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Activation of iGIuR5 kainate receptors inhibits
neurogenic dural vasodilatation in an animal model
of trigeminovascular activation

AP Andreou, PR Holland and PJ Goadsby

Headache Group, Department of Neurology, University of California, San Francisco, San Francisco, CA, USA

Background and purpose: Migraine is a disabling neurological disorder involving activation, or the perception of activation,
of trigeminovascular afferents containing calcitonin gene-related peptide (CGRP). Released CGRP from peripheral trigeminal
afferents causes dilatation of dural blood vessel, and this is used to measure trigeminal nerve activation. Kainate receptors with
the GIuR5 subunit (iGIuR5, ionotropic glutamate receptor) are present in the trigeminal ganglion and may be involved in
nociception. We investigated the possible involvement of prejunctional iGIuR5 kainate receptors on CGRP release from
trigeminal afferents.

Experimental approach: We used neurogenic dural vasodilatation, which involves reproducible vasodilatation in response to
CGRP release after electrical stimulation of the dura mater surrounding the middle meningeal artery. The effects of the specific
iGIuRS5 receptor antagonist UBP 302 and agonist (S)-(-)-5-iodowillardiine were investigated on neurogenic and CGRP-induced
dural vasodilatation in rats, by using intravital microscopy.

Key results: Administration of 10 and 20 mg-kg™' of iodowillardiine inhibited electrically induced dural vessel dilatation, an
effect blocked by pretreatment with 50 mg-kg™' UBP 302. Administration of the iGIuRS5 receptor antagonist UBP 302 alone had
no significant effect. CGRP (1 mg-kg™)-induced dural vasodilatation was not inhibited by the iGIuR5 receptor agonist
iodowillardiine.

Conclusions and implications: This study demonstrates that activation of the iGIuR5 kainate receptors with the selective
agonist iodowillardiine is able to inhibit neurogenic dural vasodilatation probably by inhibition of prejunctional release of CGRP
from trigeminal afferents. Taken together with recent clinical studies the data reinforce CGRP mechanisms in primary headaches
and demonstrate a novel role for kainate receptor modulation of trigeminovascular activation.
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Introduction

Migraine is a common, disabling neurological disorder that
affects about 15% of the population (Steiner etal., 2003;
Lipton et al., 2007). Migraine is a brain disorder (Goadsby
et al., 2002) that involves a combination of head pain with
other disturbances of sensation, such as sensitivity to light
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and sound (Headache Classification Committee of The Inter-
national Headache Society, 2004). A key manifestation of the
disorder is activation, or the perception of activation, of
trigeminal afferents mainly in the ophthalmic division of the
trigeminal nerve, which innervate the pain-producing intrac-
ranial structures, such as the dura mater (Goadsby, 2005).
Stimulation of the dura mater in humans is known to produce
headache-like pain referred to areas innervated by the oph-
thalmic division of the trigeminal nerve (Wolff, 1948). The
development of intravital microscopy permitted the direct
study of the peripheral branch of the trigeminovascular
system by means of neurogenic dural vasodilatation (NDV),
and this is now established as a model with proven ability to
predict anti-migraine therapeutic potential (Shepheard et al.,
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1997; Williamson et al., 1997b; 2001; Akerman et al., 2002b;
Akerman & Goadsby, 2005b; Bergerot et al., 2006). NDV is
substantially due to the release of calcitonin gene-related
peptide (CGRP) from prejunctional trigeminal nerve fibres
innervating the dural blood vessels (Kurosawa et al., 1995;
Williamson et al., 1997a; Akerman et al., 2002a,b), while sub-
stance P is not implicated in the development of the repro-
ducible neurogenic vasodilatation (Williamson et al., 1997a),
nor is it implicated in migraine (May and Goadsby, 2001).
Thus the measurement of dural vessel dilatation due to elec-
trical stimulation-evoked release of CGRP is an established
method of characterizing trigeminovascular activation (Berg-
erot et al., 2006). Moreover, because CGRP receptor antago-
nists are clearly effective in acute migraine (Olesen et al.,
2004; Ho etal., 2008), the pharmacology of the control
mechanisms for dural CGRP release are of direct relevance to
the development of newer migraine therapies and to advanc-
ing understanding of the potential pharmacology of
migraine.

A potential target for anti-migraine drugs is the family of
glutamate receptors (GluRs), which consist of the ionotropic
(iGluRs): N-methyl-D-aspartate (NMDA), o-amino-3-hydroxy-
5-methylisoxazole-4-propionate (AMPA), kainate and the
metabotropic glutamate receptors (mGluRs) 1-8. To date
there is evidence that some GluRs are involved in trigemi-
novascular nociceptive processing. NMDA receptor channel
blockers have been shown to reduce nociceptive trigemi-
novascular transmission in vivo (Mitsikostas et al., 1998;
Storer and Goadsby, 1999; Classey et al., 2001; Knyihar-Csillik
etal., 2007; Peeters etal., 2007). The AMPA/kainate
antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
and 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzoquinoxaline-7-
sulphonamide reduced c-fos expression after activation of
structures involved in nociceptive pathways (Mitsikostas
et al., 1999), and direct application of CNQX in the trigemi-
nocervical complex attenuated neurons with nociceptive
trigeminovascular inputs (Andreou et al., 2006). Regarding
the group III mGluR receptor the agonist L-(+)-2-amino-4-
phosphonobutyric acid decreased c-fos expression in an
animal model of trigeminovascular nociceptive processing
(Mitsikostas et al., 1999). It is also notable that the group I
mGluRs modulator ADX10059 (Porter et al., 2005) has been
reported to be effective in the acute treatment of migraine
(Goadsby and Keywood, 2009).

A variety of studies have indicated the involvement of
kainate receptors in nociception (Simmons et al., 1998; Rus-
cheweyh and Sandkuhler, 2002; Turner et al., 2003; Palecek
et al., 2004; Ko et al., 2005; Jones et al., 2006), and new data
are emerging suggesting a role of kainate receptors in trigemi-
novascular nociception. Kainate receptors are constituted by
the ‘low affinity’ iGIuRS, iGluR6, iGluR7 and the ‘high affin-
ity’ KA1 and KA2 subunits, which form different homomeric
or heteromeric assemblies, giving rise to functional receptors.
The presence of iGluRS subunits in the trigeminal ganglion
neurons (Sahara et al., 1997) and at the presynaptic sites of
primary afferents (Hwang et al., 2001; Lucifora et al., 2006)
indicates a possible role of kainate receptors in trigeminovas-
cular physiology. Evidence from immunocytochemical
studies also exists for peripheral transport of kainate receptors
on sensory, both myelinated and unmyelinated axons
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(Carlton et al., 1995; Coggeshall and Carlton, 1998), suggest-
ing its possible presence on the prejunctional site of the
trigeminal peripheral branch. It has been shown that activa-
tion of these receptors on peripheral axons leads to increased
activity along the sensory root and thus to peripheral
nociceptive transduction (Agrawal and Evans, 1986; Ault and
Hildebrand, 1993).

Direct evidence linking kainate receptors with migraine,
has been demonstrated from studies with the competitive
iGluRS-selective receptor antagonists (3S,4aR,6S,8aR)-6-(2S)-
2-carboxy-4,4-difluoro-1-pyrrolidinyl]-methyl]decahydro-3-
isoquinolinecarboxylic acid) (LY466195) and ethyl(3S,4aR,
6S,8aR)-6-(4-ethoxycarbonylimidazol-1-ylmethyl) decahy-
droisoquinoline-3-carboxylic ester, which showed anti-
nociceptive effects in animal models of trigeminal activation
(Filla et al., 2002; Weiss et al., 2006). In a double-blind ran-
domized placebo-controlled study in acute migraine,
LY466195 was effective at the 2h pain-free endpoint
(Johnson etal., 2008). In a separate small study of acute
migraine, intravenous application of the decahydroisoquino-
line AMPA/iGluRS antagonist LY293558 improved headache
pain in two-thirds of migraineurs and relieved the associated
symptoms of the attack (Sang et al., 2004). However, due to an
AMPA-mediated component of action with LY293558, it is
unclear if the observed effects are due to a kainate receptor
action or due to a combined AMPA/kainate effect.

In the present study we investigated the possible involve-
ment of prejunctional iGluRS kainate receptors in a model
employing NDV using the selective iGluRS receptor agonist
iodowillardiine (Swanson etal.,, 1998) and the selective
antagonist UBP 302 [(S)-1-(2-amino-2-carboxyethyl)-3-(2-
carboxybenzyl)pyrimidine-2,4-dione] (More etal.,, 2004).
NDV provides a good measure of trigeminovascular activa-
tion by monitoring dural vascular responses to electrical
stimulation (Williamson et al., 1997a). As iGluRS subunits
are located on trigeminal nerve endings (Sahara et al., 1997),
the demonstration of an effect would provide further evi-
dence of a potential opportunity to develop new therapies
aimed at this target. The results provide new insights into
the physiological and pharmacological significance of
kainate receptors on CGRP mechanisms in primary head-
aches. The data were first presented at the thirteenth Inter-
national Headache Congress (Stockholm, June 2007,
Andreou et al., 2007a)

Methods

Surgical preparation

Male Sprague-Dawley rats (280-370 g; n = 37) were anaesthe-
tized throughout the experiments with pentobarbital sodium
salt, 60 mg-kg™' i.p., and then 25 mg-kg"-h™! by intravenous
infusion. The left femoral artery was cannulated for blood
pressure recording and femoral veins for both anaesthetic and
test compound administration. A tracheotomy was performed
for ventilation. Temperature was maintained throughout by
using a homoeothermic blanket system. Animals were
positioned on a rat stereotaxic frame and ventilated with
oxygen-enriched air, 2-2.5 mL, 80-100 strokes- min' by
using a small rodent ventilator. After the skull had been
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exposed, drilling of the right or left parietal bone was per-
formed with a saline-cooled drill, until the blood vessels of
the dura mater were clearly visible through the intact thinned
skull. Throughout the experiments, the end-tidal CO, was
monitored and kept within normal physiological limits, and
blood pressure was scrutinized continually, and the absence of
gross fluctuations was used as a measure of suitable anaesthe-
sia. Both measurements were displayed on an online data
analysis system (CED spike2v5 software). All experiments
were conducted under the UK Home Office Animals (Scien-
tific Procedures) Act (1986) or under protocols approved by
the University of California, San Francisco, Institutional
Animal Care and Use Committee.

Intravital microscopy

The cranial window was covered with mineral oil pre-warmed
at 37°C, and a branch of the middle meningeal artery was
viewed by using an intravital microscope, with the image
displayed on a television screen. The vessel diameter was
constantly measured by using a video dimension analyser and
displayed on an online data analysis system (CED spike2v5
software).

Experimental protocols

Defining electrical stimulation parameters. Stimulating param-
eters in the animals were as previously described (Akerman
et al., 2002b; Holland et al., 2005). In brief, a bipolar stimu-
lating electrode was positioned on the surface of the cranial
window at approximately 200 um from the vessel of interest.
The cranial window was stimulated at 5 Hz, 1 ms for 10 s by
using a Grass stimulator S88, with a voltage varying between
35-40 V (50-150 pA) until maximal dilatation was observed.
Subsequent electrically induced dilatations in the same
animal were then evoked by using that voltage (Akerman
et al., 2002b; Holland et al., 2005). The reproducibility of this
vasodilator response to electrical stimulation has been dem-
onstrated previously by using consecutive saline-controlled
stimuli (Akerman et al., 2002b).

Effect of iGIuRS receptor agonist iodowillardiine on evoked dural
vessel dilatation. Two control responses to dural electrical
stimulation were performed, and at least 10 min later, iodow-
illardiine, at doses of 5 (n = 6), 10 (n = 6) and 20 (n = 6)
mg-kg!, was administered intravenously. Electrical stimula-
tion was then repeated at 5, 15, 30, 45, 60 and 90 min after
drug administration. For those doses at which no full recovery
was observed after 90 min of iodowillardiine treatment, CGRP
(1 ug-kg') was administered intravenously at least 10 min
after the 90 min response to dural electrical stimulation. In
the experiments where the antagonist UBP 302 was
co-administrated with iodowillardiine (n = 6), two control
responses to dural electrical stimulation were performed and
at least 10 min later 50 mg-kg" was administered intrave-
nously, following by iodowillardiine (10 mg-kg™!, i.v.), S min
later. Electrical stimulation was then repeated at 5, 15, 30, 45,
60 and 90 min after iodowillardiine administration.
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Effect of UBP 302 on evoked dural vessel dilatation. Two control
responses to dural electrical stimulation were performed, and
at least 10 min later, UBP 302, at a dose of 50 mg-kg™" (n = 5)
was administered intravenously. Electrical stimulation was
then repeated at 5, 15, 30, 45, 60 and 90 min after drug
administration.

Effect of iodowillardiine on CGRP-evoked dural vessel dilatation.
Two control responses to CGRP (1 pg-kg™)-induced dilatation
were performed, 15 min apart, and at least 10 min later
10 mg-kg' iodowillardiine (n = 6) was administered intrave-
nously and then the CGRP-induced dilatation was repeated at
5, 15, 30, 45, 60 and 90 min after the agonist treatment.

Data analysis

The effects of electrical stimulation and CGRP administration
on dural vessel diameter were calculated as a percentage
increase from the pre-stimulation baseline diameters. The
nature of the experimental set-up, where the magnification of
the dural vessel visualized was different in each animal by
virtue of selecting an appropriate target vessel, made it impos-
sible to standardize the dural vessel measurement; therefore,
the change in dural vessel diameter is reported as a percentage
change from pre-stimulation diameter (baseline maximal
stimulation response = 100%). All data are expressed as mean
+ s.e.mean. Statistical analysis was performed by using an
analysis of variance for repeated measures with Bonferroni
post hoc correction for multiple comparisons followed by
Student’s paired f-test. To compare the effect of iodowillardi-
ine only, UBP 302 only and iodowillardiine with UBP 302 an
independent samples t-test was used (spss version 12.0; SPSS
Inc., Chicago, IL, USA). Significance was assessed at the
P < 0.05 level.

Drugs and materials

Pentobarbital sodium salt was obtained from Sigma Chemical
(Poole, Dorset, UK). The delivery of anaesthetic and experi-
mental drugs was via different femoral catheters. In the
experiments where more than one drug was given intrave-
nously, the line was always flushed with saline prior to admin-
istration. Both iodowillardiine and UBP 302 (Tocris Cookson
Inc., Bristol, UK) were dissolved in saline (pH 8). In control
experiments equal volumes of vehicle only were adminis-
tered. CGRP (rat; Tocris Cookson Inc.) was initially dissolved
in distilled water, aliquoted and frozen. Subsequent dilutions
were made in 0.9% saline before injection at a dose of
1 ug-kg'. All drugs were made fresh on the morning of an
experiment and administered in volumes ranging from 0.1 to
0.5 mL.

The homeothermic blanket (TC-1000 Temperature Control-
ler) was from CWE Inc. (Ardmore, PA, USA); small rodent
ventilator (model 683), Harvard Apparatus Ltd. (Edenbridge,
Kent, UK); the CO, monitor (Capstar-100), CWE Inc.
(Ardmore, PA, USA); CED spike2v5 software, CED (Cam-
bridge, UK); intravital microscope (Microvision MV2100),
Finlay Microvision (Warwickshire, UK); video dimension
analyser, Living Systems Instrumentation (Burlington,VT,
USA); bipolar stimulating electrode (NE 200X), Clarke



Electromedical Instruments (Pangbourne, UK); Grass stimula-
tor S88, Grass Instruments (Quincy, MA, USA).

Results

Baseline blood pressure and respiratory values were within
normal limits for all animals included in the analysis.

Visualized branches of the middle meningeal artery
through the closed cranial window with diameter ranging
from 90 to 140 um were studied. Electrical stimulation (50—
150 pA) of the cranial window produced control responses in
the range of 50-180% increase in dural blood vessel diameter
(n=31), compared with baseline diameter at rest. Neurogenic
dilatation lasted between 2 and 3 min, following which
vessels returned to their baseline diameter. For each animal,
mean control responses were set as maximum dilatation of
100% = s.e.mean. Electrical stimulation had no effects on
blood pressure.

Effects of iodowillardiine on NDV

The iGluRS receptor agonist iodowillardiine given intrave-
nously at 5 mg-kg™" had no effect on the responses to electrical
stimulation of the cranial window, but a significant attenua-
tion was observed at 10 (F3 1, =8.2; P <0.005; Figure 1; Table 1)
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Figure 1 Effect of intravenous administration of iodowillardiine (5,

10 and 20 mg-kg™) on neurogenic vasodilatation. Following control
responses to electrical stimulation, rats were injected with iodowillar-
diine at 5 (n = 6), 10 (n = 6) or 20 (n = 6) mg-kg™', and electrical
stimulation was repeated after 5, 15, 30, 45, 60 and 90 min. Both 10
and 20 mg-kg™' doses of iodowillardiine inhibited neurogenic dural
vasodilatation. Calcitonin gene-related peptide (CGRP) (1 pug-kg™)
was given intravenously after the 90 min neurogenic-induced dilata-
tion, and the CGRP-induced dilatation was significantly different from
the neurogenic dilatation recorded 90 min after iodowillardiine treat-
ment. *P < 0.05 significance compared with the control response. #P
< 0.05 significance compared with the 90 min response to electrical
stimulation.
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and 20 mg-kg™' (Fs15 = 14.3; P < 0.001; Figure 1; Table 1). At
both doses iodowillardiine produced its maximal effect after
15 min, and responses were not fully recovered 90 min after
drug administration. Iodowillardiine at 20 mg-kg™' inhibited
NDV by 50% (ts = 5.2; P < 0.005; n = 6), and 90 min after
treatment with iodowillardiine NDV had not fully recovered
to baseline. CGRP (1 pg-kg™, i.v.), at least 10 min after the
90 min neurogenic-induced dilatation, caused maximum
dilatation comparable to the vessel dilatation recorded during
baseline NDV, prior to iodowillardiine administration. The
CGRP-induced dilatation was significantly different (ts = —4.2;
P < 0.05) from the neurogenic dilatation recorded at 90 min
after iodowillardiine treatment, indicating that the vessel was
still responding. None of the three doses had any effect on the
vessel diameter at rest, and after each neurogenic dilatation
following iodowillardiine administration vessel diameter
returned to levels recorded at rest. Control vehicle injections
demonstrated no significant effect (Figure 1). Neither control
vehicle nor iodowillardiine at all three doses had any effects
on blood pressure.

Effect of UBP 302 on NDV

The iGluRS receptor antagonist UBP 302 given intravenously
at 50 mg-kg', elicited a non-significant decrease in NDV (Fys
=0.6; P=0.5; n=35; Figure 2). UBP 302 administration did not
attenuate the diameter of the vessels under observation at rest
prior to electrical stimulation and at the dose of 50 mg-kg™
did not elicit any significant blood pressure changes. Control
vehicle injections demonstrated no significant effect.

Effects of iodowillardiine and UBP 302 on NDV
Iodowillardiine given alone at 10 mg-kg™' significantly inhib-
ited NDV by 31% (t; = 7.2; P < 0.001; n = 6; Figures 1 and 3;
Table 1). Ninety minutes after iodowillardiine treatment, full
recovery was not observed after electrical stimulation, and
CGRP (1ugkg') was given intravenously to test vessel
response. The iGluRS receptor antagonist UBP 302
(50 mg-kg") given alone did not cause any significant
changes in vessels response to electrical stimulation of the
cranial window (F;s = 0.6; P = 0.5; n = 5; Figure 2). However,
pretreatment with UBP 302 (50 mg-kg') 5 min prior to the
administration of iodowillardiine (10 mg-kg™') reversed the
inhibition of NDV (F,:; = 0.6; P = 0.6; n = 6; Figure 3) caused
by iodowillardiine when administered alone. Grouped com-
parisons of UBP 302 when administered alone (Figure 2) and
UBP 302 given intravenously pre-iodowillardiine treatment
showed no significant difference between the two experimen-
tal set-ups.

Effects of iodowillardiine on CGRP-induced dural vasodilatation

Calcitonin gene-related peptide bolus injections were used to
induce dural vasodilatation in response to activation of CGRP
receptors on the vessel walls. Systemic administration of
CGRP at 1ug-kg' was able to produce reproducible dural
blood vessel dilatation in the range of 75-155% (n = 6) and
resulted in a transient decrease in blood pressure of 29 + 4%,
lasting 1-2 min, compared with baseline levels at rest. For
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Table 1

Effects of intravenous injection of iodowillardiine (10 mg-kg™),

iodowillardiine (20 mg-kg™), UBP 302 (50 mg-kg™),

co-administration of 10 mg-kg™' iodowillardiine and 50 mg-kg™' UBP 302 and control vehicle on neurogenic dural vasodilatation

Time Increase in dural vessel diameter (%)
lodowillardiine lodowillardiine UBP 302 lodowillardiine Control
(10 mg-kg™) (20 mg-kg™') (50 mg-kg™') (10 mg-kg™') & UBP vehicle
302 (50 mg-kg™)
Control response 179 =7 197 = 25 168 = 7 180 = 14 165 =12
5 min 165 £ 8 178 £ 24 166 £ 7 184 £ 20 170 £ 12
*(ts=2.7, n=6)
15 min 150 = 5 152 + 17 158 + 3 181 + 18 168 + 11
*(ts = 7.2, n=6) *(ts = 5.2, n=6)
30 min 149 + 6 164 =17 154 + 5 186 = 16 171 =13
*(ts=9.9, n= 6) *(ts=3.1,n=6)
45 min 151 £ 6 167 = 22 157 £ 8 181 £ 16 170 =10
*(ts = 5.3, n = 6) *(ts=3.2, n=6)
60 min 160 = 4 183 = 22 158 = 14 186 £ 16 164 =7
*(ts = 3.4, n=6)
90 min 165 £ 4 181 = 21 157 £ 13 189 £ 19 164 = 11

*(ts=-1.0, n = 6)

UBP 302, (5)-1-(2-amino-2-carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-dione. *P < 0.05 compared with control responses.
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Figure 2 Effect of UBP 302 (50 mg-kg™) on neurogenic vasodilata-
tion. Following control responses to electrical stimulation, rats were
intravenously injected with UBP 302 at 50 mg-kg™ (n = 5), and
electrical stimulation was repeated after 5, 15, 30, 45, 60 and 90 min.
No significant effect was observed. UBP 302, (5)-1-(2-amino-2-
carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-dione.

each animal, mean control responses were set as maximum
dilatation of 100% = s.e.mean. Intravenous administration of
iodowillardiine (10 mg-kg') had no significant effect on
CGRP-induced vasodilatation, compared with baseline levels
(Fz/u = 28, P= 01, n=o6; Figure 4)

Discussion

The kainate iGluRS selective receptor agonist iodowillardiine
was able to attenuate significantly NDV at a dose of
20 mg-kg' by a maximum of 50%, and this inhibition was
blocked by pretreatment with the selective iGIuRS receptor
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Figure 3 Effect of intravenous administration of iodowillardiine
(10 mg-kg™) on neurogenic dural vasodilatation and the effect of
pretreatment with UBP 302 (50 mg-kg™). After control responses to
electrical stimulation, either iodowillardiine at 10 mg-kg™ was
injected (n = 6) or animals were pretreated with UBP 302 at
50 mg-kg™" 5 min before iodowillardiine (n = 6) and electrical stimu-
lation was repeated at 5, 15, 30, 45, 60 and 90 min. Inhibition of
neurogenic dural vasodilatation was seen in response to iodowillar-
diine, and the response had not fully recovered after 90 min; CGRP
(1 ug-kg™) injected after the 90 min electrical stimulation produced
maximum dilatation. The inhibitory response to iodowillardiine
was reversed by the iGIuR5 antagonist UBP 302. CGRP, calcitonin
gene-related peptide; iGluR, ionotropic glutamate receptor; UBP 302,
(5)-1-(2-amino-2-carboxyethyl)-3-(2-carboxybenzyl)pyrimidine-2,4-
dione. *P < 0.05 compared with control response. #P < 0.05 com-
pared with the 90 minute response to electrical stimulation.



120 4 lodowillardiine

100 4

80 4

60

40 -

% baseline change

- 30

-15 5 15 30 45 60 90
time (min)

= odowillardiine 10 mg-kg™' — CGRP bolus

Figure 4 Effects of intravenous iodowillardiine (10 mg-kg™') on cal-
citonin gene-related peptide (CGRP) bolus-induced vasodilatation.
Following control responses to CGRP administration, rats were
injected with iodowillardiine at 10 mg-kg™', and CGRP injection was
repeated after 5, 15, 30, 45, 60 and 90 min. Overall, no significant
effect of iodowillardiine on CGRP-induced vasodilatation was
observed.

antagonist UBP 302. When the antagonist UBP 302 was
administrated alone it caused no inhibition or further dilata-
tion of the blood vessels under investigation. These data indi-
cate that activation of the iGluRS-carrying kainate receptors
inhibits neurogenic vasodilatation at the peripheral terminal
of trigeminal nerve and its vasculature. Blockade of these
receptors with the antagonist UBP 302 does not elicit any
significant effects. lodowillardiine failed to inhibit vasodila-
tation induced by systemic administration of CGRP. As CGRP
is probably acting directly on CGRP receptors on the smooth
muscle of dural arteries to induce dural vasodilatation (Will-
iamson et al., 1997a,b), the failure of iodowillardiine to block
this effect at concentrations that were able to significantly
inhibit NDV suggests that iodowillardiine is acting at the
prejunctional site. An action on the trigeminal ganglion
neurons is also possible, although the local nature of the
stimulation applied and the local vasodilatation recorded
favour the prejunctional site of action. The level of the
current applied on the cranial window and the short duration
of the application, along with previous studies demonstrating
that CGRP antagonists completely inhibit NDV (Williamson
et al., 1997a), all favour an important role for activation of A
fibres. The data are compatible with the existence of a presyn-
aptic iGluRS kainate receptor on trigeminovascular nerve ter-
minals in the dura mater.

Although information about the presence of kainate recep-
tors on trigeminal peripheral processes is not available from
anatomical studies, data from this study favour the existence
of iGluRS kainate receptors at this site. iGluRS receptors have
been found in the trigeminal ganglia and on primary afferents
in the spinal cord and caudal brainstem (Sahara et al., 1997;
Lucifora et al., 2006). The trigeminal ganglion is bipolar, with
its peripheral afferent fibres innervating the dural structures
and centrally projecting to the trigeminal nucleus caudalis.
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The pharmacology of the peripheral and central projections
of the trigeminal ganglion in general mirror each other; thus,
work demonstrating the presence of kainate receptors on
central primary afferents may also apply on the neuronal
mechanisms involving the peripheral trigeminal afferents. In
agreement with this, there is evidence of functional kainate
receptors on peripheral sensory axons (Carlton et al., 1995;
Coggeshall and Carlton, 1998; Kinkelin et al., 2000).

The blockage of NDV by iodowillardiine may involve either
presynaptic or postsynaptic receptors, or both. To examine
this further, iodowillardiine at concentrations that were able
to inhibit NDV significantly was unable to block dilatation
induced by exogenous CGRP. Due to a direct action of exog-
enous CGRP on postsynaptic CGRP receptors on the smooth
muscle of dural arteries, it is likely that iodowillardiine has no
effect on dural vessels. There is no current anatomical evi-
dence for the presence of kainate receptors on dural vessels,
although the complete absence or expression of non-
functional kainate receptors on cerebral vessels has been sug-
gested (Faraci et al., 1994; Morley et al., 1998; St’astny et al.,
2002). In addition, detection of kainate receptors on the heart
and cardiac nerve terminals has been also demonstrated, but
a functional role has not been shown (Gill et al., 1998; 2007).
Results from the present study, as shown with both the
iGluRS kainate agonist and antagonist, support the absence of
at least functional iGluRS5-carrying kainate receptors on dural
vessels.

Neurogenic dural vasodilatation has been shown to be
almost completely blocked by the CGRP antagonist CGRPs 37,
and as such the observed dilatation is due to the release of
CGRP from the trigeminal peripheral prejunctional site,
acting on CGRP receptors on the vessels (Williamson et al.,
1997a). The data presented in this study indicate a prejunc-
tional effect for iodowillardiine on the trigeminovascular
system, probably from a reduction of CGRP release from pep-
tidergic trigeminal afferents. As iodowillardiine was able to
reduce the degree of meningeal vasodilatation by 50%, the
new data suggest that iGluRS activation does not completely
block the presynaptic release of CGRP. The mechanism of
iodowillardiine activation of iGluRS kainate receptors result-
ing in reduction of CGRP release is not known. It has been
proposed that presynaptic spinal kainate receptors function as
autoreceptors at primary afferent synapses in the dorsal horn
(Agrawal and Evans, 1986), and Kerchner ef al. (2001) dem-
onstrated that activation of presynaptic kainate receptors car-
rying the iGluRS subunit, by specific agonists acting at a
presynaptic locus, reduces glutamate release from primary
afferent sensory synapses. In our study it is possible that the
selective iGIuRS receptor agonist iodowillardiine inhibits
transmitter release from the prejunctional site in a similar
manner as with central primary afferents, and thus partially
reduces CGRP release from the peripheral end of the trigemi-
nal nerve. The absolute mechanism of regulation of neu-
rotransmitter release by kainate receptors remains to be
established (Kerchner et al., 2001; Lerma, 2003). Previous
studies on presynaptic kainate receptors in central brain syn-
apses indicate that strong activation of kainate receptors leads
to inhibition of glutamate release (Huettner, 2003; Lerma,
2003), possibly by inactivating calcium or sodium channels,
or both (Kamiya and Ozawa, 2000). As release of both
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glutamate and CGRP from trigeminal neurons is controlled by
calcium channels (Xiao et al., 2008), it is likely that strong
activation of kainate receptors, which could be achieved by
systemic administration of selective agonists, inactivates
calcium channels and reduces neurotransmitter release.
Metabotropic mechanisms have also been suggested to play a
role in central presynaptic kainate receptor-mediated reduc-
tions in neurotransmitter (Negrete-Diaz et al., 2006). In the
hippocampus, biphasic effects of kainate receptors have been
reported, showing that weak activation enhances neurotrans-
mitter release through both ionotropic and metabotropic
mechanisms (Kamiya, 2002; Lerma, 2003; Rodriguez-Moreno
and Sihra, 2004). Such bidirectional effects, however, have
not been found for presynaptic kainate receptors on sensory
fibres. Inhibition of glutamate and neuropeptides release fol-
lowing activation of kainate receptors is in agreement with
the proposed role of other iGluRs on sensory fibres (Lee et al.,
2002; Bardoni et al., 2004). The fact that blockade of the
iGluRS receptors with UBP 302 did not cause any change in
baseline dilatation or neurogenic-induced dilatation could
suggest that kainate receptors at the prejunctional site are not
tonically activated, but when selectively activated can regu-
late dural vessel diameter. UBP 302 is not degraded in the
blood, so when co-applied with iodowillardiine it blocked the
iodowillardiine-induced inhibition of NDV. The possibility of
iGluRS activation by endogenous glutamate release and sub-
sequent regulation of glutamate and CGRP release at the
peripheral trigeminal end cannot be excluded (DeGroot et al.,
2000; Huettner et al., 2002).

Because ganglionic sympathetic efferents in normal rats
largely do not express kainate receptors (Carlton et al., 1998;
Coggeshall and Carlton, 1999), it is unlikely that the kainate
receptor agonist caused the release of noradrenaline or vaso-
constrictor peptides in our experiments. The fact that NDV is
not affected by either o;/o,-adrenoreceptor agonists and
antagonists, as well as B-adrenoceptor antagonists further
illustrates that the adrenergic system does not play a signifi-
cant role in the pharmacology of neurogenic trigeminovascu-
lar responses in the dura mater (Akerman et al., 2001). Our
data are consistent with the common feature of compounds
that successfully inhibit NDV with a possible effect on Ad
trigeminal afferents to inhibit the release of CGRP.

The selectivity of the compounds used over kainate recep-
tors has been demonstrated on native and recombinant
kainate receptors. Iodowillardiine showed high selectivity on
native iGluRS dorsal root ganglia kainate receptors (ECs
140 nmol-L'") over hippocampal AMPA receptors (ECso
19 umol-L") (Wong et al., 1994) and is one of the most potent
kainate agonists defined to date. Iodowillardiine potently
activates homomeric iGluR5S and heteromeric iGluR5/KA2
kainate receptors but shows no activity on homomeric iGluR6
or iGluR7, displaying a greater than 400 000-fold selectivity
for iGluRS over iGluR6 kainate receptors, and only weak
activity on heteromers of iGluR6 and 7 with KA2 (Jane et al.,
1997; Swanson et al., 1998). The higher selectivity of UBP 302
for kainate receptors activated by iodowillardiine over AMPA
receptors has been previously demonstrated in vivo in the
trigeminocervical complex (Andreou et al., 2007b). UBP 302
demonstrates similar affinity for homomeric and heteromeric
iGluRS kainate receptors (Kq 402 nmol-L™), but very little
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affinity on iGluR6 kainate receptors (Ks 36180 nmol-L™")
(More et al., 2004). Both compounds display no activity at
NMDA receptors. The demonstration that kainate receptors in
trigeminal ganglia neurons are heteromeric iGluR5/KA2
assemblies (Sahara et al., 1997) further supports the assertion
that the compounds used were selectively acting on iGluRS5-
carrying kainate receptors.

Results from this study support a role of iGluRS receptor
agonists as a potential approach to the development of anti-
migraine therapies consistent with previous work (Filla et al.,
2002; Sang et al., 2004; Weiss et al., 2006), although suggest-
ing other possible mechanisms of action, as the anti-
nociceptive effects in these models in which kainate receptors
were blocked are more likely to be due to the central actions
of the compounds used. In a recent clinical study the highly
selective kainate receptor antagonist LY466195 was effective
in aborting migraine attacks (reported by Johnson, KW, Inter-
national Headache Research Symposium, Copenhagen 2007)
and has also been shown to inhibit trigeminovascular activa-
tion in an animal model (Weiss et al., 2006). Consistent with
our data, LY466195 failed to inhibit NDV as well as CGRP-
and capsaicin-induced dilatation (Chan et al., 2009), further
suggesting that kainate receptor antagonists do not exhibit
their anti-nociceptive effects via peripheral mechanisms. In
this context anti-nociceptive effects of iGluRS activation
have been demonstrated previously; the iGluRS-specific
agonist (RS)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-
yl)propanoic acid was shown to increase the hindpaw with-
drawal latency to thermal and mechanical stimulation in rats
(Wu et al., 2003).

In vivo studies, in which intravital microscopy techniques
were used, showed that topical application of kainate or
the iGluRS-specific agonist (RS)-2-amino-3-(3-hydroxy-5-tert-
butylisoxazol-4-yl)propanoic acid on the cranial window
could cause a small but significant dilatation of the underly-
ing dural vessels, an effect blocked by a nitric oxide synthase
inhibitor (Faraci ef al., 1994) or by haeme oxygenase (Robin-
son etal., 2002). Results from these studies suggest that
kainate has no direct effect on dural blood vessels and that
kainate-induced dilatation on both dural and cerebral arteri-
oles is due to the formation of nitric oxide or carbon monox-
ide from an extravascular source (Faraci et al., 1994; Robinson
et al., 2002). In our studies both the iGluRS receptor agonist
and antagonist, used at high doses and administered intrave-
nously, had no effects on vessel tone at rest but had an effect
on neurogenic-induced dilatation, which involves low inten-
sity brief electrical stimulation of the cranial window. These
differences could be due to the different drugs used, as both
UBP 302 and iodowillardiine are highly selective for iGIuRS
and are derivatives from the same precursor, willardiine
(Swanson et al., 1998; More et al., 2004), as well as due to the
different techniques that were applied. Furthermore, the
absence of an effect on vessel tone by both willardiine deriva-
tives used is unlikely to be due to the anaesthetic, as it is a
well-established regimen that has not been observed to alter
blood vessel diameter or blood flow in previous studies
(Akerman et al., 2001; Akerman and Goadsby, 2005a; Holland
et al., 2005). In previous studies, where the same anaesthetic
and methods were used, other compounds have been shown
to affect vascular tone (Akerman et al., 2001; Akerman and



Goadsby, 2005a), and this is usually as a consequence of
blood pressure changes. These observations suggest that pen-
tobarbital itself has no effect on vascular tone.

Neurogenic dural vasodilatation is an established model of
trigeminal activation and has proved to be highly predictive
of anti-migraine efficacy (Williamson et al., 1997b,c; Akerman
and Goadsby, 2005¢). However, as the method does not inves-
tigate the central component of the trigeminovascular
system, the efficacy of many anti-migraine compounds that
act centrally may not be seen by using this model. To our
knowledge both the iGluRS agonist and antagonist used in
our study have not been previously described in in vivo
models and no data exist for blood-brain barrier penetration,
although the existence of carboxylic groups on both com-
pounds suggest decreased lipophilicity. The restricted blood-
brain barrier penetration of the agonist used, as suggested
from its structure, makes it unlikely that the compound had
any effects on central medullary nuclei that control cardio-
vascular reflexes. As NDV is based on local stimulation of
peripheral trigeminal afferents, compounds that can inhibit
the vasodilator response are likely to have at least a peripheral
effect on the trigeminal nerve, including the ganglion. More-
over, as peripheral inflammatory pain may be augmented by
kainate receptor activation (Du et al., 2006), it seems likely
that the full implications of the involvement of these recep-
tors in trigeminovascular nociceptive mechanisms will only
be understood by exploring the central pharmacology of
these targets. Because CGRP receptor antagonists are effective
in acute migraine (Olesen et al., 2004; Ho et al., 2008), the
pharmacology of the control mechanisms for dural CGRP
release by kainate receptors are of direct relevance to the
development of newer migraine therapies.

In conclusion, this study demonstrated that activation of
the peripheral iGluRS kainate receptors with the selective
agonist iodowillardiine is able to inhibit NDV as monitored
by intravital microscopy. This effect is likely to result from
inhibition of prejunctional release of CGRP from trigeminal
neurons. From these data kainate iGluRS receptor agonists
acting peripherally may be novel approaches to anti-migraine
therapy, although their central effects on this receptor class
require further study with appropriate methods and com-
pounds.
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