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Abstract

Introduction: Many patients suffering from migraine gain little relief from

existing treatments partly because many existing acute and preventive therapies

used in migraine have been adopted from other neurologic conditions such as

depression or epilepsy. Here, we present data supporting a new migraine-speci-

fic target, the mGlu5 receptor. Methods: We studied the effect of mGlu5 block-

ade using ADX10059, on neuronal firing in the trigeminocervical complex

(TCC) and durovascular effects of nociceptive trigeminovascular activation in

the anesthetized rat. The clinical potential of the mGlu5 mechanism was tested

with ADX10059 orally in a double-blind placebo-controlled, parallel group,

clinical trial. Results: The negative allosteric mGlu5 modulator ADX10059

attenuated dural vasodilator responses to meningeal stimulation in a dose-

dependent manner, comparable to naratriptan, while the N-methyl-D-aspartate

receptor blocker MK-801 had no effect. ADX10059 reduced responses of

trigeminocervical neurons to dural stimulation, most strikingly affecting their

spontaneous firing rate. Immunostaining identified mGlu5 and not mGlu1a
receptors in the TCC. The primary efficacy endpoint for the clinical trial, 2 h

pain free, demonstrated a significant effect of ADX10059 375 mg, 17%, versus

placebo, 5%. No serious adverse events were reported at the primary dose, with

transient dizziness being the most common treatment-emergent event at 48%.

Interpretation: Our findings provide preclinical and clinical proof of concept

establishing mGlu5 as a novel therapeutic target in the treatment of migraine.

Although ADX10059 is unsuitable as a therapeutic candidate, because of hepa-

toxicity detected in a subsequent study, the data open a new direction for

migraine research and therapy.

Introduction

Migraine is the most common neurological cause of dis-

ability worldwide.1 It affects 12–18% of North Americans2

and results in significant lost productivity with annual

healthcare costs totaling billions of dollars.3 Migraine treat-

ment involves controlling acute attacks, with medicines such

as triptans or serotonin 5-HT1B/1D receptor agonists,4 or

with preventive agents, such as propranolol or topiramate.5,6

Despite some advances, it is well accepted that more thera-

pies are needed both in the acute treatment and preventive

spaces. Moreover, the development of the calcitonin gene-
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related peptide (CGRP)-based medicines demonstrates that a

single molecular target can be exploited for acute and preven-

tive treatment.7,8 Thus, experimental models of nociceptive

trigeminovascular activation9–11 continue to serve an impor-

tant role in new medicine discovery for both indications.

Metabotropic glutamate (mGlu) receptors are estab-

lished modulators of inflammatory and neuropathic pain

circuits in the spinal cord and brainstem.12 Group I mGlu

receptors, comprised of mGlu1 and mGlu5 subtypes, are

Gq protein-coupled receptors linked to phospholipase

C,13 which in turn activates downstream extracellular sig-

nal-regulated kinase phosphorylation and reorganization

of postsynaptic scaffolding proteins.14 Although the role

of mGlu receptors has been explored in peripheral and

central pain models, few studies have examined their role

in headache or migraine models.

Structures believed to be involved in migraine include

the primary sensory fibers projecting from the trigeminal

ganglia to the dural vasculature and to second order neu-

rons located in the trigeminal nucleus caudalis and its

cervical extension, the trigeminocervical complex (TCC).

Excitatory transmission through the TCC is mediated pre-

dominantly by glutamate acting at ionotropic glutamate

receptors.15–17 Different glutamate antagonists targeting

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA), kainate and N-methyl-D-aspartate (NMDA)

ionotropic receptors have been tested in migraine patients

with variable success and with considerable side effect

issues.18–20 Group I mGlu receptors are expressed in the

trigeminal nuclei, periaqueductal gray, and thalamus,

placing them in prime position to integrate incoming

nociceptive and outgoing pain modulatory signals.21,22

Here, we examine whether modulation of mGlu5 alters

excitatory nociceptive transmission in the TCC or affects

neurogenic changes in dural vasculature, as models that have

previously been predictive of positive effects in migraine

treatment.11 We used ADX10059, which is a potent and

selective negative allosteric modulator of the mGlu5 receptor

that does not have significant activity or binding affinity to

other mGlu receptors, or other central nervous system

(CNS) receptors, in particular, serotonin, dopamine, and

c-aminobutyric acid (GABA) receptors.23 Translating this to

a potential therapy, we report final data24 on a randomized,

placebo-controlled, parallel group study of ADX10059 in

acute migraine to test whether mGlu5 receptor modulation

is an in-principle approach to migraine therapeutics.

Methods

Animal studies

All animal studies were approved by the Institutional Ani-

mal Care and Use Committee at UCSF and followed the

NIH recommended guidelines for the care and treatment

of laboratory animals. Animals were maintained at con-

stant temperature and light cycles (12-h light/dark) and

had free access to food and water at all times prior to the

day of the experiment. Male Sprague Dawley rats (between

250 and 350 g) were anesthetized with inhaled isoflurane

followed by intraperitoneal pentobarbital (Nembutal,

80 mg/kg) and maintained with intravenous (i.v.) propofol

throughout all experiments. A femoral artery and both

femoral veins were cannulated for blood pressure monitor-

ing and i.v. administration of drugs, respectively. Animals

were placed in a stereotaxic frame on a homeothermic

blanket with body temperature monitored via a rectal ther-

mometer and maintained between 36.5°C and 37.5°C. The
trachea was cannulated and rats ventilated with oxygen-

enriched air, 3–5 mL, 90 strokes per minute via a volume

ventilator. End-tidal PCO2 was continuously monitored

and maintained between 3.5% and 5%.

Neurogenic dural vasodilation

A thinned parietal bone window was created over the dural

meningeal artery until the vessel was clearly visualized.25

Animals were allowed 1 h to recover while mineral oil was

placed over the cranial window to prevent drying. Images

of the artery were captured by microscope and projected

via camera onto a television monitor. Changes in vessel

diameter were measured by a video dimension analyzer

and displayed via an online data acquisition system (CED

Spike2 v5, Cambridge, UK). A bipolar stimulating elec-

trode was positioned on the cranial window surface within

200 lm of the vessel of interest. A 10 sec train of 5 Hz

stimulation was administered with 1 msec pulses between

10 and 40 V to achieve maximal vessel dilation. This maxi-

mal response voltage was used in the same animal

throughout the experiment. After two stable control

responses to dural electrical stimulation were obtained, i.v.

vehicle control or drug treatment was dissolved in sterile

water and slowly administered over 1 min. Electrical stim-

ulation was repeated at 5–15 min intervals over 1 h after

drug administration. Effects of electrical stimulation on

dural vessel diameter were calculated as a percentage

increase from prestimulation baseline diameters.

Extracellular recordings in the TCC

A craniotomy was performed over the parietal bone with

exposure of the dura mater overlying the middle meningeal

artery (MMA). Cervical spinal cord hemi-laminectomy was

also performed, and the dura mater incised to expose the

brainstem at the level of the caudal medulla. A tungsten

recording electrode (0.5 MΩ, tip diameter 0.5 lm) was

lowered into the brainstem with a piezoelectric motor
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controller. Placement of the recording electrode into the

V1 region of the trigeminal nucleus caudalis was guided by

direct neuronal firing in response to cutaneous brush and

pinch in the V1 ophthalmic dermatome. A bipolar stimu-

lating electrode was placed on the dura mater adjacent

to the MMA and square-wave stimuli (0.5 Hz) of

0.1–0.3 msec duration, 10–25 V were applied to activate

trigeminal afferents. Extracellular recordings were made

from neurons in the TCC activated by MMA stimulation

or stimulation of cutaneous facial receptive fields. An

average of three baselines for comparisons was used or

compared to vehicle control recordings. The signal was

amplified and passed through filters and a 60-Hz noise

eliminator to a second-stage amplifier. This signal was fed

to a gated amplitude discriminator and analog-to-digital

converter and to a microprocessor-based computer for

analysis. At the conclusion of experiments, the animals

were given an overdose of Euthasol followed by bilateral

thoracotomy.26

Drugs

ADX10059 (Addex Pharmaceuticals, Geneva, Switzerland)

was administered and dissolved in sterile water at doses

of 5 and 20 mg/kg. Naratriptan (Tocris, Bristol, UK) was

administered at a dose of 10 mg/kg. MK-801 (Tocris,

Bristol, UK) was administered at dose of 4 mg/kg.

Statistical analysis

SPSS (v22, IBM, Armonk, NY) was used for statistical

analysis. To determine whether there was a significant

effect across the 1-h time course pre- and postdrug

administration, an analysis of variance (ANOVA) for

repeated measures, with Bonferroni post hoc correction

for multiple comparisons was performed, followed by

Student’s paired t test with significance at P < 0.05. If

Mauchly’s test of sphericity was violated, the Greenhouse-

Geisser correction was used.

Immunohistochemistry

After deep anesthesia with isoflurane followed by Euthasol

(Virbac, Fort Worth, TX, 1 mg/kg), rats were perfused tran-

scardially with 100 mL of normal saline followed by 400 mL

of 4% paraformaldehyde in phosphate-buffered saline

(PBS). The caudal medulla and pons was removed as a sin-

gle block and cut transversely into 50-lm sections using a

vibratome. Cerebellar sections were obtained for immunos-

taining controls. Free-floating sections were incubated in

blocking solution (PBS with 0.2% Bovine serum albumin

(BSA), 5% normal goat serum, and 0.3% Tween20) for 2 h

at room temperature, primary antibody (1:200, in PBS with

0.3% Tween20) was applied to sections for 48 h at 4°C. Sec-
tions were washed thoroughly in PBS with 0.3% Tween20

before overnight incubation at 4°C with secondary antibody

(FITC or Cy5 anti-rabbit or anti-mouse antibodies [1:100],

Jackson Immunolabs, Westgrove, PA) in PBS with 0.3%

Tween20. Sections were rinsed and mounted on slides using

VECTASHIELD� mounting medium (Vector Labs, Burlin-

game, CA). Images were visualized under a Zeiss Axioskop

FS2 Plus (Pleasanton, CA) and images were taken with an

Axiocam MRm running Neurolucida (MBF Biosciences,

Williston, VT). Primary antibodies used were rabbit anti-

mGlu5 polyclonal antibody (Millipore, Billerica, MA,

AB5675), mouse anti-mGlu1a monoclonal antibody (BD

Biosciences, San Jose, CA, 556331), and mouse anti-NeuN

(AbCam, Cambridge, MA, ab104224). Double staining for

mGlu5 and NeuN was performed simultaneously.

All staining was performed with a no primary antibody

condition to ensure minimal nonspecific staining by sec-

ondary antibody.

Clinical trial of ADX10059

The study was reviewed and approved by the respective

Ethics Committee of each study center. The study was

conducted according to the ethical principles of the Dec-

laration of Helsinki.

Design

This was a multicenter, randomized, double-blind, parallel

group, placebo-controlled Phase IIa study conducted

between August and December 2006 in subjects affected by

episodic migraine with and without aura (EUCTR 2006-

001488-51-DE, Data S1). A total of 166 subjects were ran-

domized (1:1) to receive either ADX10059 (375 mg) or pla-

cebo. The original planned dose was 500 mg ADX10059,

but one of the first patients treated with this dose devel-

oped a serious adverse event (SAE). Consequently, the pro-

tocol was amended using the lower dose of ADX10059.

Subjects were assigned to treatment arms by means of a

block randomization design, stratified for each site. No sin-

gle site was allowed to enroll more than 20% of the entire

patient population. All clinical treatment staff were blinded

to treatment assignment for the duration of the study.

Code-break envelopes containing patient treatment alloca-

tion were provided to each site for emergency purposes

only and the integrity of these envelopes was checked by

the Study Monitor at routine monitoring visits.

Subjects

All subjects were screened for eligibility at their first clin-

ical visit at one of 11 centers in Germany and two in the
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United Kingdom. Eligibility was confirmed by telephone

within 5 days of screening after which the patient was

asked to treat their next moderate or severe migraine

headache with study medication. Each patient took one

dose of study medication for a single migraine attack.

One migraine attack was to be treated within 8 weeks of

enrollment. Patients who did not experience a migraine,

or were not able or willing to treat a migraine attack,

were withdrawn and considered not evaluable. Patients

attended the clinic for a final follow-up visit where diary

cards were reviewed and safety assessments made within

5 working days of treating their migraine headache. Data

were collected in the diary cards using fixed time point

(0, 0.5, 1, 1.5, 2, 3, 4, 24 h after taking study medication)

and wristwatch data, documenting pain severity accord-

ing to the IHS (International Headache Society) 4-point

headache severity scale (0 = no pain at all, 1 = mild,

2 = moderate, and 3 = severe pain).

Study medication

The active treatment was formulated as size #0 opaque

Swedish Orange hard gelatin capsules filled with

ADX10059 citrate and placebo product was formulated as

size #0 opaque Swedish Orange hard gelatin capsules

filled with lactose. The study medication was taken orally

with a glass of water and when possible study medication

was taken on an empty stomach, that is, at least 2 h after

food intake. The patients were instructed to abstain from

eating and drinking for 2 h after taking the study medica-

tion. Patients were not to have taken analgesics, antiemet-

ics or triptans, for 24 h prior to treating the migraine

attack with study medication. If the patient did not have

adequate relief 2 h after using the study medication, they

could take approved rescue medications, which comprised

simple analgesics, antiemetics or triptans.

Study population

Prior to beginning treatment, the aims, methods, and

potential hazards of the study were explained to the

patients verbally by the investigator, and in writing by

means of a patient information sheet. Written informed

consent was obtained from each individual participating

in this study. The study included healthy male and female

subjects aged 18–65 years with a diagnosis of migraine

with or without aura.27 Migraine history onset prior to

age 50 years was required, and only patients who had

between 2 and 8 moderate or severe migraine headaches

per month were included. Subjects were excluded if they

had more than 15 headache days per month; used sodium

valproate or valproic acid within the previous 30 days;

been administered any investigational drug up to 30 days

before study entry; been taking medications metabolized

exclusively by CYP1A2 and had a narrow therapeutic

index; a known clinically significant allergy or hypersensi-

tivity to ADX10059 or lactose; a history of significant

medical or psychiatric condition that could have affected

patient safety; and abnormal laboratory parameters at

screening, in particular liver or renal function tests greater

than twice the upper limit of normal. Patients using

migraine prevention must have been on stable doses of

the prophylactic agent for at least 12 weeks prior to study

entry. Patients who were pregnant or breast feeding were

excluded. Female patients who were of child-bearing

potential were required to use adequate contraceptive

methods.

Endpoints

The objectives of the trial were to investigate the efficacy,

safety, and tolerability of the mGlu5-negative allosteric

modulator ADX10059 in the acute treatment of migraine.

The primary endpoint for this study was the proportion

of patients with initial moderate or severe pain who

became pain free at 2 h post administration of study

medication to treat the migraine attack. Secondary end-

points included evaluation of time to pain-free and/or

pain relief, 24-h headache recurrence, presence of accom-

panying features of migraine, such as nausea, vomiting,

photophobia, or phonophobia, use of rescue medication,

patients’ evaluation of study medication efficacy and

adverse events.

Safety assessment

Adverse events were collected in the diary cards as well as

by direct inquiry by the investigator. Vital signs, physical

examination, and 12-lead ECG were collected at screening

and follow-up, as were hematology, blood chemistry, and

urine samples.

Statistical analysis

Determination of sample of size was based on an

assumption of an active response of 33% and placebo

response of 10%.4 To reach 90% power, a sample size of

74 patients per group was needed. All primary and sec-

ondary parameters were analyzed using descriptive meth-

ods by applying chi-squared test or in case of small cell

frequencies Fisher’s exact test and Wilcoxon test. For all

tests, a two-sided significance level of 5% was applied.

The analysis of the primary endpoint was conducted

with the Full-Analysis-Set28 and was considered confir-

matory, while the secondary analyses were considered

exploratory.
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Results

Animal studies

MGlu5 blockade attenuates neurogenic dural
vasodilation

The mGlu5-negative allosteric modulator ADX10059 atten-

uates neurogenic dural vasodilation in response to menin-

geal stimulation in a dose-dependent manner. ADX10059

significantly reduced neurogenic vasodilation at a dose of

20 mg/kg by 19 � 5% (F5,25 = 2.68, P = 0.045, Fig. 1A),

but not 5 mg/kg (F5,25 = 0.54, P = 0.743, Fig. 1A). A

reduction in vessel dilation was also achieved by naratrip-

tan (29 � 4%, F5,25 = 4.19, P = 0.007, data not shown),

an established migraine abortive. In contrast, inhibition of

the ionotropic NMDA glutamate receptor by MK-801 does

not alter vessel dilation in response to electrical dural stim-

ulation (F1.4,8.5 = 1.19, P = 0.331, Fig. 1B).

MGlu5 blockade attenuates TCC neuronal activity

In support of the intravital microscopy data, systemic

mGlu5 inhibition reduces central nociceptive transmission

through the trigeminal nucleus caudalis. In single unit neu-

ronal recordings in the TCC of anesthetized rats, evoked

activity from electrical stimulation of dura mater surround-

ing the MMA is significantly reduced by 24 � 6% com-

pared to the pretreatment baseline (F2.1,16.8 = 4.63,

P = 0.024, Fig. 2A–C). More strikingly, spontaneous activ-

ity of TCC neurons is significantly reduced by 49 � 8%

(F1.89,15.0 = 6.94, P = 0.008, Fig. 2D). While overall activity

in the TCC is blocked, sensory transmission in response to

innocuous or noxious stimulation of the face, by brush or

pinch in the V1 dermatome, is preserved (Fig. 2E).

MGlu5 receptors are present in deep lamina of
the TCC

Immunostaining using subtype-specific antibodies in rat

brain slices reveals that mGlu5, but not mGlu1a receptors

predominate in deeper lamina of the trigeminal nucleus

caudalis (TNC). Combined NeuN staining for neuronal cell

bodies and proximal dendrites colocalizes with mGlu5 in

the TNC (Fig. 3C). In contrast, mGlu1a immunostaining is

sparse compared to high levels of mGlu1a found in the cere-

bellum (Fig. 3D and F).

Clinical trial of ADX10059

Treatment groups in the clinical trial were well matched

for demographic and baseline characteristics (Table 1)

with a majority of female and Caucasian patients. The

disposition of the subjects is contained in Figure 4.

Primary endpoint

In the Full-Analysis-Set, a greater proportion of patients

who treated their initial moderate to severe headache pain

with ADX10059 375 mg (10/60, 17%) became pain free at

2 h compared to placebo (3/64, 5%). This trend was appar-

ent at multiple time points after drug administration, and

significant at 2 h using Fisher’s exact test (P = 0.0397).

Secondary endpoints

In the Full-Analysis-Set, ADX10059-treated patients (6/60,

10%) were more likely to have a sustained pain-free

response at 24 h than the placebo group (2/64, 3%;

Figure 1. Intravital microscopy experiments demonstrating effects of

glutamatergic agents on neurogenic dural vasodilation. Following

control responses to electrical stimulation, rats were injected

intravenously with the mGlu5 inhibitor ADX10059 at 5 mg/kg (A,

n = 6, clear circles), 20 mg/kg (A, n = 7, clear squares), sterile water

(A and B, n = 7, filled circles), or MK-801 4 mg/kg (B, n = 7, clear

circles) and electrical stimulation repeated after 5, 10, 15, 30, 45, and

60 min. *P < 0.025, significance compared to control response.
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P > 0.05). There was no significant benefit of ADX10059

on functional impairment or associated symptoms of

migraine, specifically nausea, photophobia, and phono-

phobia. In the ADX10059 group, 15 (25%) of 61 patients

rated the medication fair, good, or excellent compared to

10 (15%) of 66 in the placebo group (NS). The propor-

tion of patients taking rescue medication in the 24 h after

dosing was 45/62 (73%) for ADX10059 and 48/66 (73%)

for placebo.

Adverse events

There were no deaths or adverse event-related discontinu-

ations during the study. Treatment-emergent adverse

events (TEAEs) were reported more commonly in the

ADX10059 group than in the placebo group. In the

ADX10059 group, 79% (49/63) of patients experienced a

total of 213 TEAEs compared to 36% (24/66) of patients

who experienced 46 TEAEs in the placebo group

(Table 2). One patient dosed with 500 mg experienced

severe vertigo and was admitted to hospital and thus

experienced a SAE. They recovered completely. The most

commonly reported TEAE in the ADX10059 group was

dizziness in 48% of patients. This was accompanied by

nausea in 21% of patients. Also commonly reported in

more than 10% of patients in the ADX10059 group were

vertigo, vomiting, and blurred vision. Less than 10% of

patients (10%) reported auditory or visual hallucinations

Figure 2. Single unit extracellular recordings in anesthetized rats. (A) Original tracing from a dural-evoked Ad fiber neuronal response before and

after ADX10059 (20 mg/kg). (B) Time course summary of stimulus evoked responses in the presence of vehicle control (sterile water or normal

saline, n = 9) and ADX10059 (20 mg/kg, n = 9). (C) Sample poststimulus histogram (cumulative over 20 evoked responses) identifying Ad fibers

inhibited by ADX10059. (D) Time course summary of spontaneous cell firing in the presence of vehicle control or ADX10059. (E) Cell firing

responses to light brush or noxious pinch over the V1 dermatome. Data are presented as mean � SEM; *P < 0.0167 in (B) and *P < 0.008 in (D)

when comparing to average of three baselines using Student’s paired t test.
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and diplopia. In the placebo group, TEAEs occurred occa-

sionally and were reported with less than 5% when cate-

gorized by preferred term. ADX10059 administration did

not lead to any clinically significant safety abnormalities,

including vital signs, 12-lead ECG, hematological, or

changes in biochemical laboratory values.

Discussion

Here, data are presented to demonstrate the presence and

function of the mGlu receptor mGlu5 in the TCC. Using

two accepted models of dural nociceptive trigeminovascu-

lar activation,11 it is shown that the negative allosteric

modulator of the mGlu5 receptor ADX10059 is active,

suggesting a potential role in migraine. Furthermore, the

clinical data from a randomized, placebo-controlled trial

demonstrate efficacy of ADX10059 at the primary end-

point in the acute treatment of migraine. The role of

mGlu receptors in nociceptive sensory transmission and

central sensitization has been explored in various pain

models. In particular, mGlu5 has been shown to be

involved in experimental inflammatory, neuropathic, and

chronic hyperalgesia in animals.29 Furthermore, activation

Figure 3. Immunohistofluorescent staining of group I mGlu receptors in na€ıve Sprague Dawley rats after intracardiac perfusion with 4%

paraformaldehyde. (A, B) Light photomicrographs of medullary brain slices containing the TNC at 259 magnification. Immunostaining for (C)

mGlu5 (green) and (D) mGlu1a (green) colabeled with NeuN (red) at 2009 magnification. Immunostaining for (E) mGlu5 and (F) mGlu1a in the

pyramidal layer of the cerebellum at 2009 magnification. Scale bars = 200 lm (black), 50 lm (white).

Table 1. Subject demographics (safety cohort).

ADX10059

N = 63 (�SD)

Placebo

N = 66 (�SD)

Age (years) 41 � 11 44 � 10

Gender

Male 12 (19%) 8 (12%)

Female 51 (81%) 58 (88%)

Race

Caucasian 65 62

Non-Caucasian 1 1

Weight (kg) 71 � 16 68 � 11

Body mass index (kg/m2) 24.9 � 5.3 24.0 � 3.5

Migraine days per month 3.6 3.7

Duration migraine history (years) 23 � 12 25 � 12

Migraine subtype

With aura 12 (19%) 23 (35%)

Without aura 51 (81%) 43 (65%)
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of group I mGlu receptors can promote central sensitiza-

tion in dorsal horn neurons.30 Our data, taken with our

current understanding of the potential role of mGlu5
receptors suggest that they are a new target for the treat-

ment of migraine, perhaps best developed for prevention

given its greater need.

This study establishes the role of mGlu5 in trigeminal

nociceptive processing using an animal model of dural

trigeminovascular nociception relevant to migraine. Inhi-

bition of mGlu5 decreases nociceptive transmission and

neurogenic vasodilation. The presence of mGlu5 receptors

in the TCC suggests a relevant site of action for ADX10059

in the caudal brainstem pertaining to trigeminal

nociceptive processing, although it does not exclude

actions at other sites. MGlu5 receptors are also present in

the trigeminal ganglion31 and sensory afferent terminals in

the periphery.32 ADX10059 action at these sites may also

contribute to the observed changes in dural vasculature

and TCC neuronal activity. Interestingly, mGlu1a is not

enriched in the TCC, suggesting a specific role for mGlu5
in proximal pain modulation. However, mGlu1 receptors

are enriched in the thalamus21 and may mediate higher

order control of the pain experience.

ADX10059 demonstrates a statistically significant bene-

fit over placebo in the proportion of pain-free patients at

2 h after dosing in this randomized, double-blind,

Subjects screened
N = 173

Subjects randomized
N = 166

ADX10059 
N = 83

Placebo 
N = 83

Safety cohort 
N = 63

Safety cohort 
N = 66

Full Analysis Set
N = 62

Full Analysis Set
N = 66

Per protocol population
N = 52

Per protocol population
N = 58

Had not taken study medication 
N = 20

Had not taken study medication
N = 17

Lost due to missing data 
N = 1

Major protocol violations 
N = 10

Major protocol violations 
N = 8

Failed to meet inclusion criteria
N = 7

Figure 4. Patient flow in the study.
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placebo-controlled, proof-of-concept study in migraine.

The population of patients responding, 17%, is modest,

although the placebo response was also small at 5% com-

pared to a usual 10% for the pain-free endpoint in acute

treatment migraine trials.4 The 12% therapeutic gain dif-

ference between placebo and ADX10059 is the same as

seen for the serotonin 5-HT1F receptor agonist lasmidi-

tan33 and falls between the rates reported for the CGRP

receptor antagonist telcagepant at therapeutic gains of 8%

and 17% for the 150 and 300 mg doses, respectively.34

The therapeutic gain for the 2 h pain-free endpoint for

naratriptan 2.5 mg across its clinical development was

14%.4 It should be recalled that the summary data are

not “clinical” outcomes, since all patients responding are

pain free, rather the outcome represents an integration of

the pharmacokinetics of the drug and the population of

migraine patients who may benefit from the therapy.

Moreover, in migraine studies there are no published

examples of false-positive studies using the pain free at

2 h endpoint, while there are a number of disproven

approaches over the last decade, such as substance P

receptor antagonists35 or iNOS inhibitors.36 Thus, the

clinical data are broadly in line with other mechanisms

that have gone on to be useful, or are currently in late

stage development, and a false-positive result seems very

unlikely. The study was not powered for the sustained

pain-free or associated symptom endpoints since as a

phase IIa study they were exploratory. Taken together, the

development of this target offers a reasonable prospect as

a novel therapeutic in migraine.

Because mGlu receptors act through second messenger

signaling and not by direct ion channel modulation in

comparison to AMPA, NMDA, and kainate receptors,

mGlu receptors are thought to play a more modulatory role

in sensory transmission. The effect of ADX10059 on spon-

taneous activity in the TCC may predict a role for mGlu5
inhibition as a migraine prevention strategy. Moreover, the

concept that medicines initially considered and developed

for acute treatment cannot be used in prevention seems

now substantially questioned, since CGRP mechanisms,

both small molecule7 and monoclonal antibodies,37–41 have

proven effective. Glutamate transmission modulation may

be an attractive principle approach to migraine prevention

if a suitable molecule can be developed.

One major drawback of ADX10059, and potentially the

negative allosteric modulator approach, is the moderate

prevalence of treatment-emergent adverse effects. Not sur-

prisingly given the wide distribution of mGlu5 throughout

the nervous system, the majority of these adverse events

were CNS related. Although there were no laboratory

abnormalities after a single dose of ADX10059 in this

study, subsequent clinical trials for longer term use of

ADX10059 recognized significant hepatotoxicity,23 with

6% (16/257) of patients in a migraine preventive study

(NCT0082015) having alanine transaminase levels greater

than five times normal, leading to termination of all stud-

ies with ADX10059. This adverse event likely is related to

the structure of ADX10059, so the concept of mGlu5
inhibition remains a valid mechanism for future drug dis-

covery since other negative allosteric modulators at

mGlu5 have not had hepatic toxicity issues.42

In the past, other glutamate receptor antagonists have

been used to treat migraine with variable success.

LY293558 is a nonselective AMPA and kainate receptor

antagonist that demonstrates antinociceptive effects in

formalin-induced pain in animals43 and capsaicin-induced

hyperalgesia in humans.44 LY293558 infusions were supe-

rior to placebo and comparable to subcutaneous suma-

triptan in a randomized, double-blind, parallel group

study in reducing moderate to severe pain during an

acute migraine attack.19 More recently, BGG492, an

AMPA receptor antagonist, was assessed in a randomized,

multicenter trial and improved headache and pain-free

response compared to placebo in a subset of patients, but

did not meet their proof-of-concept criterion of greater

than 25% of responders at two time points.18 The

increased selectivity of LY293558 for kainate receptors

over AMPA receptors compared to BGG492 may underlie

clinical differences in efficacy of these two compounds.

This suggests glutamatergic mechanisms in migraine vary

by target receptor and offer a number of options to

explore new therapies.

In summary, we have provided evidence of the mGlu5
receptor in the trigeminocervical complex (TCC). Using

two accepted models of dural nociceptive trigeminovascu-

lar activation, dural neurovascular stimulation and

recording of neurons in the TCC activated by dural stim-

Table 2. Reported adverse events by body system (safety cohort).

ADX10059 Placebo

N = 63 (%) N = 66 (%)

Subjects with adverse events 49 (78) 24 (36)

Total adverse events 213 46

Subjects with serious adverse events 1 (2) 0 (0)

System organ class

Nervous system disorders 45 (71) 9 (14)

Gastrointestinal disorders 24 (38) 8 (12)

Psychiatric disorders 24 (38) 1 (2)

General disorders and administration

site conditions

20 (32) 8 (12)

Eye disorders 16 (25) 3 (5)

Musculoskeletal and connective tissue

disorders

5 (8) 2 (3)

Renal and urinary disorders 5 (8) 1 (2)

Cardiac disorders 4 (6) 1 (2)

Ear and labyrinth disorders 4 (6) 0 (0)
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ulation, the data show the negative allosteric modulator

of the mGlu5 receptor ADX10059 is active. Furthermore,

the clinical data from a randomized, placebo-controlled

trial demonstrate efficacy of ADX10059 in the acute treat-

ment of migraine comparable to some currently used

therapies. No one pharmacotherapeutic mechanism in

migraine has as yet controlled the needs for its acute

treatment or preventive management in the estimated one

billion patients worldwide. Our data establish negative

allosteric modulation of the mGlu5 receptor as a mecha-

nism that could reduce in some manner the widespread

and significant disability of this very common neurologi-

cal disorder.

Acknowledgments

M. W. W. was supported by the NIH (#R25NS070680)

and Association of Migraine Disorders (#A123116). The

clinical trial was funded by Addex Pharmaceuticals who

provided the clinical study report to the authors without

conditions, and the ADX10059 for the experimental study

without other support or involvement in the experimental

work. We are grateful to Margarida Martins-Oliveira and

Annabelle Charbit Bergenfeld for technical assistance and

meaningful discussion, and Juana Marin for assistance

with the clinical program.

Author Contributions

M. W. W., S. A., and P. J. G. conceived and designed pre-

clinical studies. M. W. W. collected and analyzed experi-

mental data, and wrote the first draft of the manuscript.

S. A. and P. J. G. analyzed data and edited the manu-

script. C. K. and M. W., when at Addex, and P. J. G.

designed, analyzed, and have full access to the data from

the clinical trial.

Conflict of Interest

M. W. W. reports nonfinancial support from Addex

Pharmaceuticals S. A. has nothing to disclose. M. W. was

an employee of Addex Pharmaceuticals at the time of the

clinical trial and is no longer an employee. C. K. was an

employee of Addex Pharmaceuticals at the time of the

clinical trial and is no longer an employee. P. J. G. reports

personal fees from Addex Pharmaceuticals, during the

conduct of the study; grants and personal fees from Aller-

gan, eNeura, Amgen; and personal fees from Autonomic

Technologies, Inc., AlderBio, Pfizer, Dr. Reddy, Zosano,

Colucid, Eli-Lilly, Avanir, Gore, Heptares, Nupathe, Teva,

Cipla, Ajinomoto, Akita, Wells Fargo, Ethicon, Promius,

MedicoLegal work in headache, Journal Watch, Up-to-

Date, outside the submitted work; in addition, Dr.

Goadsby has a patent “Magnetic stimulation for headache

pending.”

References

1. Global Burden of Disease Study. Global, regional, and

national incidence, prevalence, and years lived with

disability for 301 acute and chronic diseases and injuries in

188 countries, 1990-2013: a systematic analysis for the

Global Burden of Disease Study 2013. Lancet

2015;386:743–800.
2. Goadsby PJ, Lipton RB, Ferrari MD. Migraine–current

understanding and treatment. N Engl J Med 2002;346:257–
270.

3. Stewart WF, Ricci JA, Chee E, et al. Lost productive time

and cost due to common pain conditions in the US

workforce. JAMA 2003;290:2443–2454.
4. Ferrari MD, Roon KI, Lipton RB, Goadsby PJ. Oral

triptans (serotonin, 5-HT1B/1D agonists) in acute migraine

treatment: a meta-analysis of 53 trials. Lancet

2001;358:1668–1675.
5. Goadsby PJ, Sprenger T. Current practice and future

directions in the management of migraine: acute and

preventive. Lancet Neurol 2010;9:285–298.

6. Diener HC, Bussone G, Van Oene JC, et al. Topiramate

reduces headache days in chronic migraine: a randomized,

double-blind, placebo-controlled study. Cephalalgia

2007;27:814–823.

7. Ho TW, Edvinsson L, Goadsby PJ. CGRP and its receptors

provide new insights into migraine pathophysiology. Nat

Rev Neurol 2010;6:573–582.
8. Goadsby PJ. Incredible progress in migraine for an era of

better care. Nat Rev Neurol 2015;11:621–622.
9. Hoskin KL, Kaube H, Goadsby PJ. Sumatriptan can inhibit

trigeminal afferents by an exclusively neural mechanism.

Brain 1996;119:1419–1428.
10. Hoskin KL, Zagami A, Goadsby PJ. Stimulation of the

middle meningeal artery leads to Fos expression in the

trigeminocervical nucleus: a comparative study of monkey

and cat. J Anat 1999;194:579–588.
11. Bergerot A, Holland PR, Akerman S, et al. Animal models

of migraine. Looking at the component parts of a complex

disorder. Eur J Neurosci 2006;24:1517–1534.

12. Gasparini F, Kuhn R, Pin JP. Allosteric modulators of

group I metabotropic glutamate receptors: novel subtype-

selective ligands and therapeutic perspectives. Curr Opin

Pharmacol 2002;2:43–49.

13. Conn PJ, Pin JP. Pharmacology and functions of

metabotropic glutamate receptors. Annu Rev Pharmacol

Toxicol 1997;37:205–237.
14. Mao L, Yang L, Tang Q, et al. The scaffold protein

Homer1b/c links metabotropic glutamate receptor 5 to

extracellular signal-regulated protein kinase cascades in

neurons. J Neurosci 2005;25:2741–2752.

ª 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 569

M. W. Waung et al. mGlu5 and Migraine



15. Storer RJ, Goadsby PJ. Trigeminovascular nociceptive

transmission involves N-methyl-D-aspartate and non-N-

methyl-D-aspartate glutamate receptors. Neuroscience

1999;90:1371–1376.

16. Knight YE, Goadsby PJ. The periaqueductal gray matter

modulates trigeminovascular input: a role in migraine?

Neuroscience 2001;106:793–800.

17. Mitsikostas DD, Sanchez del Rio M, Waeber C, et al.

Non-NMDA glutamate receptors modulate capsaicin

induced c-fos expression within trigeminal nucleus

caudalis. Br J Pharmacol 1999;127:623–630.

18. Gomez-Mancilla B, Brand R, Jurgens TP, et al.

Randomized, multicenter trial to assess the efficacy, safety

and tolerability of a single dose of a novel AMPA receptor

antagonist BGG492 for the treatment of acute migraine

attacks. Cephalalgia 2014;34:103–113.
19. Sang CN, Ramadan NM, Wallihan RG, et al. LY293558,

a novel AMPA/GluR5 antagonist, is efficacious and

well-tolerated in acute migraine. Cephalalgia

2004;24:596–602.
20. Johnson KW, Nisenbaum ES, Johnson MP, et al.

Innovative drug development for headache disorders:

glutamate. In: Olesen J, Ramadan N, eds. Innovative drug

development for headache disorders. Oxford: Oxford

University Press, 2008. p. 185–194.

21. Shigemoto R, Nakanishi S, Mizuno N. Distribution of the

mRNA for a metabotropic glutamate receptor (mGluR1)

in the central nervous system: an in situ hybridization

study in adult and developing rat. J Comp Neurol

1992;322:121–135.
22. Shigemoto R, Nomura S, Ohishi H, et al.

Immunohistochemical localization of a metabotropic

glutamate receptor, mGluR5, in the rat brain. Neurosci

Lett 1993;163:53–57.
23. Zerbib F, Bruley des Varannes S, Roman S, et al.

Randomised clinical trial: effects of monotherapy with

ADX10059, a mGluR5 inhibitor, on symptoms and reflux

events in patients with gastro-oesophageal reflux disease.

Aliment Pharmacol Ther 2011;33:911–921.
24. Marin JCA, Goadsby PJ. Glutamatergic fine tuning with

ADX-10059- a novel therapeutic approach for migraine?

Expert Opin Emerg Drugs 2010;19:555–561.

25. Akerman S, Holland PR, Lasalandra M, Goadsby PJ.

Endocannabinoids in the brainstem modulate dural

trigeminovascular nociceptive traffic via CB1 and ‘triptan’

receptors: implications in migraine. J Neurosci

2013;33:14869–14877.
26. Holland PR, Akerman S, Andreou AP, et al. Acid-sensing

ion channel-1: a novel therapeutic target for migraine with

aura. Ann Neurol 2012;72:559–563.

27. Headache Classification Committee of the International

Headache Society. The International Classification of

Headache Disorders (second edition). Cephalalgia 2004;24

(Suppl 1):1–160.

28. International Conference on Harmonisation of Technical

Requirements for Registration of Pharmaceuticals for

Human Use. European Medicines Agency, ed. Statistical

principles for clinical trials. Geneva: International

Conference on Harmonisation, 1998.

29. Walker K, Bowes M, Panesar M, et al. Metabotropic

glutamate receptor subtype 5 (mGlu5) and nociceptive

function. I. Selective blockade of mGlu5 receptors in

models of acute, persistent and chronic pain.

Neuropharmacology 2001;40:1–9.
30. Kawasaki Y, Kohno T, Zhuang ZY, et al. Ionotropic and

metabotropic receptors, protein kinase A, protein kinase

C, and Src contribute to C-fiber-induced ERK activation

and cAMP response element-binding protein

phosphorylation in dorsal horn neurons, leading to central

sensitization. J Neurosci 2004;24:8310–8321.
31. Li B, Lu L, Tan X, et al. Peripheral metabotropic

glutamate receptor subtype 5 contributes to inflammation-

induced hypersensitivity of the rat temporomandibular

joint. J Mol Neurosci 2013;51:710–718.
32. Bhave G, Karim F, Carlton SM, Gereau RW IV. Peripheral

group I metabotropic glutamate receptors modulate

nociception in mice. Nat Neurosci 2001;4:417–423.

33. Farkkila M, Diener HC, Geraud G, et al. Efficacy and

tolerability of lasmiditan, an oral 5-HT(1F) receptor

agonist, for the acute treatment of migraine: a phase 2

randomised, placebo-controlled, parallel-group, dose-

ranging study. Lancet Neurol 2012;11:405–413.
34. Ho TW, Ferrari MD, Dodick DW, et al. Efficacy and

tolerability of MK-0974 (telcagepant), a new oral

antagonist of calcitonin gene-related peptide receptor,

compared with zolmitriptan for acute migraine: a

randomised, placebo-controlled, parallel-treatment trial.

Lancet 2008;372:2115–2123.
35. May A, Goadsby PJ. Substance P receptor antagonists in

the therapy of migraine. Expert Opin Investig Drugs

2001;10:1–6.

36. Palmer JE, Guillard FL, Laurijssens BE, et al. A

randomised, single-blind, placebo-controlled, adaptive

clinical trial of GW274150, a selective iNOS inhibitor,

in the treatment of acute migraine. Cephalalgia

2009;29:124.

37. Dodick DW, Goadsby PJ, Silberstein SD, et al.

Randomized, double-blind, placebo-controlled, phase II

trial of ALD403, an anti-CGRP peptide antibody in the

prevention of frequent episodic migraine. Lancet Neurol

2014;13:1100–1107.
38. Dodick DW, Goadsby PJ, Spierings ELH, et al. CGRP

monoclonal antibody LY2951742 for the prevention of

migraine: a phase 2, randomized, double-blind, placebo-

controlled study. Lancet Neurol 2014;13:885–892.
39. Bigal ME, Dodick DW, Rapoport AM, et al. Safety,

tolerability, and efficacy of TEV-48125 for preventive

treatment of high-frequency episodic migraine: a

570 ª 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

mGlu5 and Migraine M. W. Waung et al.



multicentre, randomised, double-blind, placebo-

controlled, phase 2b study. Lancet Neurol 2015;14:

1081–1090.
40. Bigal ME, Edvinsson L, Rapoport AM, et al. Safety,

tolerability, and efficacy of TEV-48125 for preventive

treatment of chronic migraine: a multicentre, randomised,

double-blind, placebo-controlled, phase 2b study. Lancet

Neurol 2015;14:1091–1100.
41. Sun H, Dodick DW, Silberstein S, et al. Safety and efficacy

of AMG 334 for prevention of episodic migraine: a

randomised, double-blind, placebo-controlled, phase 2

trial. Lancet Neurol 2016;15:382–390.
42. Rascol O, Fox S, Gasparini F, et al. Use of metabotropic

glutamate 5-receptor antagonists for treatment of

levodopa-induced dyskinesias. Parkinsonism Relat Disord

2014;20:947–956.

43. Simmons RM, Li DL, Hoo KH, et al. Kainate GluR5

receptor subtype mediates the nociceptive response

to formalin in the rat. Neuropharmacology 1998;37:

25–36.

44. Sang CN, Hostetter MP, Gracely RH, et al. AMPA/kainate

antagonist LY293558 reduces capsaicin-evoked hyperalgesia

but not pain in normal skin in humans. Anesthesiology

1998;89:1060–1067.

Supporting Information

Additional Supporting Information may be found online

in the supporting information tab for this article:

Data S1. CONSORT checklist.

ª 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 571

M. W. Waung et al. mGlu5 and Migraine


