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Introduction

Aims 5-HT g-receptor mediated vasoconstriction of cranial arteries is a potential
mechanism by which 5-HT 33, p-receptor agonists such as sumatriptan produce their
antimigraine effects. 5-HT' g-receptors exist in other blood vessels which may give rise
to unwanted vascular effects. Therefore we examined the distribution of 5-HT -
receptor immunoreactivity (i.r.) in human blood vessels (including target and
nontarget vessels) and confirmed the functionality of this receptor protein, by com-
paring the vasoconstrictor effects of sumatriptan and 5-HT (the endogenous ligand)
in isolated vessels.

Methods Blood vessels (middle meningeal, pial, temporal and uterine arteries and
saphenous veins) were obtained from surgical patients (with consent). Sections of
the vessels were prepared for routine immunohistochemical studies using specific
5-HTp- and 5-HTp-receptor antibodies. For functional studies, ring segments of
the vessels were mounted in organ baths for isometric tension recording.

Results 5-HT 3-receptor i.r. was detected on the smooth muscle layer in middle
meningeal, pial and uterine arteries and in saphenous vein and sumatriptan produced
contractions in these vessels with potency values (mean pECs) of 7.00, 7.08, 6.44
and 6.61, respectively, the magnitude of contraction was greatest in the cranial arteries
with E, .« values of 100.7, 60.3, 23.0 and 35.9%, respectively (expressed as a per-
centage of the reference agonist 45 mm KCl). 5-HT-receptor i.r. was not detected
in temporal artery and sumatriptan had no eftect in this artery. 5-HT p-receptor 1i.r.
was not detected in any of the vessels studied.

Conclusions Sumatriptan can evoke vasoconstriction in antimigraine target vessels and
also in nontarget vessels through an action at 5-HT;-rcceptors. Sumatriptan acts
preferentially to cause contraction in human cranial arteries compared with the other
blood vessels we examined and this effect is likely to be shared by other drugs of
this class.
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5-HT;-receptor activation causes vasorelaxation [2, 3],
whereas 5-HT g, 1p-receptors and/or 5-HT5-receptors,

5-HT receptors can be classified in 14 distinct subtypes
and 5-HT;-, 5-HT,- and 5-HT5-receptors have been
demonstrated to mediate changes in vascular tone [1].
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which are negatively linked to adenylate cyclase, mediate
vasoconstriction [4—6]. 5-HTg-receptors are also nega-
tively coupled to adenylate cyclase [1] and mRINA coding
for this receptor subtype is expressed in vascular smooth
muscle cells, however, activation of this receptor does
not directly influence vascular tone [7, 8].

Sumatriptan, a 5-HT,/1p-receptoragonist, isa clinically
effective antimigraine agent. Its therapeutic action has
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been attributed, at least in part, to vasoconstriction of
cranial blood vessels which become excessively swollen
during the migraine attack [9, 10]. It is generally accepted
that this vasoconstrictor response in human cranial arteries
is 5-HT z-receptor mediated [7, 8, 11, 12]. RT-PCR
studies have shown the selective expression of 5-HT -
receptor mRNA (and not 5-HTp-receptor mRNA)
in other human blood vessels [13, 14] and this mRNA,
if translated into functional 5-HT3-receptor protein, may
give rise to potential unwanted vasoconstrictor effects.
Indeed 5-HTp-receptor mediated vasoconstriction in
coronary artery is of potential importance [11, 15].

In the present study we used antibodies which have
previously been shown to be specific for either 5-HT -
or 5-HT p-receptors [16], to test for the expression of
these receptor proteins in human blood vessels, including
cranial arteries (middle meningeal, pial and temporal
arteries) and peripheral blood vessels (uterine artery and
saphenous vein). Secondly, using isolated blood vessels, we
examined the functionality of the receptor protein and
determined whether there were any differences in the
vasoconstrictor effects of sumatriptan and 5-HT (the
endogenous ligand) in cranial arteries compared with

the peripheral blood vessels.

Methods
Patients

Blood vessels were obtained, with consent, from surgical
patients. Middle meningeal, pial and temporal arteries
were from patients undergoing neurosurgical procedures
for aneurysm, subarachnoid haemorrhage or temporal lobe
epilepsy (Addenbrooke’s Hospital, UK). These cranial
arteries were transported to the Terlings Park laboratory
for investigation. Saphenous veins were obtained as dis-
carded vessel segments from patients undergoing coronary
bypass (Addenbrooke’s Hospital, UK) and uterine arteries
from the uterus removed as hysterectomy (Baylor Medical
College, USA) and functional studies were performed at
these respective sites. All arteries were of macroscopically
normal appearance. All vessels were collected in physio-
logical salt solution and transported to the laboratory and
prepared for functional studies within 1-2 h of collection,
or placed in fixative for immunohistochemistry.

The collection of human material for these studies
was approved by the University of Cambridge and
Addenbrooke’s Hospital Ethics Committees and by the
Ethics Committee at Baylor Medical College, Texas,
USA. The human material collected in the UK (i.e. cranial
arteries and saphenous vein) was excess material remain-
ing following completion of all pathology or surgical
procedures and the patients gave written, informed
consent for this material to be used for research purposes.
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Preparation of vascular sections for immunohistochemistry

The immunohistochemical studies were carried out as
previously described by Longmore et al. [17]. Briefly,
blood vessel segments were fixed in 10% formal saline
(4—6 days), processed to paraftin wax and sectioned
(7 pm). Following de-waxing and rehydration in graded
alcohols, endogenous peroxidases were inhibited by
immersion in 0.3% H»>O, in methanol (1 h, room tem-
perature). Following washing in 0.1 M phosphate buffered
saline (PBS, Sigma) the sections were subjected to anti-
gen retrieval techniques by washing in Citra solution
(pH 6.0, Biomen UK) followed by microwaving (full
power, 5-20min, Panasonic 800 W).

Immuno-staining procedure for tissue sections

Briefly, the sections were exposed (overnight, 4°C, satu-
rated humidity) to the primary antibodies, i.e. 5-HT -
and 5-HTig-receptor antisera (MSD/Afhniti, 1:300
and 1:100 dilutions, respectively), o-actin (smooth
muscle cell marker, Biogenesis, 1:1000) and biotinylated
Ulex europaeus agglutinin 1 (endothelial cell marker,
1:200-1:1000). Following washing in PBS the sections
were exposed to the secondary antibody (biotinylated goat
anti rabbit IgG, Vectastain Elite Kit, 1 h, room tempera-
ture), washed and immersed in Avidin-Biotin Complex
(Vectastain Elite Kit, 1 h, room temperature). This was
followed by further washing and immersion in di-amino
benzidine solution (0.0025% DAB in PBS with 0.03%
H>0O5,). Light microscopy was performed on a Leica
(DMRB) microscope using normal Kohler illumination.
(For detailed methodology see [12, 17]).

Measurement of vasoconstrictor responses

The arteries were cleaned of connective tissue and in
the case of the saphenous veins the endothelium was
mechanically removed by gently rubbing with a cotton
bud. Each vessel was cut into ring segments (each
approximately 2—6 mm in length) and 3—-6 segments
were obtained from each vessel. Segments were mounted
for isometric tension recording in tissue baths containing
physiological salt solution aerated with 95% O,/5% CO»,
pH 7.4, 37°C. A resting load was applied and the tissues
were allowed to equilibrate to their own basal tension
level. Tissue viability was assessed by determining the
response to the reference agonist 45 mm KCI. This con-
centration of KCI was selected since it causes membrane
depolarization and the opening of voltage-operated
calcium channels, giving a substantial,
contraction that is readily reversible on wash-out. For
detailed methodology of studies with cranial arteries see

submaximal

[8], for saphenous vein see [18] and for uterine arteries
see [19].
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Fig. 1 Contd.
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Figure 1 Representative immunohistochemical findings in: (I) middle meningeal artery; (II) pial artery; (III) temporal artery;

(IV) uterine artery and (V) saphenous vein. Immunoreactivity (ir) was detected using di-amine benzidine as the chromagen which gives

orange/brown staining and haematoxylin was used as a counterstain to detect cell nuclei (blue/purple stain). Thin (7 pm) sections of the

artery were obtained and high power micrographs of parts of these sections are shown (for middle meningeal, pial and temporals arteries

magnification is X 400 and for uterine artery and saphenous vein magnification is x 200). Panels A and B show immunostaining to
a-actin (smooth muscle cells) and Ulex europeaus (endothelial cells) and Panels C and D show 5-HT,z-receptor and 5-HT-receptor
immunoreactivity, respectively. Dense 5-HT g-immunoreactivity was detected on the smooth muscle layer in middle meningeal, pial

and uterine arteries and also in saphenous vein but not in temporal artery. Dense 5-HT g-immunoreactivity was also detected on

endothelial cells in middle meningeal and pial arteries and weak 5-HT z-immunoreactivity was also detected on endothelial cells in

saphenous vein. 5-HTp-immunoreactivity was not detected in any vessel.

Cumulative concentration-eftect curves (1 nmM—10 um)
to 5-HT and/or sumatriptan were obtained. For middle
meningeal, pial and temporal arteries some segments were
exposed to both 5-HT and sumatriptan in randomised
order since previously we have shown that using this
experimental protocol there is no desensitization on
exposure to multiple 5-HT receptor agonists [8]. For
uterine arteries and saphenous veins, preliminary experi-
ments showed substantial desensitization and therefore
each vessel segment was exposed to either 5-HT or
sumatriptan.

Analysis of data

Concentration-effect curves for the mean responses for
5-HT and sumatriptan were fitted to a model using

270

weighted least squares nonlinear regression analysis and the
equation:

E=E,,../ (1 + (ECs¢/agonist concentration)"")

where E, ., is the maximum contraction evoked by each
agonist (relative to 45 mm KCl=100%), ECs( is the half
maximally effective concentration and nH is the Hill
coefficient (GraphPad Prism 2.0b).

Results
Immunohistochemical studies

Immunohistochemical studies were performed on vessel
segments previously used in organ baths for functional
studies (‘used vessels’) and/or on segments which had not
been used for functional studies (‘naive vessels’). Figure 1
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shows representative immunohistochemical findings
from each blood vessel (n=2-4 patients per group).
Between 15 and 20 sections from each individual patient
were examined and a consistent picture of immuno-
staining was obtained in all sections examined. The
middle meningeal arteries had a well developed intimal
layer and specific 5-HTs-receptor like immunostaining
(5-HTp-ir), but not 5-HT;p-receptor like immuno-

staining (5-HTp-ir), was seen throughout the smooth

5-HT |g-receptor mediated vasoconstriction

muscle layer (as defined by smooth muscle actin immuno-
staining) of the tunica media. Similarly for pial and
uterine arteries and saphenous vein 5-HT,p-ir, but not
5-HTp-ir, was also detected within the smooth muscle
layer. Neither 5-HTg-ir, or 5-HTp-ir was detected in
temporal artery (see Figure 1).

In vessel segments used for functional studies there was
no immunostaining to Ulex europaeus indicating that the
segments were endothelium-denuded (data not shown).
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Figure 2 Concentration-effect curves to 5-HT (H) and sumatriptan (A) obtained in endothelium-denuded segments of human isolated
middle meningeal artery (a), pial artery (b), temporal artery (c), uterine artery (d) and saphenous vein (e). Points represent mean data
expressed relative to the contraction evoked by 45 mm KCl. Vertical bars signify +s.e. mean. Several segments obtained from the same
donor were used, the details regarding the total number of segments (s) which were exposed to either 5-HT and/or to sumatriptan
(and the number of individual donors from which these were obtained, n) are listed in Table 1. Curves were fitted to the data using

nonlinear regression analysis.
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In naive vessels, dense Ulex staining was seen in the
cranial arteries (see Figure 1) and weak staining was seen
in uterine and saphenous vein. 5-HT-receptor i.r. was
detected on the endothelial layer in middle meningeal and
pial and arteries and also on saphenous vein (see Figure 1).
This endothelial receptor protein was not expected to
influence the functional responses since these experiments
were performed using endothelium-denuded segments.

Vasoconstrictor effects of 5-H'I-receptor agonists

Functional studies on each of the vessels were carried out
in several laboratories using methodology shown to pro-
duce reliable and reproducible responses to 5-HT receptor
agonists. Any differences in the experimental conditions
were considered to be minor and not expected to exert
a substantial influence on the comparison of 5-HT and
sumatriptan vasoconstrictor responses.

The response to KCI ranged between 0.04 and 4.95 g
for middle meningeal artery, 0.04—1.86 g for pial arteries,
0.46—4.55 g for temporal arteries, 5.8-29.0 g for uterine
artery and 0.175-3.30 g for saphenous vein. The mean
concentration curves for 5-HT and sumatriptan in each
of the vessels are shown in Figure 2. The E, ., (relative
to 45 mm KCl=100%) and ECs, values for 5-HT and
sumatriptan (expressed relative to the KCI reference
responses) are shown in Table 1. Sumatriptan produced
larger contractile responses (relative to KCI) in middle
meningeal artery compared with the other blood vessels
studied. The E,.. value for sumatriptan in middle
meningeal artery was significantly greater that the E
obtained in the other vessels studies (one-way ANOva
F=1170, d.f.=4, 71, P<0.001; mean difference (with
95% confidence limits of the differences) for middle
meningeal artery vs pial artery was 39.5% (35.8-43.3);
vs temporal artery was 93.4% (87.2-99.6); vs uterine artery
was 76.8% (72.7-80.9) and vs saphenous vein was 63.9%
(61.1-66.8), for all comparisons P<0.01, Dunnett’s test.

Discussion

Previously we have shown that the expression of 5-HT ;-
receptor, but not 5-HT|p-receptor immunoreactivity, can
be detected in human middle meningeal and coronary
arteries [11, 17]. RT-PCR studies have also shown the
selective expression of 5-HTz-receptor mRINA tran-
scripts in human blood vessels [13, 14]. The present study
has now extended these observations and allowed the
cellular localization of 5-HT receptor proteins which is
not always possible with RT-PCR studies. Thus we have
shown that in human vascular smooth muscle the
‘sumatriptan-receptor’, where present, is of the 5-HT 13-
receptor subtype. This contrasts to findings in blood vessels
from other species such as dog where expression of both
5-HT - and 5-HTp-receptor mRNAs have been
detected [20] and with rabbit where 5-HT p-receptors
can mediate vasoconstriction [21, 22]. The immuno-
histochemical techniques used in the present study allow
only the detection (i.e. absence or presence) of immuno-
reactivity and not quantification of the levels of expression
of 5-HTp-receptor i.r. across the different blood vessels.
Previously we used a radiolabelled secondary antibody to
show that 5-HTjp-receptor expression was higher in
human middle meningeal artery compared with coronary
artery [11]. This kind of experiment is difticult to carry out
in an adequately controlled manner, requiring substantial
validation of the nonsaturable binding of the primary and
secondary antibodies and identical collection/preparation
of the blood vessels. Therefore it was considered not
feasible to repeat quantitative assesment in the present
study.

The present study also showed that 5-HTz-receptor
immunoreactivity, but not 5-HTp-receptor immuno-
reactivity, could be detected on the endothelial cell layer
in middle meningeal and pial arteries and saphenous vein.
This agrees with previous reports where endothelial
5-HT,g-receptor immunoreactivity was detected in
human cortical microvessels [23] and in human cerebral

Table 1 Vasoconstrictor eftects in human isolated blood vessels. pECs, values (i.e. agonist potency, the negative logarithm of the concentration

required to produce half maximal response) and E,,, values (i.e. the maximum contractile response relative to 45 mm KCl=100%) were derived

from the curve fitting procedure. Values shown are symptotic mean (95% confidence limits). For each agonist the total number of arterial

segments tested (s)/the number of individual donors (1) from whom tissues were obtained is also shown (s/n).

5-HT

Blood vessel pECsp Ejax

7.22 (7.32-7.12)
7.87 (8.06-7.70)

Middle meningeal artery
Pial artery

6.42 (6.52-6.31)
6.73 (6.79-6.67)

Uterine artery

Saphenous vein

( 143.0 (136.9-153.7)

( 86.9 (78.4-95.4)
Temporal artery 7.31 (7.89-6.74) 74.4 (64.1-84.7)

( 48.7 (45.2-52.3)

( 97.9 (94.3-101.4)

Sumatriptan
s/n PpECso E, .. s/n
19/13 7.00 (7.22-6.72) 100.7 (88.8-112.7) 29/15
8/5 7.08 (7.21-6.96) 60.3 (55.7-64.9) 10/7
3/3 ND 6.4% 3/3
9/5 6.44 (6.52-6.35) 23.0 (21.6-24.5) 8/4
23/5 6.61 (6.67-6.55) 35.9 (34.5-37.4) 22/5

ND =not calculated as no clear maximum achieved; *maximum contraction measured at 10 pm.
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arteries [12, 24]. The role of the endothelial 5-HT -
receptors and the relationship to migraine pathogenesis
and/or the therapeutic action of the triptans has not yet
been clearly defined. Previous studies have shown that
sumatriptan can produce vasorelaxation through an endo-
thelium dependent mechanism [25-27]. On the other
hand, responses of human isolated coronary arteries to
sumatriptan are similar in both endothelium-intact and
endothelium-denuded segments [11, 24, 28]. In dog
saphenous vein 5-HT g, ip-receptor immunoreactivity is
present on both smooth muscle and endothelial cells and
sumatriptan evoked a contraction attenuated by removal
of the endothelium, suggesting a pro-constrictor role for
the endothelial receptors [29]. In the present study it was
not possible to reliably preserve an intact endothelium in
vessels used for functional experiments and therefore not
possible to compare responses in endothelium-intact and
endothelium-denuded tissues.

We measured vascular reactivity in isolated blood
vessels to determine whether the 5-HT g-receptor
immunoreactivity — represented functional 5-HT;p-
receptor protein. Since both 5-HT,a- and 5-HTp-
receptors mediate vasoconstriction we estimated the
5-HTp-receptor component by comparing the response
evoked by sumatriptan (a selective 5-HT 3, p-receptor
agonist with no affinity for 5-HT,a-receptors [30]), with
the 5-HT response. Previously, we have shown that in
human middle meningeal artery responses to sumatriptan
(over a similar concentration range as used in the
present study), are markedly inhibited by the selective
5-HTp,1p-receptor antagonist GR127935, confirming
that over this concentration range sumatriptan retains
selectivity as a 5-HTp-receptor agonist [18]. In both
middle meningeal and pial arteries the contractile response
to sumatriptan was approximately 70% relative to the
response evoked by 5-HT indicating a substantial
5-HT,g-receptor contribution. For uterine artery and
saphenous vein the sumatriptan response was smaller
(<50% relative to 5-HT) indicating the involvement of
both 5-HT p-receptors and a larger 5-HT,-receptor
component [5]. In contrast in temporal artery, sumatriptan
was a weak vasoconstrictor consistent with the absence
of 5-HT-receptor immunoreactivity [4].

Previously we reported that sumatriptan and rizatriptan
act selectively to cause greater vasoconstriction and are
approximately 10-fold more potent in middle meningeal
artery compared to coronary vessels and that this may
result from a higher level of 5-HT-receptor expression
in cranial over coronary arteries [11]. A similar observation
has also been reported for eletriptan [32]. The present
experiments in isolated blood vessels support the involve-
ment of multiple factors in the promotion of a selective
action of sumatriptan on the craniovasculature: firstly the
design of sumatriptan as a selective 5-HT,1p-receptor

© 2002 Blackwell Science Ltd Br J Clin Pharmacol, 53, 266274

5-HT |g-receptor mediated vasoconstriction

agonist avoids 5-HT,-receptor mediated vasoconstriction
in nontarget blood vessels. This is consistent with the
relatively small difterence in the size of the response to
sumatriptan compared to the response to 5-HT in cranial
arteries (indicating a minor 5-HT,a-receptor component)
compared to the substantial difference seen in nontarget
blood vessels (consistent with a greater 5-HT,-receptor
contribution); secondly sumatriptan had significantly
higher potency (2-3 fold) in middle meningeal and pial
arteries over uterine artery and saphenous vein. Finally
the magnitude of contractions to both sumatriptan and
5-HT (relative to the reference response) was greater
in cranial arteries (most notably middle meningeal
artery) compared with the other blood vessels studied,
and this also points to a selective craniovascular action
of sumatriptan. However, it should be noted that the
magnitude of the KCI reference response could vary
depending on the relative contributions of L-type calcium
channels to contraction across vessel types. If selective
vasoconstriction of cranial arteries 1s important for
antimigraine activity, then all the currently available
triptans will share this mechanism. The selectivity of
triptans for the craniovasculature over other vascular beds
appears to be corroborated by the low incidence of serious
cardiovascular adverse events associated with triptans in
clinical use. 5-HT, 3,1 receptor agonists have been
associated with rare reports of serious cardiac adverse
events and this class of drugs is currently contraindicated in
patients with coronary artery disease, those with signs and
symptoms of ischaemic heart disease, Prinzmetal’s angina
or uncontrolled hypertension.

Thanks to Reyhana Kajee for technical assistance, to the
neurosurgeons and Lynn Maskell at Addenbrooke’s for collecting
the cranial arteries, the surgeons at Baylor for collecting uterine
arteries and Denize Denton for collecting saphenous veins. The
generosity of the patients who donated these tissues is very much
appreciated and we hope that this work will lead to a better
understanding of the mechanism of action of antimigraine drugs.
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