtype on trigemina fibers in-
hibiting neuropeptide release (Humphrey et al., 1988; Re-
beck et a., 1994; Moskowitz, 1994), we measured both the
basal resting blood flow and the changes evoked by local
electrical stimulation before and after administration of the
5-HT, receptor agonists. In summary, we found inhibitory
effects on both these flow parameters. However, the doses
of 5-HT, receptor agonists required for these effects were
much higher than those described for the inhibition of
plasma extravasation after trigeminal ganglion stimulation
(Buzzi and Moskowitz, 1990; Matsubara et al., 1991).

2. Materials and methods
2.1. Anaesthesia and general preparation

Thirty-one male Wistar rats (210-360 g) were used.
The experiments were performed in accordance with the
regulations for animal care and treatment and supervised
by a committee of the local government. The animals were
anaesthetized by an initial dose of 140-150 mg/kg
thiopental (Trapanal, Byk Gulden, Konstanz, Germany)
i.p., followed by additional doses of 25-30 mg/kg
thiopental i.p. when required. Depth of anaesthesia was
routinely assessed and held at a level in which noxious

stimuli failed to elicit nociceptive motor reflexes or changes
of the systemic arterial pressure. A catheter was inserted
into the right femora vein for the infusion of solutions.
Arterial blood pressure was continuously recorded with a
pressure transducer via a catheter in the right femora
artery and maintained above 90 mmHg (mean) by i.v.
infusion of 4% Ficoll 70 (Serva, Heidelberg, Germany)
and 5% glucose solutions if required. The animal’s body
temperature was maintained at 37.0—-37.5°C with a thermo-
statically regulated heating plate. Usually the animals were
tracheotomized but respirated spontaneously. For compari-
son, in two experiments the animals were paralyzed with
pancuronium bromide (Pancuronium Organon, Organon
Teknika, Eppelheim, Germany) and artificialy ventilated;
the end-expiratory CO, was around 4%. These and other
experiments not included in this study showed no differ-
ence between spontaneously breathing and ventilated ani-
mals regarding maintenance of blood pressure and dura
blood flow.

2.2. Preparation for stimulation and recording

The preparation for stimulation of dural afferents and
the recording of dural blood flow has previously been
reported in detail (Kurosawa et al., 1995). Briefly, the
animal’s head was fixed in a stereotaxic frame and, using
an electric drill, the skull was trepanized while being
cooled with Tyrode solution (4°C). Two cranial windows,
one of about 2 X 6 mm (for stimulation) and one of 4 X 7
mm (for recording), were drilled into the parietal bone to
expose the dura mater (see Fig. 1 in Kurosawa et d.,
1995). In the small opening parallel to the sagittal suture, a
pair of stimulating electrodes (platin wires with a diameter
of 0.2 mm and a length of about 4 mm, separation 1 mm,
cathode placed lateraly) was lowered on the dural surface
and covered with paraffin oil. In the recording window, a
needle type probe (tip diameter 0.8 mm) of a laser Doppler
flowmeter was positioned over a branch of the media
meningeal artery (MMA) at a distance of 2-3 mm from
the lateral stimulation electrode. The laser Doppler flow
signal (flux) measured at these sites was usually more than
10-times higher than the flux when the probe was located
between the dural arterial branches (pial background flow).
In correspondence with this finding a thin piece of black
plastic inserted between dura and pia mater in some con-
trol experiments did not significantly change the flow
vaues (Kurosawa et d., 1995, and unpublished experi-
ments). The recording window was covered with pieces of
gauze soaked with Tyrode solution to prevent drying and
to maintain a fluid medium between probe and dura.

2.3. Recording of blood flow and electrical stimulation
Blood flow was recorded by a laser Doppler system

(Moor Instruments, MBF3D or DRT4; time constant 1.0
s). The output was displayed on-line with a chart recorder
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(Rikadenki R-10) or with a computer using the DRT4
software (Moor Instruments). Systemic arterial blood pres-
sure was recorded simultaneously with the flow. The dura
was electrically stimulated with rectangular pulses of 0.5
ms length for periods of 30 s at intervals of 5 min, the
lateral electrode being used as the cathode. This type of
stimulation usually causes transient increases in blood
flow, the magnitude of which depends on the strength and
the frequency of stimuli, but are very reproducible in
magnitude when constant stimulation parameters are used
(Kurosawa et al., 1995). The stimuli are appropriate for
exciting sensory and autonomic nerve fibers in the dura
mater. Stimulation near the sagittal superior sinus is sug-
gested to activate preferably the terminals of perivascular
afferent nerve fibers, most of which accompany the dura
arteries running in rough direction towards the sagittal line
(Messlinger et al., 1993), thereby crossing the parallel
stimulation electrodes. In few experiments the blood flow
during stimulation decreased. This effect could be abol-
ished by phentolamine suggesting a dominant activation of
sympathetic fibers in these rare cases (Kurosawa et al.,
1995).

To account for individual variations, stimulus strength
and frequency were optimized at the beginning of each
experiment to elicit substantial and stable (but not maxi-
mal) increases in local blood flow without changes of the
blood pressure. The stimulation strengths ranged from 7.5
to 17.5 V; in most of the experiments it was 10 V. The
pulse frequency was usually 10 Hz, in some experiments 5
Hz. Although there is no evidence that any of the effects of
5-HT, receptor agonists on the registered flow parameters
are influenced by stimulation strength and frequency, care
was taken to avoid systematic differences in the stimulus
parameters between experimental groups. Each drug test
was preceded by at least three control stimulation intervals.
The vehicle or the test substance were i.v. injected or
topically applied to the exposed dura surface only if the
control stimulations elicited stable increases in flow. Ad-
ministration was always two minutes prior to the next
stimulation, and was followed by 4-5 further stimulation
periods (see Figs. 1 and 4).

2.4. Drug administration

For topical administration, the cotton swab lying on the
dura was replaced by another one soaked with Tyrode
solution (pH 7.4; 285 mosm /) or sumatriptan hydrogen-
succinate (Imigran 16.8 mg/ml; Glaxo, Bad Oldesloe,
Germany) containing sumatriptan at a concentration of
40.6 mM (12 mg,/ml (305 mosm/1)). For systemic (i.v.)
administration, sumatriptan hydrogensuccinate was diluted
immediately before the experiment in sterile 0.9% saline to
final doses of 0.1, 0.3 and 1.5 mg/kg body weight, i.e.,
0.24, 0.72 and 3.6 pwmol /kg. The 5-HT,g receptor agonist
CP 93,129 (3-(1,2,5,6-tetrahydropyrid-4-yl)pyrrolo[3,2-
blpyrid-5-one; a gift from Pfizer, Groton, CT, USA) was
dissolved in saline with 5% dimethylsulfoxide (DM SO) as

a stock solution of 0.1 M and kept frozen. Immediately
before use it was diluted with saline for final doses of
0.46, 4.6 and 23 pmol /kg body weight. Vehicles were
saline (for sumatriptan) and DMSO in saline (same con-
centration as in the highest dose of the CP 93,129 solution).
All solutions had a final volume of 0.3 ml and were slowly
injected into the femoral vein within 1 min.

2.5. Measuring and evaluation of data

Blood flow was determined by morphometry of the
chart records as described previously (Kurosawa et d.,
1995). Basal flow values were determined by measuring
the area between the zero line (laser light switched off)
and the midline of the curve of the basal (unstimulated)
flow at intervals of 5 min, i.e., from the beginning of one
stimulation to the next one (Fig. 1A); the interval in which
the drug was given was excluded. Increases in blood flow
were determined by measuring the area circumscribed by
the curve of the evoked responses above basal (unstimu-
lated) flow (Fig. 1A). All measurements of basal or evoked
flow, respectively, were calculated relative to the mean of
the two control measurements immediately before the test
seguence. The results were grouped according to drugs and
doses, and mean values + S.E.M. were calculated for each
time after drug administration (Figs. 2, 3 and 5); the
number of experiments in these groups is shown in the
figures. A comprehensive analysis of variance with exten-
sions for repeated measures was performed within these
groups and between different doses and vehicle. A modi-
fied t-test with Bonferroni correction was employed to
compare measurements after drug administration with cor-
responding values after vehicle. Significance was assessed
at the 5% level.

3. Resaults

3.1. Effects of local sumatriptan on basal and evoked
blood flow

In 6 experiments, sumatriptan (12 mg,/ml) was locally
administered on the exposed dura mater in the recording
opening. Within 2 min the basal blood flow and the
stimulation-induced increases in flow (evoked flow) were
reduced (Fig. 1B). On average, the basal flow was lowered
by about 15% during the first minutes and tended to
further decrease as long as the cotton with the sumatriptan
was left on the dura (Fig. 2A). This effect was significant
within the whole observation time of 30 min compared to
the values after Tyrode solution, which did not lower basal
and evoked flow (Fig. 1A, Fig. 2A). The evoked increases
in flow were reduced to nearly 80% compared with the
values before administration of sumatriptan, with a maxi-
mal effect observed after 7 min (Fig. 2B). This reduction
was significant for 12 min after sumatriptan, compared to
the control experiments with Tyrode solution (Fig. 2B).
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The systemic arterial pressure was not changed after local
administration of sumatriptan or Tyrode solution.

3.2. Effects of systemical sumatriptan on basal and stimu-
lated blood flow

In 16 experiments sumatriptan was i.v. injected. Within
the whole range of doses used (0.24-3.6 pmol /kg) suma
triptan did not significantly change the basal arteria flow
(n =15 experiments) compared with vehicle (saline), al-
though there was a tendency towards a decrease after the
higher doses (Fig. 3A). The electrically-evoked increases
in flow (n=16 experiments) were significantly reduced
two minutes after the injection of sumatriptan only at the
higher doses of 0.72 and 3.6 n.mol /kg for some minutes
(Fig. 3B). The mean systemic arterial pressure (90-100
mmHg) decreased after the i.v. administration of sumatrip-
tan by 6—7% on average without any correlation with the
dose applied.

3.3. Effects of systemical CP 93,129 on basal and evoked
blood flow

Like sumatriptan, CP 93,129 was systemically adminis-
tered at doses that have been shown to inhibit plasma
extravasation in the rat dura mater (Matsubara et al., 1991;
Huang et al., 1993). Doses of 0.46 and 4.6 wmol /kg of
CP 93,129 (n = 10 experiments) had no significant effects
on either the basal blood flow or the stimulation-evoked
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Fig. 1. Chart records of basal and stimulus-evoked dural arteria flow
(flux = output of the flowmeter in mV). Increases in flow were evoked
by electrical stimulation (pulses of 0.5 ms at 10 Hz for 30 s) indicated by
bars below the records. (A) Basal flow values were determined as the
areas between zero flux (0 mV, laser light switched off) and basal flux
within stimulation—post-stimulation intervals of 5 min (vertically hatched
area). Values of evoked flow were determined as the areas under the flux
increases above basal flux (horizontally hatched area). Tyrode solution,
topically administered at time 0, did not change basal and evoked flow.
(B) Effects of topica administration of sumatriptan on the basal and
evoked flow in a typical specimen.
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Fig. 2. Effects of topically administered Tyrode solution and sumatriptan
on basal and evoked flow. The time-course of mean values (+ S.E.M.) of
n experiments (animals) plotted in (A) (basal flow) and (B) (evoked flow)
shows significant differences between Tyrode solution and sumatriptan
(* P<0.05).

increases in blood flow (Fig. 5A, B). CP 93,129 at the high
dose of 23 pmol /kg clearly lowered both flow parameters
in al 5 experiments (Fig. 4B, Fig. 5A,B). On average, the
basal flow was reduced to about 80% of the control values
(before drug administration) throughout the observation
period of 30 min, which was significantly different to the
values after vehicle (Fig. 5A). The stimulation-evoked
flow was reduced to about 70% of the control during 4
stimulation periods (2—-17 min). Later the evoked increases
in flow gradually recovered but were still different to the
values after vehicle (Fig. 5B). The mean systemic arteria
pressure (90-100 mmHg) decreased after CP 93,129 by
4—6% on average without any dose-dependency.

4. Discussion

4.1. Simulation of trigeminal afferents causing elements of
neurogenic inflammation

This study examined the effects of two 5-HT, receptor
agonists, sumatriptan and CP 93,129, on the dural arteria
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Fig. 3. Effects of systemically administered sumatriptan on basal (A) and
evoked flow (B). The dose—response curves of mean values (+ S.E.M.)
of n experiments (animals) show differences between vehicle and drug
(* P <0.05) in the evoked flow curves only.
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93,129 lowered basal and evoked flow.
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blood flow and the increases in flow evoked by local
electrical stimulation. The stimulation-evoked increases in
flow are probably due to the excitation of primary afferent
nerve fibers, because they can be blocked by local applica
tion of lidocaine and procaine, and by local administration
of tetrodotoxin (unpublished results). They can also dose-
dependently be reduced by the CGRP receptor antagonist
human-CGRP-(8-37), which at a concentration of 107> M
caused amost nearly total inhibition of these responses
(Kurosawa et al., 1995), whereas they were not altered by
the tachykinin NK, receptor antagonist RP 67580
(Carmody et a., 1996). Thus there is evidence that the
stimulation-evoked increases in flow are mediated by
CGRP but not by substance P. Neurogenic plasma extrava-
sation in the dura mater, on the other hand, is probably
mediated by substance P through the activation of NK,
receptors (Markowitz et al., 1987; Moussaoui €t a., 1993;
O’ Shaughnessy and Connor, 1993).

The 5-HT, receptor agonists sumatriptan and CP 93,129
have been shown to block plasma extravasation and other
elements of neurogenic inflammation such as endothelia
secretion and platelet aggregation in the dura mater of the
rat and the guinea pig (Buzzi and Moskowitz, 1990;
Matsubara et al., 1991; Buzzi et d., 1992). In the present
experiments, we therefore initially used similar doses of
sumatriptan (0.24 and 0.72 pmol /kg, i.e, 71 and 214
rng/kg) and CP 93,129 (4.6 wmol /kg) as those effec-
tively reducing plasma extravasation (Buzzi and
Moskowitz, 1990; Matsubara et al., 1991). These doses
were not effective in inhibiting the evoked increases in
dural arterial flow (see Fig. 3B; Fig. 5B), or the effect was
very short-lasting (after sumatriptan at 0.72 wmol /kg).
Only much higher doses of CP 93,129 (23 pmol /kg)
reduced both the basal and the evoked flow by about 20
and 30%, respectively (see Fig. 5A,B). An inhibitory effect
was also achieved with local application of sumatriptan at
a very high concentration (12 mg/ml, i.e, 40.6 mM)
which lowered the basal and evoked flow by maximally
20% (Fig. 2B, Fig. 3B). The threshold doses for inhibiting
the evoked flow were at least 10 times higher than those
necessary for inhibiting plasma extravasation (Buzzi and
Moskowitz, 1990; Matsubara et al., 1991; Shepheard et al.,
1995). This means that sumatriptan at clinical doses (80—
100 pg/kg) can inhibit neurogenic plasma extravasation
in the rat, but was not able to reduce the evoked blood
flow in our experiments. One possible reason for this
discrepancy may be that different experimental approaches
(local orthodromic stimulation in our experiments vs. an-
tidromic ganglion stimulation in the studies mentioned
above) have been used. On the other hand, in a recent
study Lambert and Michalicek (1996) stimulated the
trigeminal ganglion in the cat to induce vasodilatation and
increase of blood flow in the media meningeal artery.
Consistent with our results they found no reduction of this
response after systemic administration of sumatriptan and
dihydroergotamine at clinically conventional doses. Unlike

these results, Goadsby and Edvinsson (1993) have reported
on increases of the cerebral blood flow following trigemi-
nal ganglion stimulation in the cat, which could be reduced
by i.v. administration of sumatriptan and dihydroergo-
tamine at clinical doses. Unfortunately, the authors did not
describe the time course of blood flow changes nor did
they mention at which time after sumatriptan the blood
flow was measured.

Stimulation of trigemina afferents may degranulate du-
ral mast cells, which contain 5-HT, histamine and heparin
(Edvinsson et al., 1977; Dimitriadou et al., 1991; Dimlich
et a. 1991). The significance of this effect on the
meningeal blood flow is not yet clear. However, we have
found no systematic changes of the dural arterial flow after
topica administration of 5-HT at concentrations up to
1073 M (unpublished).

4.2. Effect of 5-HT, receptor agonists on the release of
neuropeptides from primary afferent nerve fibers (prejunc-
tional action)

According to the concept of neurogenic inflammation,
neuropeptides are released from peptidergic afferent nerve
fibers upon electrical or chemical stimulation and mediate
their effects by binding to neuropeptide receptors on sev-
era target tissues such as vascular endothelium, smooth
muscle and mast cells (Basbaum and Levine, 1991; Don-
nerer and Amann, 1993). There is plenty of evidence that
these mechanisms take place in the meninges too
(Markowitz et al., 1987; Goadsby et al., 1988; Buzzi and
Moskowitz, 1990; Zagami et al., 1990; Dimitriadou et al.,
1991, 1992; O’ Shaughnessy and Connor, 1993; Goadsby
and Edvinsson, 1993; Moskowitz and Cutrer, 1994). Using
immunocytochemistry, we have recently found signs of
secretion of CGRP from dura nerve fibers upon electrical
stimulation with the same parameters as used in the pre-
sent study and a depletion of CGRP immunoreactivity
after continuous stimulation for longer than 20 min (Mess-
linger et al., 1995a). Similar observations have been de-
scribed by Knyihar-Csillik et a. (1995) after trigeminal
ganglion stimulation. An increased level of CGRP has
been found in the venous compartment after electrical
stimulation of the trigemina ganglion and the superior
sagittal sinus in rats and cats (Zagami et a., 1990; Buzzi et
al., 1991a; Goadsby and Edvinsson, 1993, 1994a). This
CGRP increase (which was paraleled by an increase in
cerebral blood flow) could be reduced by 5-HT; receptor
agonists such as sumatriptan, dihydroergotamine and
311C90 (Buzzi et a., 1991a; Goadsby and Edvinsson,
1993, 19944a). The inhibition of plasma extravasation in the
rat dura mater by 5-HT, receptor agonists could be re-
versed by substance P and neurokinin A (Saito et d., 1988;
Buzzi and Moskowitz, 1990). Taken together, it is very
likely that there are prejunctional inhibitory actions of
5-HT, agonists on elements of the neurogenic inflamma:
tion in the dura mater, probably by inhibiting the neu-
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ropeptide release.

In regard to the different threshold doses required to
inhibit plasma extravasation and stimulus-evoked blood
flow increases, it may be significant that substance P and
CGRP immunoreactivities have been found to be colocal-
ized in 17% of trigeminal afferents projecting to intracra-
nia vessels, while another 21% of these afferents were
CGRP-, but not substance P-immunoreactive (O’ Connor
and Van der Kooy, 1988). Using high pressure liquid
chromatography, Jansen et a. (1992) have assessed much
higher concentrations of CGRP than substance P in ex-
tracts of human middle meningeal arteries. Since neuro-
genic plasma extravasation is inhibited by much lower
doses of 5-HT, receptor agonists than neurogenic blood
flow increase, it may be speculated that these drugs are
more effective in inhibiting neuropeptide release from
substance P/CGRP containing afferents than from nerve
fibers which contain only CGRP.

4.3. Vasoconstrictor effects of 5-HT, receptor agonists
(postjunctional action)

5-HT, receptors in the dura mater of the guinea pig and
man have been suggested to be located both on nerve
fibers and blood vessels, controlling neuropeptide release
and vasotonus (Moskowitz and Cutrer, 1994; Rebeck et al.,
1994). The 5-HT,,, subtype (human 5-HT,; receptor
according the new classification of 5-HT, receptors; Hartig
et al., 1996) is thought to mediate inhibition of plasma
extravasation, the 5-HT,,, subtype (human 5-HT  recep-
tor) vasoconstriction. Intracrania arterial vessels are con-
stricted by 5-HT, receptor agonists such as sumatriptan in
vitro and in vivo (Friberg et a., 1991; Connor et al., 1992;
Jansen et a., 1993; Saxena and Tfelt-Hansen, 1993) al-
though the effect on the middle meningeal artery in cats
has been reported to be small and evanescent (Lambert and
Michalicek, 1996). In the present study only high doses of
CP 93,129 were able to reduce the basa flow, while i.v.
sumatriptan was not effective at all. Using the microsphere
technique, Den Boer et al. (1992) have found no signifi-
cant effect of sumatriptan and ergot alkaloids on arteriove-
nous anastomoses in the dura mater of the pig. On the
other hand, sumatriptan has been shown by subselective
angiography to constrict human intracranial arteriesin vivo
(Henkes et al., 1996). Thus a direct vasoconstrictor effect
of 5-HT, receptor agonists contributing to a reduction of
increased intracranial blood flow during migraine attacks
cannot be ruled out.

4.4. Relevance of CGRP and sumatriptan actions to mi-
graine and headache

During migraine attacks and cluster headache, increased
levels of CGRP (but not substance P) have been measured
in the venous outflow from the head, suggesting the re-
lease of neuropeptides from the trigeminal afferent system
(Goadsby et al., 1990; Goadsby and Edvinsson, 1993,

1994b). The increased CGRP levels could be reduced by
sumatriptan at clinically effective doses in parallel with the
relief of migraine pain in most of the patients (Goadsby
and Edvinsson, 1993, 1994b). These results raise the ques-
tion whether CGRP is directly involved in nociceptive
mechanisms leading to migraine pain and other headaches,
since dilatation of intracranial vessels, e.g. by CGRP, has
been considered to be a noxious stimulus (Friberg et al.,
1991; Humphrey and Goadsby, 1994). However, it seems
just as possible that the CGRP-induced vasodilatation does
not constitute the noxious stimulus itself, but is rather a
response to the nociceptive processes in the dura mater. In
this way CGRP may have a protective function, possibly
accelerating the wash-out of noxious substances from the
affected tissue by increasing the blood flow. The dura
arterial flow may be rather robust being not affected by
those doses of 5-HT, receptor agonists that inhibit plasma
extravasation in the rat (0.1-0.3 mg kg~! sumatriptan i.v.;
Buzzi and Moskowitz, 1990; Buzzi et a., 1991a) and that
are used for treatment of migraine pain (e.g., 6 mg suma
triptan s.c.). Recent clinical studies with the endothelin
antagonist bosentan, which has been found to block plasma
extravasation in the dura mater of the rat (Brandli et d.,
1995), however, have failed to show any significant an-
timigraine effect (May et al., 1996). Thus it appears ques-
tionable if the inhibition of neurogenic inflammation is the
only essential antinociceptive mechanism of 5-HT, recep-
tor agonists in the treatment of migraine pain. Other
mechanisms such as inhibitory effects of 5-HT, receptor
agonists on the activation of primary meningeal afferents
and central neurons of the trigeminovascular system may
be important, as has been suggested by some authors
(Nozaki et al., 1992; Kaube et a., 1993; Goadsby and
Edvinsson, 1994a)

Acknowledgements

We thank the Wihelm Sander-Stiftung for granting the
DRT4 Doppler flowmeter, Drs. W. Jung and Dr. M.
Herbert (Universitatskliniken Wurzburg) for the loan of
MBF3D Doppler flowmeters, and Mrs. M. Oppmann for
her excellent technical assistance. Supported by the
Deutsche Forschungsgemeinschaft (SFB 353) and by a
Max-Planck-Forschungspreisto R.F.S. and A. Sato, Tokyo.

References

Basbaum, A.l., Levine, JD., 1991. The contribution of the nervous
system to inflammation and inflammatory disease. Can. J. Physiol.
Pharmacol. 69, 647-651.

Brandli, P., Loffler, B.-M., Breu, V., Osterwader, R., Maire, J-P.,
Clozel, M., 1995. Role of endothelin in mediating neurogenic plasma
extravasation in rat dura mater. Pain 64, 315-322.

Buzzi, M.G., Moskowitz, M.A., 1990. The antimigraine drug, sumatrip-
tan (GR 43175), selectively blocks neurogenic plasma extravasation
from blood vessels in dura mater. Br. J. Pharmacol. 99, 202—206.



180 K. Messlinger et al. / European Journal of Pharmacology 332 (1997) 173-181

Buzzi, M.G., Carter, W.B., Shimizu, T., Heath, H.G., Moskowitz, M.A.,
1991a. Dihydroergotamine and sumatriptan attenuate levels of CGRP
in plasmain rat superior sagittal sinus during electrical stimulation of
the trigeminal ganglion. Neuropharmacology 30, 1193-1200.

Buzzi, M.G., Moskowitz, M.A., Peroutka, S.J., Byun, B., 1991b. Further
characterization of the putative 5-HT receptor which mediates block-
ade of neurogenic plasma extravasation in rat dura mater. Br. J.
Pharmacol. 103, 1421-1428.

Buzzi, M.G., Dimitriadou, V., Theoharides, T.C., Moskowitz, M.A.,
1992. 5-Hydroxytryptamine receptor agonists for the abortive treat-
ment of vascular headaches block mast cell, endothelial and platelet
activation within the rat dura mater after trigeminal stimulation. Brain
Res. 583, 137-149.

Carmody, J., Pawlak, M., Messlinger, K., 1996. Lack of a role for
substance P in the control of dural arterial flow. Exp. Brain. Res. 111,
424-428.

Connor, H.E., Stubbs, C.M., Feniuk, W., Humphrey, P.A., 1992. Effect
of sumatriptan, a selective 5-HT;-like receptor agonist, on pial vessel
diameter in anaesthetised cats. J. Cereb. Blood Flow Metab. 12,
514-519.

Den Boer, M.O., Somers, JA.E., Saxena, P.R., 1992. Lack of effect of
the antimigraine drugs, sumatriptan, ergotamine and dihydroergo-
tamine on arteriovenous anastomotic shunting in the dura mater of the
pig. Br. J. Pharmacol. 107, 577-583.

Dimitriadou, V., Buzzi, M.G., Moskowitz, M.A., Theoharides, T.C.,
1991. Trigeminal sensory fiber stimulation induces morphological
changes reflecting secretion in rat dura mater mast cells. Neuroscience
44, 97-112.

Dimitriadou, V., Buzzi, M.G., Theoharides, T.C., Moskowitz, M.A.,
1992. Ultrastructural evidence for neurogenically mediated changesin
blood vessels of the rat dura mater and tongue following antidromic
trigeminal stimulation. Neuroscience 48, 187—-203.

Dimlich, RV.W., Kdler, JT., Strauss, T.A., Fritts, M.J.,, 1991. Linear
arrays of homogenous mast cells in the dura mater of the rat. J.
Neurocytol. 20, 485-503.

Donnerer, J., Amann, R., 1993. The inhibition of neurogenic inflamma-
tion. Gen. Pharmacol. 24, 519-529.

Drummond, P.D., Lance, JW., 1983. Extracrania vascular changes and
the source of pain in migraine headache. Ann. Neurol. 13, 32-37.
Edvinsson, L., Cervos-Navarro, J., Larsson, L.-l., Owman, C., Ronnberg,
A.-L., 1977. Regiona distribution of mast cells containing histamine,
dopamine, or 5-hydroxytryptamine in the mammalian brain. Neurol-

ogy 27, 878-883.

Edvinsson, L., Rosendal-Helgesen, S., Uddman, R., 1983. Substance P:
Localization, concentration and release in cerebral arteries, choroid
plexus and dura mater. Cell Tissue Res. 234, 1-7.

Edvinsson, L., Ekman, R., Jansen, |., McCulloch, J., Uddman, R., 1987.
Calcitonin gene-related peptide and cerebral blood vessels: Distribu-
tion and vasomotor effects. J. Cereb. Blood Flow Metab. 7, 720—728.

Escott, K.J., Begttie, D.T., Connor, H.E., Brain, S.D., 1995. Trigeminal
ganglion stimulation increases facial skin blood flow in the rat: A
major role for calcitonin gene-related peptide. Brain Res. 669, 93—99.

Ferrari, M.D., 1993. Sumatriptan in the treatment of migraine. Neurology
43, S43-47.

Ferrari, M.D., Saxena, P.R., 1995. 5-HT, receptors in migraine patho-
physiology and treatment. Eur. J. Neurol. 2, 5-21.

Friberg, L., Olesen, J., lversen, H.K., Sperling, B., 1991. Migraine pain
associated with middle cerebral dilatation: Reversal by sumatriptan.
Lancet 338, 13-17.

Goadsby, P.J., Edvinsson, L., 1993. The trigeminovascular system and
migraine: Studies characterizing cerebrovascular and neuropeptide
changes seen in humans and cats. Ann. Neurol. 33, 48-56.

Goadsby, P.J., Edvinsson, L., 1994a. Peripheral and central trigeminovas-
cular activation in cat is blocked by the serotonin (5HT)-1D receptor
agonist 311C90. Headache 34, 394-399.

Goadsby, P.J., Edvinsson, L., 1994b. Human in vivo evidence for

trigeminovascular activation in cluster headache. Neuropeptide
changes and effects of acute attacks therapies. Brain 117, 427—-434.

Goadsby, P.J., Edvinsson, L., Ekman, R., 1988. Release of vasoactive
peptides in the extracerebral circulation of humans and the cat during
activation of the trigeminovascular system. Ann. Neurol. 23, 193—196.

Goadsby, P.J., Edvinsson, L., Ekman, R., 1990. Vasoactive peptide
release in the extracerebral circulation of humans during migraine
headache. Ann. Neurol. 28, 183-187.

Hardebo, J.E., 1990. On pain mechanisms in cluster headache. Headache
31, 91-106.

Hartig, P.R., Hoyer, D., Humphrey, P.P.A., Martin, G.R., 1996. Align-
ment of receptor nomenclature with the human genome: Classification
of 5-HT1B and 5-HT1D receptor subtypes. Trends Pharmacol. Sci.
17, 103-105.

Henkes, H., May, A., Kihne, D., Berg-Dammer, E., Diener, H.C., 1996.
Sumatriptan: Vasoactive effect on human dural vessels, demonstrated
by subselective angiography. Cephalalgia 16, 224—230.

Huang, Z., Byun, B., Matsubara, T., Moskowitz, M.A., 1993. Time-de-
pendent blockade of neurogenic plasma extravasation in dura mater
by 5-HT.5,p agonists and endopeptidase 24.11. Br. J. Pharmacol.
108, 331-335.

Humphrey, P.P.A., Goadsby, P.J., 1994. The mode of action of sumatrip-
tan is vascular? A debate. Cephalalgia 14, 401-410.

Humphrey, P.P.A., Feniuk, W., Perren, M.J,, Connor, H.E., Oxford,
A.W., Coates, |.H., Butina, D., 1988. GR43175, a selective agonist
for the 5-HT;-like receptor in dog isolated saphenous vein. Br. J.
Pharmacol. 94, 1123-1132.

Jansen, 1., Uddman, R., Ekman, R., Olesen, J., Ottosson, A., Edvinsson,
L., 1992. Distribution and effects of neuropeptide Y, vasoactive
intestinal peptide, substance P, and calcitonin gene-related peptide in
human middle meningeal arteries; Comparison with cerebral and
temporal arteries. Peptides 13, 527-536.

Jansen, |., Olesen, J., Edvinsson, L., 1993. 5-Hydroxytryptamine receptor
characterization of human cerebral, middie meningeal and tempora
arteries: Regional differences. Acta Physiol. Scand. 147, 141-150.

Kaube, H., Hoskin, K.L., Goadsby, P.J., 1993. Inhibition by sumatriptan
of central trigeminal neurones only after blood—brain barrier disrup-
tion. Br. J. Pharmacol. 109, 788—792.

Keller, J.T., Marfurt, C.F., 1991. Peptidergic and serotoninergic innerva-
tion of the rat dura mater. J. Comp. Neurol. 309, 515-534.

Knyihar-Csillik, E., Tgjti, J., Mohtasham, S., Sari, G., Vecsei, L., 1995.
Electrical stimulation of the Gasserian ganglion induces structural
aterations of calcitonin gene-related peptide-immunoreactive perivas-
cular sensory nerve terminas in the rat cerebral dura mater: A
possible model of migraine headache. Neurosci. Lett. 184, 189-192.

Kurosawa, M., Mesdlinger, K., Pawlak, M., Schmidt, R.F., 1995. Increase
of meningeal blood flow after electrical stimulation of rat dura mater
encephali: Mediation by calcitonin gene-related peptide. Br. J. Phar-
macol. 114, 1397-1402.

Lambert, G., Michalicek, J., 1996. Effect of antimigraine drugs on dural
blood flows and resistances and the responses to trigeminal stimula-
tion. Eur. J. Pharmacol. 311, 141-151.

Markowitz, S., Saito, K., Moskowitz, M.A., 1987. Neurogenically medi-
ated leakage of plasma protein occurs from blood vessels in dura
mater but not brain. J. Neurosci. 7, 4129-4136.

Matsubara, T., Moskowitz, M.A., Byun, B., 1991. CP-93,129, a potent
and selective 5-HT;z receptor agonist blocks neurogenic plasma
extravasation within rat but not guinea-pig dura mater. Br. J. Pharma-
col. 104, 3-4.

May, A., Gijsman, H.J., Wallndfer, A., Jones, R., Diener, H.C., Ferrari,
M.D., 1996. Endothelin antagonist blocks neurogenic inflammation,
but is not effective in aborting migraine attacks. Pain 67, 375-378.

Messlinger, K., Hanesch, U., Baumgartel, M., Trost, B., Schmidt, R.F.,
1993. Innervation of the dura mater encephali of cat and rat: Ultra-
structure and calcitonin gene-related peptide-like and substance P-like
immunoreactivity. Anat. Embryol. 188, 219-237.



K. Messlinger et al. / European Journal of Pharmacology 332 (1997) 173-181 181

Messlinger, K., Hanesch, U., Kurosawa, M., Pawlak, M., Schmidt, R.F.,
1995a. Cdcitonin gene-related peptide released from dura nerve
fibers mediates increase of meningeal blood flow in the rat. Can. J.
Physiol. Pharmacol. 73, 1020—-1024.

Messlinger, K., Ebersberger, A., Pawlak, M., Schepelmann, K., Schmidt,
R.F., 1995b. Activation of meningeal afferents in the rat: Responses
of trigeminal brain stem neurons and dural arterial flow. Soc. Neu-
rosci. Abstr. 21, 1159.

Moskowitz, M.A., 1993. Neurogenic inflammation in the pathophysiol-
ogy and treatment of migraine. Neurology 43, S16—S20.

Moskowitz, M.A., 1994. Drug mechanisms in acute migraine. In: Geb-
hart, D.L., Hammond, D.L., Jensen, T.S. (Eds.), Proceedings of the
7th World Congress on Pain, Progress in Pain Research and Manage-
ment, vol. 2. IASP Press, Seattle, WA, pp. 755-764.

Moskowitz, M.A., Cutrer, F.M., 1994. Possible importance of neurogenic
inflammation within the meninges to migraine headache. In: Fields,
H.L., Liebeskind, J.C. (Eds.), Progress in Pain Research and Manage-
ment, vol. 1. IASP Press, Seattle, pp. 43-49.

Moussaoui, S.M., Philippe, L., Le Prado, N., Garret, C., 1993. Inhibition
of neurogenic inflammation in the meninges by a non-peptide NK ;
receptor antagonist, RP 67580. Eur. J. Pharmacol. 238, 421-424.

Nozaki, K., Moskowitz, M.A., Boccdlini, P., 1992. CP-93,129, sumatrip-
tan, dihydroergotamine block c-fos expression within rat trigeminal
nucleus caudalis caused by chemical stimulation of the meninges. Br.
J. Pharmacol. 106, 409-415.

O’ Connor, T.P., Van der Kooy, D., 1988. Enrichment of a vasoactive
neuropeptide (calcitonin gene related peptide) in the trigeminal sen-
sory projection to the intracranial arteries. J. Neurosci. 8, 2468—2476.

Olesen, J.,, Friberg, L., Olsen, T.S,, Iversen, H.K., Lassen, N.A., Ander-
sen, A.R., Karle, A., 1990. Timing and topography of cerebral blood

flow, aura, and headache during migraine attacks. Ann. Neurol. 28,
791-798.

O’ Shaughnessy, C.T., Connor, H.E., 1993. Neurokinin NK; receptors
mediate plasma protein extravasation in guinea-pig dura. Eur. J.
Pharmacol. 236, 319-321.

Rebeck, G.W., Maynard, K.I., Hyman, B.T., Moskowitz, M.A., 1994.
Selective 5-HT,p,, serotonin receptor gene expression in trigeminal
ganglia: Implications for antimigraine drug development. Proc. Natl.
Acad. Sci. USA 91, 3666—3669.

Saito, K., Markowitz, S., Moskowitz, M.A., 1988. Ergot alkaoids block
neurogenic extravasation in dura mater: Proposed action in vascular
headaches. Ann. Neurol. 24, 732—737.

Saxena, P.R., Tfelt-Hansen, P., 1993. Sumatriptan. In: Olesen, J., Tfelt-
Hansen, P., Welch, K.M.A. (Eds.), The Headaches. Raven Press, New
York, NY, pp. 329-341.

Shepheard, S.L., Williamson, D.J., Williams, J.,, Hill, R.G., Hargreaves,
R.J., 1995. Comparison of the effects of sumatriptan and the NK1
antagonist CP-99,994 on plasma extravasation in dura mater and c-fos
mMRNA expression in trigeminal nucleus caudalis of rats. Neurophar-
macology 34, 255—-261.

Von During, M., Bauersachs, M., Bohmer, B., Veh, RW., Andres, K.-H.,
1990. Neuropeptide Y- and substance P-like immunoreactive nerve
fibers in the rat dura mater encephali. Anat. Embryol. 182, 363—373.

Wilkinson, M., Pfaffenrath, V., Schoenen, J., Diener, H.C., Steiner, T.J.,
1995. Migraine and cluster headache — Their management with
sumatriptan — A critical review of the current clinical experience.
Cephalalgia 15, 337-357.

Zagami, A.S., Goadsby, P.J.,, Edvinsson, L., 1990. Stimulation of the
superior sagittal sinus in the cat causes release of vasoactive peptides.
Neuropeptides 16, 69—75.



