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Abstract

The non-indole 5-HT receptor agonist, alniditan (R 91274), was tested and compared to sumatriptan in an in vivo model of neurogenic
inflammation within the meninges of rats and in rat basilar artery in a Mulvany—Halpern chamber in vitro. Alniditan dose dependently
attenuated the neurogenic inflammation and was more potent than sumatriptan. The alniditan response was blocked by the 5-HT,g
receptor antagonist, GR 127935 (2-methyl-4'-(5-methyl-{1,2,4]oxadiazol-3-yl)-biphenyl-4-carboxylic acid [4-methoxy-3-(4-methyl-
piperazin-1-yD-phenyl]-amide), but not by ketanserin, indicating that the effect is mediated through 5-HT,5 1, receptors. Alniditan did not
attenuate substance P-induced inflammation, suggesting that the mediating receptors are located prejunctionally. In vitro aniditan
exhibited less vasoconstrictive effects on the rat basilar artery than did sumatriptan, athough at a very high concentration (1 mM),
alniditan caused intensive constriction, most likely through a mechanism independent from 5-HT receptor activation. © 1999 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Migraineis aform of headache which affects up to 15%
of the general population (Rasmussen et al., 1991). While
the detailed pathophysiology of migraine remains to be
elucidated, a disturbance of cerebra vasomotor tone
(Heyck, 1969) and an inflammatory process involving
neurovascular regulation, possibly due to altered neuropep-
tide release (Moskowitz, 1992; Goadsby and Edvinsson,
1993), are being discussed as contributors for the manifes-
tation of the disease. The investigation of migraine patho-
physiology is hampered, however, by the lack of suitable
animal models. Based on the above theories, isolated
cerebral and other blood vessels as well as carotid arteri-
ovenous anastomoses are being used to investigate anti-
migraine drug effects on vasomotor tone (Humphrey et al.,
1988; Den Boer et d., 1991). On the other hand, conse-
guences of neuropeptide release are frequently studied as

* Corresponding author. Tel.: +49-201-723-2461; fax: +49-201-
7235901; e-mail: volker.limmroth@t-online.de

nerve stimulation-mediated plasma extravasation in the
meningeal arteries (Buzzi et al., 1991; Shepheard et al.,
1995; Petty et a., 1997).

Agonists a 5-HTg , receptors, such as sumatriptan,
generally produce effective contraction of isolated cerebral
blood vessels (Connor et al., 1989) as well as of large
cranial blood vessels in humans during migraine attacks
(Friberg et al., 1991; Limmroth et al., 1996b). Moreover,
this group of drugs causes inhibition of trigeminal gan-
glion stimulation-induced plasma extravasation (Buzzi and
Moskowitz, 1990). Sumatriptan and severa of its con-
geners have recently been introduced clinically for the
treatment of migraine attacks, and are among the most
effective treatment forms for this disease state (Diener et
al., 1997). Side-effects such as coronary artery constric-
tion, sedation, high rate of headache recurrence as well as
poor pharmacokinetic properties such as short half-life and
low oral bioavailability have stimulated the development
of new 5-HT,g , receptor agonists. Alniditan is the first
non-indole, non-ergolide benzopyran derivative within the
group of 5-HT g ,, receptor agonists (Van Lommen et al.,

0014-2999,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(99)00602-0



104 V. Limmroth et al. / European Journal of Pharmacology 382 (1999) 103-109

Table 1

Binding profile of aniditan and sumatriptan on 5-HT; receptors: inhibition of radioligand binding expressed as plCs, (adapted from Leysen et al., 1996)

Receptor Tissue/ cell-type (ligand) Alniditan, Sumatriptan,
—log M —log M

5-HTa Human Hela cells ([*H]8-OH-DPAT) 8.35 6.3

5-HTyg Rat striatum ((*HI5-HT) 6.92 7.18

5-HT,p Calf substantia nigra ((*H]5-HT) 8.69 7.48

5-HT;p, Human C6 glioma cells ([(*H]5-HT) 9.03 8.05

5-HTipg Human L929sA cells (*H]5-HT) 8.65 7.51

5-HTe Human L929sA cells ([*H]5-HT) 6.2 5.4

5-HT,e Human COS-7 cells (PHI5-HT) 6.2 7.7

1995) and might have an improved profile of side-effects
since only dight effects on coronary, mesenteric and rena
arterial blood flow have been observed (Van der Water et
al., 1996). A pharmacological comparison of aniditan and
sumatriptan is given in Table 1. In the present study, we
investigated the ability of aniditan to inhibit nerve stimu-
lation-induced plasma extravasation in rat dura mater in
situ and to cause vasoconstriction in the isolated rat basilar
artery in vitro. The prototypical compound, sumatriptan,
was studied as a reference drug in both assays.

2. Methods
2.1. Studies on plasma extravasation in the rat dura mater

The experiments were performed as previously de-
scribed (Limmroth et a., 1996a) following approval by the
state animal welfare board at the Regierungspréasident
Dusseldorf. Male Sprague—Dawley rats (200—250 g) were
obtained from Charles River (Sulzfeld, Germany) and
anaesthetized with phenobarbital (60 mg kg™ ?*). In some
experiments, the rats received the indicated antagonist by
intraperitoneal injection 45 min prior to stimulation. The
5-HT receptor agonists were injected intraperitoneally 30
min prior to stimulation. A bolus of [**I]bovine serum
albumin (50 w.Ci kg~!) was injected in the left femoral
vein 5 min prior to stimulation. Stimulation was performed
either eectricaly, or chemicaly by systemic administra-
tion of substance P.

For electrical stimulation the rats were placed in a
stereotaxic frame (Kopf Instruments, Tujunga, CA, USA)
with the incisor bar a¢ —2.5 mm. Skulls were exposed by
a midline incision and symmetrical burr holes were drilled
3.2 mm lateral and 3.7 mm posterior from the bregma.
Stainless steel bipolar electrodes (5-mm shaft; Rhodes
Medical Instruments, Woodland Hills, CA, USA) were
lowered into the trigeminal ganglia to a depth of 9.2 mm
from the dura mater. Thereafter, the right trigeminal gan-
glion was stimulated for 5 min (0.6 mA, 5 ms duration, 5
Hz; Pulsemaster A300 and Stimulus Isolator A365, Word
Precision Instruments, San Carlos, CA, USA). After the
stimulation period, the animas were promptly perfused

with 0.9% saline via the left cardiac ventricle for 2 min at
a constant pressure of 100 mm Hg in order to remove
intravasal [**°1]bovine serum albumin. The skull was then
opened, the brain was removed and the crania cavity was
thoroughly rinsed with saline. The dura mater was dis-
sected bilaterally. Radioactivity (cpom mg~! wet weight)
was compared between the stimulated and the unstimu-
lated sides. The data are expressed as the ratio between the
two sides (Limmroth et a., 1996a).

For chemical stimulation, substance P (1 nmol kg™1)
was infused intravenously. Ten minutes after substance P,
the animals were perfused via the left cardiac ventricle
with 0.9% saline. The dura mater on both sides was
dissected, weighed and counted as described above, but the
data were expressed as % of extravasation in drug-treated
relative to vehicle-treated animals.

2.2. Sudies on the basilar artery

Basilar arteries were carefully prepared under a stereo-
scopic microscope from the cranial vasculature of male
Sprague—Dawley rats (250-300 g), which were obtained
from the breeding facility at the University of Essen. The
vesselswere stored at 4°C for up to 24 hin Krebs—Henseleit
buffer (see below). Artery segments of 2-3 mm length
were then mounted in a Mulvany—Halpern myograph, and
experiments were performed as previously described for
mesenteric and intrarenal microvessels (Chen et al., 1996,
1997). Briefly, the vessels were mounted on 40 wm diame-
ter stainless-steel wires in the myograph chamber for
isometric recording of tension development. They were
bathed in Krebs—Henseleit buffer of the following compo-
sition (mM): NaCl 119, NaHCO, 25, KCl 4.7, KH,PO,
1.18, MgSO, 1.17, CaCl, 2.5, ethylenediaminetetraacetic
acid 0.026, glucose 11. The buffer temperature was main-
tained at 37°C, and the chamber was gassed continuously
with 5% CO, /95% O, to maintain the pH at 7.4. Follow-
ing an equilibration period of 40 min the vessels were
alowed to equilibrate for another 30 min. Thereafter, three
cumulative concentration—response curves were obtained
with extensive washing and 30 min resting in between.
The first and the third curve were aways obtained with
5-HT, while the second curve was generated with aniditan
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or sumatriptan. Preparations were accepted only when the
first and third curve yielded similar 5-HT effects. The
force of contraction generated by alniditan and sumatriptan
was expressed as % of the maximal force generated by
5-HT.

2.3. Data analysis

Data are given as means + SE.M. Statistical signifi-
cance of differences was assessed by two-tailed, paired
t-tests when two groups were compared. When more than
two groups were compared, analysis of variance followed
by a Bonferroni-post-hoc test was performed. EDg, values
were determined by non-linear regression analysis using
the Prism program (GraphPAD Software, San Diego, CA,
USA). Values of P < 0.05 were considered significant.

2.4. Compounds

Alniditan, sumatriptan, GR 127935 and ketanserin were
synthesized in house by the Janssen Research Foundation
(Beerse, Belgium). Acetylsalicylic acid was kindly pro-
vided by Bayer (Leverkusen, Germany). [**°|]bovine serum
albumin, substance P and 5-HT were obtained from New
England Nuclear (Boston, MA, USA), and Sigmas (De-
isenhofen, Germany), respectively.

3. Results

3.1. Studies on plasma extravasation in the rat dura mater
Trigeminal stimulation enhanced [**°I]bovine serum al-

bumin extravasation (ratio: 1.72 +0.13), and this was

reduced by alniditan in a dose-dependent manner (Fig. 1).

The threshold dose for statistically significant reduction,
estimated ED,, and maximally effective dose were 10 p.g

1.8 %\
1.6-

1.4-

1.2] —e—alniditan
—=— sumatriptan

extravasation ratio

1.0

control -3 -2 -1
[agonist], log mg/kg

Fig 1. Dose-response curve for aniditan and sumatriptan on the inhibi-
tion of nerve stimulation-induced extravasation. The extravasation ratio is
expressed as the ratio of the stimulated and the unstimulated side
(n=4-6 in each group). The intraperitoneal administration of alniditan
(EDgy, =9 pg kg™1) and sumatriptan (EDgy =70 wg kg™1) dose de-
pendly reduced [?°1]-BSA extravasation in the rat meninges when done
30 min before stimulation.

2.0
1.8
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1.0/ =+ GR-127,935
—=—+ ketanserin

extravasation ratio
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Fig 2. Dose-response curve for aniditan (n=4-5 at each dose) in the
absence and presence of GR 127935 (10 wg kg™?) or ketanserin (100 pg

kg™1). The estimated ED5, values for alniditan were 9 ug kg~! in the
absence and 190 g kg~ in the presence of GR 127935.

kg™ (ratio: 1.24 + 0.07), 9 wg kg™* and 100 pg kg
(ratio: 1.06 + 0.09), respectively. Similar effects were ob-
served with sumatriptan (Fig. 1), and the corresponding
values for estimated EDg, and maximally effective dose
were 70 wg kg1, and 300 wg kg~ ! (ratio: 1.06 + 0.16),
respectively. Thus, based on the EDg, values, alniditan
was significantly more potent than sumatriptan under these
experimental conditions (P < 0.01). The selective 5-
HT,5,, receptor antagonist, GR 127935 (10 p.g kg%,
i.p.), shifted the dose—response curve for aniditan to the
right by a factor of 20 (ED5, 190 ng kg%, P <0.01 vs.
data in the absence of GR 127935; Fig. 2). In contrast, a
10-fold higher dose of ketanserin (100 wg kg%, i.p.) did
not attenuate the inhibitory effect of 100 g kg™* alniditan
(ratio: 1.02 + 0.08; Fig. 2). Neither antagonist alone inhib-
ited extravasation (ratio GR 127935: 1.64 + 0.06; ratio
ketanserin: 1.61 + 0.09, for each n= 4).

Infusion of substance P increased [**I]bovine serum
albumin extravasation to 160 + 12% of the control values
(Fig. 3). This stimulation by substance P was not signifi-
cantly affected by 100 wg kg™t aniditan (142 + 6% of
control, Fig. 3) but was abolished by 30 mg kg™ ! acetyl-
salicylic acid (111 + 5% of control, Fig. 3).

180
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Fig 3. The effect of substance P (SP), SP+alniditan (ALNI; 100 pg
kg~1) and SP+ acetylsdlicylic acid (ASA; 30 mg kg~') on extravasation
(n=4-6 in each group). Data are expressed as percents of extravasation
in vehicle-treated animals (‘‘baseling’’: 104+ 7 cpm/mg wet weight).
*#%: P < 0.001 compared to SP.
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Fig 4. Concentration—response curve for alniditan and sumatriptan on the
rat basilar artery in the Mulvany—Hapern chamber. The results are
expressed as percents of maximum contraction force achieved with 5-HT
aone. * and ***: P <0.05 and < 0.001 vs. sumatriptan in a paired,
two-tailed t-test.

3.2. Sudies on the basilar artery

5-HT caused a concentration-dependent contraction of
the rat basilar artery; the maximal effects of 5-HT were
similar in the vessels used for the subsequent aniditan and
sumatriptan evaluations (6.2 + 1.0 vs. 6.4+ 0.6 mN; n=
13 each). Alniditan caused only very weak contractions in
concentrations of up to 10 pM (34 2% of maximum
5-HT values) but at very high concentrations (1 mM) was
as efficacious as 5-HT (Fig. 4). In contrast, sumatriptan
produced moderate contraction of rat basilar artery (14 +
5% of maximum 5-HT vaues); the contractions were
already maximal at 1 .M sumatriptan and concentrations
of up to 1 mM did not cause any additional contraction
(Fig. 4). Accordingly, the contractile effects of sumatriptan
were significantly greater than those of aniditan at concen-
trations of 0.3 to 10 wM but significantly smaller than
those of alniditan at 1 mM (Fig. 4).

4, Discussion
4.1. The effect of alniditan

Previous studies on a vascular site of anti-migraine drug
action have mainly relied on work with isolated blood
vessels from rabbits (Cushing et al., 1994; Martin et a.,
1997), dogs (Feniuk et al., 1985; Humphrey et al., 1988),
primates (Connor et al., 1989), humans (Parsons et al.,
1989) and on ateriovenous anastomoses of pigs (Willems
et a., 1998). The pharmacological characterization of the
5-HT-induced contraction of these blood vessels has indi-
cated that it occurs predominantly via 5-HT,; receptors
(Verheggen et al., 1998). This is supported by the finding
that mRNA for 5-HT,; receptors is found in these blood
vessals (Hamel et al., 1993; Bouchelet et al., 1996). On the
other hand, previous studies have demonstrated inhibition
of plasma extravasation by 5-HT receptor agonists in rats,

guinea pigs and mice (Markowitz et a., 1987; Buzzi and
Moskowitz, 1990; Besattie and Connor, 1995; Yu et a.,
1996). The present study investigated the effects of alnidi-
tan as an inhibitor of nerve stimulation-induced [***IJbovine
serum albumin extravasation and vasoconstricting agent in
rats. While 5-HT 5 ,, receptor agonists such as sumatrip-
tan are less potent in rats (present study) than in guinea
pigs (Lee and Moskowitz, 1993; Beattie and Connor,
1995; Gupta et a., 1995) in extravasation assays but not
on the isolated vessels, our approach allows the compari-
son of vascular and antiinflammatory properties within the
same species. Moreover, the use of rats enables a compari-
son with anti-migraine drugs presumably acting indepen-
dently of 5-HT receptors, since these drugs have mostly
been studied in rats (Shepheard et al., 1995; Limmroth et
al., 1996a).

Alniditan has a similarly high affinity for 5-HT,; and
5-HT,, receptors (0.9 and 1.2 nM, respectively) in radioli-
gand binding studies (Lesage et al., 1998). Alniditan,
however, differs from other sumatriptan congeners (Waeber
and Moskowitz, 1995) in that it has very little affinity for
5-HT,- receptors (Leysen et a., 1996). In studies with
cloned human 5-HT,; receptors heterologously expressed
at high densities, alnditan and sumatriptan are full agonists
for the inhibition of forskolin-stimulated CAMP accumula-
tion (Lesage et a., 1998). In the present study, aniditan
and sumatriptan fully suppressed nerve stimulation-in-
duced [**°]bovine serum albumin extravasation. Alniditan
was approximately eight times as potent in this respect as
was sumatriptan, a finding which is in good agreement
with the 10-30-fold lower affinity of sumatriptan at cloned
human 5-HT,; and 5-HT,, receptors (Lesage et al., 1998).
The inhibitory effect of alniditan was antagonized by the
5HTg,p receptor antagonist, GR 127935, but not by the
tenfold higher dose of the 5-HT, receptor antagonist,
ketanserin. Since ketanserin has been shown to display a
100-fold higher affinity for 5-HT,; receptors than for
5-HT,; receptors (Bach et al., 1993; Zgombick et al.,
1995) whereas GR 127935 was shown to have a higher
affinity for 5-HT,5 than for 5-HT,, receptors (Pauwels,
1995), these data indicate that alniditan-induced inhibition
of extravasation occurs via 5-HT,g receptors rather than
5-HT,p or 5-HT, receptors.

GR 127935 has been suggested to act as a partial
agonist at cloned human 5-HT,, receptor sitesin C6-glial
cells (Pauwels and Colpaert, 1995), based on neurochemi-
cal assays in the guinea pig nucleus raphe, on behavioural
studies using guinea pigs (Hutson et al., 1995) and on an
extravasation assay of the guinea pig dura mater (Yu et dl.,
1997). In our study, however, no effects as a partia
agonist could be detected, confirming earlier results ob-
tained with the rat dura mater (Yu et al., 1997). Similarly
to that with other triptans (Buzzi and Moskowitz, 1990),
substance P-induced [**°I]bovine serum albumin extravasa-
tion was inhibited by acetylsalicylic acid but not alniditan.
These data suggest that aniditan and other sumatriptan
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congeners inhibit [**°1]bovine serum albumin extravasation

with a prejunctional site of action through 5-HT, recep-
tors only, presumably by reducing neuropeptide release
from C-fibers (Buzzi et al., 1991).

In our in vitro studies sumatriptan was a weak partial
agonist relative to 5-HT with an efficacy of only 14%.
While this efficacy of sumatriptan is considerably lower
than in human pial artery (Petty et al., 1997), rabbit
saphenous vein or primate basilar artery (Martin et 4.,
1997), the potency of sumatriptan in the rat basilar artery
in the present study was very similar to that in the other
blood vessels, i.e., approximately 0.3 wM. On the other
hand, aniditan produced only very little if any contraction
of the rat basilar artery at concentrations compatible with
5HTg,p receptor activation; the marked contraction ob-
served at a very high aniditan concentration is likely to
have occurred independent of 5-HT receptors, possibly via
o-adrenoceptors. Since effects on the basilar artery were
seen only with high concentrations, experiments using
specific 5-HT receptor antagonists to further characterize
the receptors involved could not be performed. The weaker
vasoconstricting effect of alniditan as compared to that of
sumatriptan in the present study was in good agreement
with its weaker effects on the tone of several vascular beds
in vivo (Van der Water et al., 1996).

4.2. Implications for localisation and function of 5-HTg ,
receptors

It has previously been proposed that vasoconstriction of
cerebral arteries occurs via 5-HT, 5 receptors because these
receptors were found to be expressed on vascular smooth
muscles (Hamel et al., 1993). Since the mRNA of 5-HT,,
receptors had been discovered in the trigeminal ganglion
(Rebeck et a., 1994), regulation of neuropeptide release as
well as inhibition of nerve stimulation-induced [**°Ibovine
serum abumin extravasation was thought to occur via
5-HT,, receptors. This concept was recently questioned
when the mRNA of 5-HT,; receptors was discovered in
the human trigeminal ganglion, using reverse transcrip-
tion-polymerase chain reaction (RT-PCR) amlification
(Bouchelet et al., 1996). The results from our study sup-
port these findings and provide further functiona evidence
that the 5-HT,; receptor has important functions at the
prejunctional site. Thus, it is tempting to speculate that the
5-HT,g receptor in humans not only causes vasoconstric-
tion of dilated cranial vessels but aso modulates the
neuropeptide release from trigeminal fibers.

At the functiona level, our data demonstrating GR
127935 to be a more potent antagonist of alniditan than
ketanserin argue against mediation of extravasation inhibi-
tion by 5-HT,, receptors in rats. Moreover, a comparison
of the present data with results of published studies on
5HT.,p receptor agonists, including sumatriptan, zol-
mitriptan, MDL 74,721 ((R)-2-(N1, N1-dipropylamino)-
8-methylaminosulfonylmethyl-1,2,3,4-tetrahydronaphthal e-

ne) and CP-122,288 (5-methylaminosul phonylmethyl-3-
(N-methoxy-pyrrolidin-2R-yl-methyl)-1H-indole), (Martin
et al., 1997; Petty et al., 1997), indicates that the ability to
inhibit nerve stimulation-induced plasma extravasation does
not correlate well with drug potencies at 5-HT,, receptors.
Since alniditan, in contrast to other sumatriptan congeners,
lacks relevant affinity for 5-HT . receptors (Waeber and
Moskowitz, 1995; Leysen et a., 1996), the 5-HT, recep-
tor remains the most likely candidate for mediation of
alniditans effects on extravasation. However, it has
recently been reported that selective 5-HT, receptor ago-
nists such as LY 334370 (4-fluoro-N-[3-(1-methyl-4-
piperidiny)-1H-indol-5-yl]-benzamide) or LY 344864
(N -[3-(dimethylamino)-2,3,4,9-tetrahydro- 1 H -carbazol -6-
yl]-4-fluorobenzamide), which lack vasoconstrictive activ-
ity, very effectively inhibit nerve stimulation-induced
[***1]bovine serum albumin extravasation as well as cap-
saicin-induced c-fos expression in the trigemina nuclei
(Phebus et a., 1997; Mitsikostas et al., 1999). Taken
together, the available data on the agonist /antagonist pro-
file for inhibition of nerve stimulation-induced extravasa-
tion do not match any known 5-HT receptor subtype. In
this context it should be mentioned that, in studies using
5-HT,; knockout mice, 5-carboxamido-tryptamine and
CP-122,288 but not sumatriptan reduced nerve stimu-
|lation-induced [***I]bovine serum albumin extravasation
(Yu et a., 1997). Thus, it is possible that inhibition of
extravasation involves a complex mixture of known 5-HT
receptor subtypes, which is difficult to dissect, or the
existence of a still unknown additional receptor mediating
extravasation. While the resolution of this question may
require more selective tools, aniditan clearly is effective
as an inhibitor of extravasation with few if any effects on
vasomotor tone.

4.3. Conclusion

In summary, the 5-HT5 , receptor agonist, aniditan,
is fully effective as an inhibitor of nerve stimulation-in-
duced [**°I]bovine serum albumin extravasation but has
less effect than sumatriptan on rat basilar artery contrac-
tion. Meanwhile clinical dose-finding trials suggest that
subcutaneous alniditan is at least as potent as subcutaneous
sumatriptan (Goldstein et al., 1996). The results of our
study further emphasize that the potential efficacy of a
candidate for anti-migraine treatment cannot be predicted
from models of vasoconstriction only, but require evalua-
tion in different models, until a reliable ‘*anti-migraine-
model’’ has been devel oped.
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