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SUMMARY

Serotonin [5-hydroxytryptamine (5-HT)] has been implicated in
the pathophysiology of migraine, and the clinical efficacy of the
5-HT1B/5-HTID receptor agonist sumatriptan points to neural and/
or vascular 5-HT1D receptors as relevant targets in migraine
therapy. We characterized the human and/or bovine 5-HT1D
receptor subtype in cerebral blood vessels pharmacologically by
correlation analysis and molecularly by Northern blot hybridiza-
tion of cerebrovascular RNA extracts. Pharmacological analysis
showed that sumatriptan was less potent than 5-HT in inducing
contraction in freshly isolated human cerebral arteries and re-
vealed an overall pharmacological profile positively and signifi-
cantly correlated with that published for the 5-HTlD� (r = 0.746,
p = 0.021) and 5-HT1D$ (r = 0.942, p = 0.0001) cloned human

receptor subtypes. These results are suggestive of a contractile
5-HT1D$ receptor subtype but are not conclusive. However,
Northern blots revealed the presence of mRNA transcripts for
the 5-HT1Dfl subtype, but not the 5�HTlDa subtype, in bovine
(-2.2 kilobases) and human (��-4.5 kilobases) cerebral blood
vessels. Expression of either subtype could not be detected in
intraparenchymal microvessels or capillaries isolated from bovine
or human cerebral cortex. These results clearly indicate that the
beneficial effect of sumatriptan in migraine attack, if vascularly
related, is mediated by contractile 5-HT1Dfl receptors most likely
located on cerebral blood vessels at the surface of the brain.
This study points to the 5-HT1Dd receptor subtype as the putative
cerebrovascular target for migraine therapeutic agents.

Several lines of evidence implicate 5-HT (serotonin) in the

pathophysiology of migraine (1). The most striking is the

clinical efficacy of the 5-HT1 receptor agonist sumatriptan in

aborting migraine and cluster headaches (2). Sumatriptan has

been shown to interact preferentially with 5-HT1B and 5-HT1D

receptors (3, 4), and both vascular and neural 5-HT1D receptor-

mediated mechanisms have been proposed for the action of

sumatriptan in migraine relief (5, 6). Contractile postsynaptic

5-HT1D-like receptors have been characterized pharmacologi-

cally in human cerebral blood vessels (7), and inhibitory, pre-

synaptic 5-HT1B (rat) (8) or 5-HT1D-like (guinea pig) (9) het-

eroreceptors are found on dural trigeminovascular afferents. It

has been hypothesized that trigeminal-induced neurogenic in-

flammation (which results in plasma protein extravasation and

vasodilatation) is the triggering factor of migraine-associated

pain (10). The beneficial effect of sumatriptan in migraine

therapy could thus be related to its interaction with the 5-HT1D
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receptors that mediate the blockade of neuropeptide release

from dural trigeminovascular sensory fibers (5, 6). Alterna-

tively, sumatriptan could activate the contractile 5-HT1D recep-

tors on cerebral arteries, the dilatation ofwhich might be crucial

in migraine manifestation (1). It is also possible that both

mechanisms contribute to the efficacy of sumatriptan in mi-

graine treatment.

Although the vascular and neural receptors both correlate

with 5-HT1D pharmacology, two genes have now been identified

that encode two variants of the pharmacological 5-HT1D recep-

tor (11). These two receptor subtypes have been defined as 5-

HT1Da and 5-HT1Dfl (12-15), the latter being the human hom-

ologue of the rodent 5-HT1B receptor (15-18). The extreme

degree of pharmacological similarity between the two subtypes,

as assessed in cell lines expressing the individual gene products,

makes them almost indistinguishable based on pharmacology

alone (16, 19). It is thus possible that the vascular and neural

5-HT1D receptors correspond to two different molecular enti-

ties, both activated by sumatriptan.

To further characterize the molecular target(s) for sumatrip-

tan in migraine therapy, we studied the detailed pharmacology
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of the contractile cerebrovascular 5-HT1D receptor and the

expression of 5�HTlDa and 5-HT1D$ receptor subtypes in cere-
bral arteries and intracortical blood vessels from bovine and

humans, two species known to contain cerebrovascular 5-HT1D-
like receptors (7).’ The data show much better correlation of
the human cerebrovascular receptor with the 5-HTlD� subtype,

as well as the presence of mRNA transcripts for 5-HT1D$ but

not 5-HT1D0 receptors in bovine and human cerebral arteries.

These results clearly indicate that the contractile response to

sumatriptan in this tissue is mediated by 5-HT1D$ receptors,
and they point to this subtype as a putative target for antimi-
graine therapy.

Materials and Methods
Functional assays in human cerebral blood vessels. Human

pial arteries corresponding to a temporal ramification of the middle

cerebral artery (outside diameter, � 1 mm) were obtained from epileptic

patients undergoing temporal lobe surgery. The pia-arachnoid mem-

brane was removed from the cortical surface and the vessels were

dissected in ice-cold Krebs Ringer buffer (in mM: NaC1, 118; KC1, 4.5;

MgSO4.7 H2O, 1.0; KH2PO4, 1.0; NaHCO3, 25; CaCl2.2H20, 2.5; glu-

cose, 6.0). They were then used for isometric measurement of changes

in smooth muscle tension, as described previously by us (7), using a
force displacement transducer (Grass FT 103D) and a Grass polygraph
(model 7E) coupled to a computer for automatic data acquisition and
analysis. Potencies of 5-HT and sumatriptan were established by

determination ofpD2 values (-log ofthe molar concentration of agonist
that produces 50% of the maximal response, -log EC�), calculated
mathematically as:

pD2 = -log[A] - log [�_� -

where EA,,,, �5 the maximal contraction induced by agonist A and EA is

the contractile response to a given concentration of agonist [A] (20).

Correlation analysis. All results are given as means ± standard

errors. Linear regression lines and correlation coefficients were calcu-
lated to detect and quantify any correlation between potencies of 5-

HT receptor agonists and antagonists in human vessels and those

published (11-14, 18, 21) for these compounds with the cloned human
5HT1Da and 5-HTlD� receptor subtypes stably expressed in cell lines.

For all 5-HT receptor analogues except sumatriptan, which was tested
in the present study, the cerebrovascular values used in the correlation

analyses were taken from the work of Hamel and Bouchard (7), based

on the identical potency of 5-HT in human vessels obtained postmor-

tern (pD2 = 7.61 ± 0.08; 33 vessel segments) (7) and at surgery (pD2 =

7.59 ± 0.08; 15 vessel segments) (this study).

Isolation of human and bovine MVs and CAPs. Bovine brains

(obtained fresh from a local slaughterhouse) and human brains (post-

mortem delay, 4-8 hr; obtained from the Douglas Hospital Brain Bank,
Verdun, Qu#{233}bec,Canada) were used for isolation of microvascular

fractions from the cerebral cortex according to procedures modified
from those described originally (22). The vascular fractions were ob-

tamed by consecutive centrifugations on 15% dextran in 50 mM phos-

phate-buffered saline and sieving through 150-am (MVs) or 50-�tm
(CAPs) nylon mesh. MVs and CAPs were blotted onto slides and
stained with cresyl violet, and their purity was assessed by light

microscopy. In addition, activities of the endothelial marker enzymes
alkaline phosphatase and -y-glutamyl transpeptidase were determined

by spectrophotornetry as described previously (22, 23). These were

found to be highly enriched, compared with cortical tissues (alkaline
phosphatase, 6-fold and 14-fold in MVs and 5-fold and 20-fold in CAPs

in bovine and human tissues, respectively; -y-glutamyl transpeptidase,

1 E. Hamel, L. Gr#{233}goire,and B. Lau. 5-HT, receptors mediating contraction in

bovine cerebral arteries: a model for human cerebrovascular 5-HT3DS receptors.
Eur. J. Pharmacol., in press.

26-fold and 19-fold in MVs and 28-fold and 27-fold in CAPs in bovine

and human tissues, respectively.

Cloning and sequence determination of 5-HT1� and 5-HT1D8
receptor genes. To amplify the full length 5-HTlD� and 5-HT1De

receptor genes, two sets of primers were designed according to published

data (12, 14) (set 1, 5-HTID,: 1DaF, 5’GGGGTTTGAATFCATGTCC-

CACTGAACCAGTC-3’; 1DaR, GGGGTTTGTCGACCTAGGAGGC-

CTTCCGGAAA-3’; set 2, 5-HT,D,,: 1D�F, 5’-GGTTTGATATCATG-
GAGGAACCGGGTGCTC-3’; 1Df3R, GGGGTTTCTAGATCAACT-

TGTGCACTTAAAACGTA-3’). These two sets of primers were used

to amplify the 5-HTlD� and 5-HTIDe receptor genes from human

genomic DNA (CLONTECH) by PCR. The PCR was performed with
Thermu.c aquaticus DNA polymerase (Promega) under the following

conditions: 20 sec at 94’, 30 sec at 50’, and 1 mm at 72* for 28 cycles,

followed by one cycle of 10 mm at 72’. The resultant PCR products
were subcloned into the pBluescript plasmid (Stratagene). The identity
of the clones was confirmed by restriction analysis and sequencing.

Northern blot hybridization. Total cellular RNA was extracted

in 4 M guanidinium thiocyanate (24) from bovine and human brain

tissues (cerebral cortex and/or caudate nucleus), pial vessels, and

intracortical MVs and CAPs (see above). Total RNA (10 �g) was

electrophoresed in a 1% agarose gel containing 2.2 M formaldehyde,
transferred to a nitrocellulose membrane, and permanently bound by

Uv irradiation using a Stratalinker (Stratagene). The membranes were

hybridized (42’, 16 hr) with 1.1-kb PCR radioactively labeled DNA

fragments encoding the entire 5-HTID� or 5-HTlD� receptor gene (see

below), in a hybridization buffer containing 50% formamide, 5x SSC,
lx Denhardt’s, 0.1% SDS, and 100 �tg/ml salmon sperm DNA. The

membranes were then washed with 2x SSC/0.5% SDS for 30 mm at

room temperature, followed by a 30-mm wash at 42’ in lx SSC/0.5%

SDS and finally 30 mm in 0.2x SSC/0.5% SDS at 65’. The membranes

were exposed to Kodak XAR-5 film for 6 days at -80’, with intensifying

screens.
32P-labeled DNA probes by PCR. Two pairs of primers flanking

the coding region of 5-HT1D,, (1DaF, 5’-ATGTCCCACTGAAC-

CAGTC-3’; 1DaR, 5’-TAGGAGGCCTFCCGGAAA-3’) and 5-HTlD,�
(1DjIF, 5’-ATGGAGGAACCGGGTGCTC-3’; 1DflR, 5’-TCAACTl�-

GTGCACTTAAAACG-3’) were used to amplify the 5-HTlD� and
5-HT1De fragments separately from positive subclones. The PCR was
performed with Thermus aquaticus DNA polymerase (Promega) in a

volume of 20 �l of PCR mixture containing 2 nM dCTP and 100 �Ci

of [32P]dCTP. A 50% incorporation was obtained after 17 cycles of 1

mm at 94’, 2 mm at 55’, and 3 mm at 72’. These amplified probes

were confirmed by cross-hybridization with the 5-HT,D,. and 5-HT1Da

receptor genes and were purified on spin columns (Pharmacia); 1 x 108

cpm/ml probe was used to hybridize the membranes.

Results and Discussion

The results of the pharmacological analysis of 5-HT and
sumatriptan with freshly isolated human cerebral arteries ob-

tamed at surgery are shown in Fig. 1. Cumulative concentra-

tions of sumatriptan induced a dose-dependent constriction

that compared well in intensity (0.38 ± 0.05 g) with that elicited

by 5-HT (0.40 ± 0.05 g). The potency of sumatriptan in these

vessels was, however, significantly lower than that of the nat-

ural transmitter (respective pD2 values of 6.86 ± 0.08 and 7.59

± 0.08, n = 15, p < 0.001), in agreement with previous studies

of human basilar arteries obtained postmortem (25). Pooling

of these cerebrovascular affinities for sumatriptan and 5-HT

in fresh vessels with those obtained previously by us for other

5-HT receptor agonists and antagonists in human pial arteries

(7) yielded a rank order of agonist potencies of 5-carboxami-

dotryptamine > 5-HT > sumatriptan = RU24969 > methy-

sergide >> 8-OH-DPAT. This pharmacological profile compares

well with that reported recently for the cloned and expressed
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Fig. 1. Concentration-response curves for 5-HT and sumatnptan in
human cerebral arteries (temporal ramifications of the middle cerebral
artery) obtained at surgery. The contractile response was induced in
arterial segments under resting tension. Vertical bars, standard error of
15 vessel segments for each compound.

human 5-HTlD� (5-HT1B) receptor subtype (11-13, 18, 21).

Similarly, this rank order of potency is reminiscent of that

obtained for some of these compounds for adenylate cyclase
inhibition of a cloned and transfected human 5-HT1D receptor

(12), the sequence of which indicated its correspondence to the

human 5-HT1Dfi subtype (19). However, upon correlation anal-

yses of cerebrovascular agonist and antagonist potencies and

those published for these compounds at the cloned human 5-
HT1D receptor subtypes, positive and significant correlations

were obtained with both the human 5�HTlDa and 5-HT1D$ (or

5-HT1B) receptor subtypes (Fig. 2). Although the correlation
was clearly better for the 5-HT1Dfi subtype (r = 0.942, p =

0.0001) than the 5�HTlDa subtype (r = 0.746, p = 0.021),

pharmacological criteria were not sufficient to discriminate the
5-HT1D receptor subtype with which sumatriptan interacts to
constrict human cerebral arteries. This contrasts with the

pharmacological characterization of the bovine cerebrovascular

contractile receptor, where a significant correlation could be

obtained for the 5-HTlD� subtype but not the 5-HT1D,. subtype.’

However, neither bovine nor human cerebrovascular 5-HT

receptors could be correlated with any other known 5-HT

receptor subtypes, including the newly cloned 5-HT1E (26-28),

5-HT,F (29), and other 5-HT (30-32) receptor subtypes.
In an attempt to probe the molecular identity of the suma-

triptan-sensitive receptor in cerebral blood vessels, total RNA

was extracted from various human and bovine brain and cere-

brovascular tissues. These extracts were used in Northern blot
hybridization with PCR-labeled probes selective for the human
5HT1Da and 5-HT,D� receptor subtypes. The choice of these
two species was based on the reported pharmacological similar-
ity between their brain 5-HT,D receptors (33) and our own data

showing that 5-HT-induced contraction in bovine cerebral

arteries is mediated by a receptor pharmacologically identical

to that of human cerebral vessels.’ Northern blot hybridization
with the 5HT1Da probe revealed a single transcript of approx-

imately 2.2 kb in extracts of bovine caudate nucleus and cere-

bral cortex but not of pial blood vessels (Fig. 3A). Similarly,

one band (=4.5 kb) was present in human cerebral cortex but

not in RNA extracts from pial vessels (Fig. 3B). When hybrid-

ization was performed with the 5-HT,D$ probe, the presence of

mRNA transcripts for this subtype was evident in both human

and bovine cerebral tissues and pial vessels (Fig. 3). Although

the possibility that other 5-HT receptor subtypes are expressed

in cerebral blood vessels cannot be excluded, the vasocontractile

property of sumatriptan clearly appears to be due to interaction

with the 5-HT1D$ receptor. Because it is expected that the

coding sequences would be similar for bovine and human recep-

tors, the apparent difference in size of 5-HT,D$ transcripts may

reflect differences in polyadenylation or the presence of more

than one form of mRNA, with one being more highly expressed

than the other depending on the species. In contrast to pial
vessels, and despite good quality RNA being obtained from

cortical MVs and CAPs, mRNA transcripts were not detected

for either subtype of 5-HT,D receptor in bovine fractions or for

the 5-HT,D� receptor in human microvascular fractions (data
not shown).

An additional postulated target for sumatriptan in migraine

therapy is the presynaptic 5-HT,D receptor on trigeminovas-
cular afferents (5). These receptors have been pharmacologi-

� A Fig. 2. Correlation analyses performed with agonist
and antagonist cerebrovascular potencies (p02 and
P42 values, respectively) in human pial arteries (this
study and Ref. 7) and their published affinities (pK,)
at the cloned human 5-HT10� (1 1 , 14) and 5-HT10�
(1 1-1 3, 18, 21) receptors. Details of the correlation
analyses are as follows: 5-HT10�, r = 0.746, p =

0.021, b = 0.615, and a = 3.86; 5-HT1De, r = 0.942,
p = 0.0001, b = 0.632, and a = 3.144. The corn-
pounds used for the correlation are 5-HT (0), 5-
carboxamidotryptarnine(#{149}), RU 24969 (0), sumatrip-
tan (U), 2-CH3-5-HT (a), 8-OH-DPAT (A), methyser-

4 gide (V), metergoline (V), and methiothepin (0).
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cerebral arteries from migraine sufferers treated with sumatrip-

tan. These observations also suggest that the drug can reach
one of its putative therapeutic targets, the cerebral smooth

muscle vasocontractile 5-HT receptor. The present findings

underscore the importance of the 5-HT,D� receptor subtype in

migraine therapy but also emphasize the urgent need for mo-

lecular identification of the human trigeminal ganglion 5-HT

receptor subtype, the other postulated site of action for suma-

triptan. Although such studies are hampered by the limited

availability of this tissue, they represent a critical step in the

final assessment of the real functional and molecular targets

for migraine therapeutic agents.

cally characterized as 5-HT,B (8) or 5-HT1D-like (9) in rat and

guinea pig dura mater, respectively, but their human counter-
part has yet to be identified. Recently, the expression of 5-
HT,B receptors has been shown in rat trigeminal ganglion cells
by in situ hybridization (34). Based on the fact that the rat 5-

HT,B receptor is the species homologue of the human 5-HTlD�
subtype (16-18), it was hypothesized that human trigeminal

ganglia would be endowed with 5-HT,D� receptors (34). Such a

suggestion would mean that both neural and vascular putative

targets for sumatriptan would correspond to the same molecular

entity. This possibility is speculative at present but clearly
underlines the need to identify the putative 5-HT,D receptor

subtype in the human trigeminal ganglion.
Whether the presynaptic 5-HT1D receptors on trigeminovas-

cular afferents and the postsynaptic contractile 5-HT,Dfi (hu-

man 5-HT,B) receptors are both necessary therapeutic targets
for sumatriptan remains to be established. In the event that
neural and vascular 5-HT,D receptors are different subtypes,
the poor selectivity of sumatriptan could be clinically advan-
tageous in migraine treatment. It is also possible, however, that
sumatriptan-associated side effects such as chest pain could

reflect the activation of 5-HT,D-like receptors described in

systemic vessels (35).

In conclusion, our results show that the 5-HT,D� receptor
subtype is expressed in cerebral arteries located outside the

brain parenchyma but not (or only at very low and undetectable
levels) in intracortical blood vessels. The molecular identifica-

tion of a cerebrovascular 5-HT,Ds receptor subtype was corrob-
orated by pharmacological analysis in bovine’ but not human

Migraine and Vascular 5-HT1�, Receptors 245

Fig. 3. Northern blot analysis of 5-HT1,� and 5-HT1D8 receptor transcripts
in bovine (A) and human (B) cerebral tissues and pial vessels. Northern
blot hybridization with the PCR-labeled 5-HT1� probe identified one band
(=2.2 kb) in bovine caudate nucleus (lane 1) and cerebral cortex (lane 2)
but not in cerebral blood vessels (lane 3) (A). Similarly, one band (-4.5
kb) was found in human cerebral cortex (lane 1 ) but not in cerebral
vessels (lane 2) (B). In contrast, the 5-HTID� receptor probe identified
one band (-2.2 kb) in bovine cerebral tissues and blood vessels (A). One
band (=4.5 kb) was present in both human cerebral cortex (lane 1) and
pial blood vessels (lane 2) (B). These results clearly indicate that expres-
sion of the 5-HT1De receptor in human and bovine pial vessels is tissue
specific, because no 5�HTlDa receptor mRNA was expressed in these
vascular tissues.

cerebral arteries in which an unequivocal discrimination be-
tween 5�HTlDa and 5-HT,D� receptors could not be achieved

pharmacologically. Taken together, these results indicate that

the beneficial effect of sumatriptan in migraine attack, if vas-

cularly related, is likely to occur at the level of cerebral blood
vessels located at the surface of the brain. This statement is

supported by the documented induction of cerebral vasocon-

striction (36) and increase in blood flow velocity (37) in large

Acknowledgments

The authors are grateful to Glaxo Research Ltd. (England) for the generous
supply of sumatriptan. We also thank Mrs. S. Kaupp and Mr. C. Hodge for expert
artistic and photographic work, respectively. The authors are indebted to Dr.
Michael Dennis for revision of the manuscript and to Ms. Linda Michel for
preparing it.

References

1. Humphrey, P. P. A. 5-Hydroxytryptamine and the pathophysiology of mi-
graine. J. Neurol 238:538-544 (1991).

2. Doenicke, A., J. Brand, and V. L. Perrin. Possible benefit of GR43175, a
novel 5-HT1-like receptor agonist, for the acute treatment of severe migraine.
Lancet 1:1309-1311 (1988).

3. Schoeffter, P., and D. Hoyer. How selective is GR 43175? Interactions with
functional 5-HT,A, 5-HT,B, 5-HT,� and 5-HT,D receptors. Naunyn-Schmie-

debergsArch. PharmacoL 340:135-138 (1989).
4. Peroutaka, S. J., and B. G. McCarthy. Sumatript.an (GR 43175) interacts

selectively with 5-HT15 and 5-HT1D binding sites. Eur. J. Pharmacol.
163:133-136 (1989).

5. Moskowitz, M. A. Neurogenic versus vascular mechanisms of sumatriptan
and ergot alkaloids in migraine. Trends PharmocoL Sci. 13:307-311 (1992).

6. Raskin, N. H. Serotonin receptors and headache. N. Engi. J. Med. 325:353-
354 (1991).

7. Hamel, E., and D. Bouchard. Contractile 5-HT, receptors in human isolated
pial arterioles: correlation with 5-HT1D binding sites. Br. J. Pharmacol.
102:227-233 (1991).

8. Buzzi, M. G., M. A. Moskowitz, S. J. Peroutka, and B. Byun. Further
characterization of the putative 5-HT receptor which mediates blockade of
neurogenic plasma extravasation in rat dura mater. Br. J. Phorrrzacol.
103:1421-1428 (1991).

9. Matsubara, T., M. A. Moskowitz, and B. Byun. CP-93,129, a potent and
selective 5-HT15 receptor agonist blocks neurogenic plasma extravasation
within rat but not guinea-pig dura mater. Br. J. Pharmacol. 104:3-4 (1991).

10. Markowitz, S., K. Saito, and M. A. Moskowitz. Neurogenically mediated
leakage of plasma protein occurs from blood vessels in dura mater but not
brain. J. Neurosci. 7:4129-4136 (1987).

11. Weinshank, R. L., J. M. Zgombick, M. J. Macchi, T. A. Branchek, and P. R.
Hartig. Human serotonin 1D receptor is encoded by a subfamily of two
distinct genes: 5-HT1D. and 5-HT1Ds. Proc. Nati. Aced. Sci. USA 89:3630-
3634 (1992).

12. Levy, F. 0., T. Gudermann, E. Perez-R.eyes, M. Birnbaumer, A. J. Kaumann,
and L. Birnbaumer. Molecular cloning of a human serotonin receptor (512)
with a pharmacological profile resembling that of the 5-HT1D subtype. J.
Biol. Chem. 267:7553-7562 (1992).

13. Jin, H., D. Oksenberg, A. Ashkenzai, S. J. Peroutka, A. M. V. Duncan, R.
Rozmahel, Y. Yank, G. Mengod, J. M. Palacios, and B. F. O’Dowd. Charac-
terization of the human 5-hydroxytryptaminelB receptor. J. Biol. Chem.
267:5735-5738 (1992).

14. Hamblin, M. W., and M. A. Metcalf. Primary structure and functional
characterization ofa human 5-HT10-type serotonin receptor. Mol. Pharmacol.
40:143-148 (1991).

15. Hamblin, M. W., M. A. Metcalf, R. W. McGuffin, and S. Karpells. Molecular
cloning and functional characterization of a human 5-HT15 serotonin recep-
tor: a homologue ofthe rat 5-HT1B receptor with 5-HT,D-like pharmacological
specificity. Biochem. Biophys. Res. Commun. 184:752-759 (1992).

16. Adham, N., P. Romanienko, P. Hartig, R. L. Weinshank, and T. Branchek.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


246 Hamel at a!.

The rat 5-hydrozytryptaminelB receptor is the species homologue of the
human 5-hydroxytryptamine,D8 receptor. Mo!. PharmacoL 41:1-7 (1992).

17. Metcalf, M. A., R. W. McGuffin, and M. W. Hamblin. Conversion of the

human 5-HT1D, serotonrn receptor to the rat 5-HT,8 ligand-binding pheno-
type by ThrWAsn site directed mutagenesis. Biochem. Pharmacol. 44:1917-
1920 (1992).

18. Oksenberg, D., S. A. Marsters, B. F. O’Dowd, H. Jin, S. Havlik, S. J. Peroutka,
and A. Ashkenazi. A single amino-acid difference confers major pharmaco-
logical variation between human and rodent 5-HTIB receptors. Nature (Land.)

360:161-163 (1992).

19. Hartig, P. R., T. A. Branchek, and R. L. Weinshank. A subfamily of 5-HT,0
receptor genes. Trends PharmacoLSci. 13:152-159 (1992).

20. Van den Brink, F. G. General theory of drug-receptor interactions: drug-
receptor interaction models: calculation of drug parameters, in Kinetics of
Drug Action (J. M. Van Rossum, ed.). Springer-Verlag, Berlin, 169-254

(1977).

21. Demchyshyn, L., R. K. Sunahara, K. Miller, M. Teitler, B. J. Hoffman, J. L.
Kennedy, P. Seaman, H. H. M. Van Tol, and H. B. Niznik. A human serotonin
1D receptor variant (5-HT1Dfi) encoded by an intronless gene on chromo-
some 6. Proc. NatL Aced. Sci. USA 89:5522-5526 (1992).

22. Estrada, C., E. Hamel, and D. N. Krause. Biochemical evidence for cholinergic
innervation of intracerebral blood vessels. Brain Res. 266:261-270 (1983).

23. Orlowski, M., and A. Meister. Isolation of -y-glutamyl transpeptidase from
hog kidney. J. BIOL Chem. 240:338-347 (1965).

24. Chirgwin, J. J., A. E. Przbyla, R. J. MacDonald, and W. J. Rutter. Isolation
of biologically active ribonucleic acid from sources enriched in ribonuclease.
Biochemistry 18:5294-5299 (1989).

25. Parsons, A. A., E. T. Whalley, W. Feniuk, H. E. Connor, and P. P. A.
Humphrey. 5-HT,-like receptors mediate 5-hydroxytryptamine-induced con-
traction of human isolated basilar artery. Br. J. PharmacoL 96:434-449
(1989).

26. Lovenberg, T. W., M. G. Erlander, B. M. Baron, M. Racke, A. L. Slone, B.
W. Siegel, C. M. Craft, J. E. Bums, P. E. Danielson, and J. G. Sutcliffe.
Molecular cloning and functional expression of 5-HT15-like rat and human
5-hydroxytryptamine receptor genes. Proc. NatL Aced. Sci. USA 90:2184-

2188 (1993).

27. McAllister, G., A. Charlesworth, C. Snodin, M. S. Beer, A. J. Noble, D. N.

Middlemise, L. L. Iversen, and P. Whiting. Molecular cloning of a serotonin
receptor from human brain (5HT1E): a fifth 5HT1-like subtype. Proc. NatL

Aced. Sci. USA 89:5517-5521 (1992).
28. Zgombick, J. M., L. E. Schechter, M. Macchi, P. R. Hartig, T. A. Branchek,

and R. L. Weinshank. Human gene 531 encodes the pharmacologically

defined serotonin 5-hydroxytryptaminelE receptor. Mol. PharrnacoL 42:180-
185 (1992).

29. Adham, N., H.-T. Kao, L. E. Schechter, J. Bard, M. Olsen, D. Urquhart, M.
Durkin, P. R. Hartig, R. L. Weinshank, and T. A. Branchek. Cloning of
another human serotonin receptor (5-HT,F): a fifth 5-HT1 receptor subtype
coupled to the inhibition of adenylate cyclase. Proc. Nati. Aced. Sci. USA
90:408-412 (1993).

30. Erlander, M. G., T. W. Lovenberg, B. M. Baron, M. W. Dudley, K. Cannon,

P. E. Danielson, J. E. Burns, C. M. Craft, and J. G. Sutcliffe. A novel 5-HT
receptor subfamily member highly enriched in the hippocampus. Soc. Neu-

rosci. Abstr. 18:198.12 (1992).
31. Matthes, H., U. Boschert, N. Amlaiky, R. Grailhe, J.-L. Plassat, F. Muscatelli,

M.-G. Mattei, and R. Hen. Mouse 5-hydroxytryptamine,A and 5-
hydroxytrypta.mine,5 receptors define a new family of serotonin receptors:

cloning, functional expression, and chromosomal localization. Mol. Pharma-

col. 43:313-319 (1993).
32. Monsma, F. J., Jr., Y. Shen, R. P. Ward, M. W. Hamblin, and D. R. Sibley.

Cloning and expression of a novel serotonin receptor with high affinity for
tricyclic psychotropic drugs. Mol. Pharmo.coL 43:320-327 (1993).

33. Bruinvels, A. T., H. Lery, J. Nozulak, J. M. Palacios, and D. Hoyer. 5-HT1D
binding sites in various species: similar pharmacological profile in dog,
monkey, calf, guinea-pig and human brain membranes. Naunyn-Schmiede-
bergs Arch. Pharmacol. 346:243-248 (1992).

34. Bruinvels, A., B. Landwehrmeyer, M. A. Moskowitz, and D. Hoyer. Evidence
for the presence of 5-HT1B receptor messenger RNA in neurons of the rat
trigeminal ganglia. Eur. J. Pharrnacol. 227:357-359 (1992).

35. Parsons, A. A., C. Stutchbury, P. Raval, and A. J. Kaumann. Sumatriptan
contracts large coronary arteries of beagle dogs through 5-HT,-like receptors.
Naunyn-Schmiedebergs Arch. PharmacoL 346:592-596 (1992).

36. Friberg, L., J. Olesen, H. K. Iversen, and B. Sperling. Migraine pain associated
with middle cerebral artery dilatation: reversal by sumatriptan. Lancet

338:13-17 (1991).
37. Caekebeke, J. F. V., M. D. Ferrari, C. P. Zwetsloot, J. Jansen, and P. R.

Saxena. Antimigraine drug sumatriptan increases blood flow velocity in large

cerebral arteries during migraine attacks. Neurology 42:1522-1526 (1992).

Send reprint requests to: Edith Hamel, Cerebrovascular Research Laboratory,

Montreal Neurological Institute, McGill University, 3801 University Street,
Montr#{233}al, Qu#{233}bec,Canada H3A 2B4.

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



