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Migraine is a common and disabling disease, with a one-year
prevalence of 12% in Western countries such as the US." It is associated
with significant societal costs in terms of pain, bedridden days, and lost
days of work. Although the development and availability of triptans
over the past 17 years has revolutionized the acute treatment of
migraine, many patients report an incomplete or delayed response,
while others experience intolerable adverse events.>* Furthermore,
triptans are contraindicated in patients with cardiovascular disease
because of their vasoconstrictive activity. Therefore, other options are
needed for those who do not respond optimally to triptans, as well as
for those with possible drug—-drug interactions, contraindications, or
risk factors. Additional goals for medications in development include
rapid onset of action, bypassing the gastrointestinal (Gl) tract, sustained
treatment response, and solid safety and tolerability profiles. In this
overview of emerging treatments in headache, the current
understanding of migraine pathophysiology will be outlined and
medical and surgical therapies at various stages of development will be
discussed. Advances in headache diagnosis and classification will also
be discussed in detail.

Migraine Pathophysiology

In recent years, significant advances have been made in the
understanding of migraine pathophysiology. Although the exact
etiology remains to be defined, the currently prevailing theories are
based on a hyperexcitable ‘trigeminovascular complex,” and possibly
cortex, in patients who are genetically predisposed to migraine. In
these susceptible individuals, the trigeminovascular neurons release
neurotransmitters, such as calcitonin gene-related peptide (CGRP) and
substance P, when headache triggers are encountered. This leads to
vasodilation, mast cell degranulation, increased vascular permeability,
and blood vessel edema, resulting in meningeal neurogenic
inflammation. This nociceptive information is transmitted from the
periphery along the trigeminal nerve to the brainstem trigeminal
nucleus caudalis, and then to the thalamic nuclei and the cortex,
where migraine pain is ultimately perceived.* The locus coeruleus,
which contains noradrenergic neurons, the dorsal raphe nuclei, which
consist of serotoninergic neurons, and the periaqueductal gray also
play modulatory roles in the transmission of pain.®

The aura of migraine can be explained by the phenomenon of ‘cortical
spreading depression’ (CSD). In experimental animals and in human
neocortical and hippocampal tissue in vitro, CSD occurs when
an electric or chemical stimulus is applied to the cerebral cortex,
resulting in an excitation followed by a prolonged depolarization
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of cortical neurons that gradually spreads across the cortex. This wave
of depolarization occurs in conjunction with a wave of oligemia.®™
Activation of the N-methyl-D-aspartate (NMDA) receptor subtype
is required to trigger CSD in the rat cerebral cortex'" and in human
neocortical tissues.”> A similar phenomenon is hypothesized to
occur spontaneously in humans, producing the aura. Recent evidence
obtained from functional magnetic resonance imaging,” epidural
electrophysiological recordings,™'® and intracortical multiparametric
electrodes'” have supported this hypothesis. The mechanism by
which the headache phase develops from the aura is unknown
and somewhat controversial, but it may be related to the cortical
release of CGRP, nitric oxide, arachidonic acid, or various ions and their
effects via the trigeminal nerve into the brainstem and back to the
dural blood vessels."®"

The rationale of the emerging therapies is based on the understanding
of the above pathophysiology, with various treatments targeting
different components of the operative pathways discussed above.
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Calcitonin Gene-related Peptide Antagonists

CGRP is a neuropeptide believed to play a pivotal role in the
pathophysiology of migraine, as pre-clinical and clinical findings have
demonstrated a positive correlation between migraine headache and
serum levels of CGRP?* CGRP is released from sensory neurons,
especially activated trigeminal sensory neurons, dilates intracranial
blood vessels, and may also increase nociceptive transmission centrally
in the brainstem and spinal cord. After migraine pain subsides, levels
return to normal. These findings led to the postulation that inhibition
of either central or trigeminal CGRP release or CGRP-induced cranial

Other options are needed for those
who do not respond optimally to
triptans, as well as for those with
possible drug—drug interactions,

contraindications, or risk factors.

vasodilation or mast cell degeneration might be effective in aborting
migraine attacks. The development of CGRP antagonists has been of
particular interest since they lack direct vasoconstrictor activity, thus
offering a distinct advantage over triptans, which, although the
current gold standard in acute migraine treatment, are contraindicated
in patients with uncontrolled hypertension and cardiovascular,
cerebrovascular, and peripheral vascular risk factors.

BIBN-4096BS (olcegepant), a non-peptide CGRP-receptor antagonist
with a high affinity and specificity for the human CGRP receptor,?"?
was a crucial tool in investigating the role of CGRP in migraine.
Extensive animal and human studies have demonstrated that it
potently inhibits the effects induced by CGRP* without affecting
cerebral or systemic hemodynamics®*?* when administered
intravenously. It was later shown to be effective in treating migraine
attacks,? with an overall response rate of 66% with the drug versus
27% with placebo. Differences from placebo were noted at 30
minutes, and the pain-free rate and rate of recurrence at two hours
were favorable compared with rates after treatment with triptans.? A
long duration of action was suggested by continued differences
between treatment and placebo at four hours, suggesting low levels
of rebound and the possibility of use as a preventive agent.?” Overall,
the rate of adverse events was low, and there were few typical triptan
adverse events. Blood pressure, pulse rate, respiratory rate,
electrocardiogram (ECG), laboratory tests, and forearm blood flow did
not reveal any clinically relevant drug-induced changes. The most
frequently reported adverse events were paresthesias, nausea,
headache, dry mouth, and abnormal vision. A previous phase | study

also reported a favorable safety and tolerability profile.?®

Later, MK-0974 (telcagepant), an oral neuropeptide CGRP antagonist,
was shown to be an effective treatment for moderate or severe
migraine. The primary end-point was pain relief at two hours.? Similar
results were obtained for the other end-points of pain freedom,
improvement of associated symptoms and functional disability, and
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the use of additional medication. Like BIBN-4096BS, telcagepant also
demonstrated sustained pain freedom at 24 hours and was well
tolerated. The most common adverse events were nausea, dizziness,
and somnolence. Furthermore, telcagepant appeared to be at least
comparable, if not superior, to rizatriptan on several measures,
although the study was not powered to detect differences in these
treatments. The results of this study will be used in future trials to
determine the optimal doses for effective treatment and further
characterize the clinical profile of telcagepant. The first phase Ill study
compared different doses of telcagepant with zolmitriptan tablets,
and the results were reported at the annual meeting of the American
Headache Society in June in Boston. Telcagepant was equally effective
as zolmitriptan with fewer adverse events. Its lack of vasoconstrictive
action should make it a very useful drug, if approved.

Transdermal Sumatriptan

Triptans are currently the gold standard for acute migraine treatment.
The efficacy of these serotonin 5-HT1 receptor agonists has been
corroborated by extensive literature®* and clinical experience.?
Sumatriptan, the first triptan to be marketed worldwide, is available in
oral, injectable, suppository, and nasal spray formulations, and a
(NP101) is
investigation. NP101 is an iontophoretic patch that uses an electrical

transdermal patch formulation currently under
current to propel sumatriptan across intact skin and into the
underlying tissue.* A phase | study* has defined the pharmacokinetic
and safety profile of this transdermal delivery system. The patches
were well tolerated, with fewer adverse effects than the subcutaneous
form of sumatriptan, although localized sensations and reactions at
the patch site were more common than with other formulations.
Results of another phase | study** comparing the pharmacokinetics of

two NP101 patch formulations versus three US Food and Drug

In recent years, significant advances
have been made in the understanding

of migraine pathophysiology.

Administration (FDA)-approved formulations of sumatriptan (20mg
nasal spray, 100mg oral tablet, and 6mg subcutaneous injection) were
presented at the American Headache Society meeting in June 2008.
Plasma concentrations of NP101 were more consistent and predictable
compared with those of the nasal spray or tablet, probably as a result
of bypassing absorption through the Gl tract. Phase Ill double-blind,
randomized, placebo-controlled studies are currently being initiated to
evaluate the efficacy and safety of NP101.

Neuromodulation

Neuromodulatory approaches have been developed for chronic
headache conditions that are refractory to pharmacological therapy,
such as chronic cluster headache and chronic migraine. Neuroimaging
studies**” in patients with cluster headache and other trigeminal
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autonomic cephalgias (TACs) have supported the theory that activation
of posterior hypothalamic neurons plays a central pathophysiological
thus
hypothalamic) stimulation in the treatment of these disorders. While

role, providing the rationale for deep brain (posterior

results have been encouraging in that most patients achieve pain
reduction or cessation in spite of total failure of previous therapy, the
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in migraine.

procedure is invasive and carries with it a low risk for intracerebral
hemorrhage.*** As such, less invasive peripheral procedures such as
occipital nerve stimulation have been proposed.

A recent systematic review® on occipital nerve stimulation in benign
headache covered 10 observational studies, which included four
prospective studies and several case series, case reports, and reviews.
Subjects in all of the reports demonstrated improvements in pain relief,
headache frequency, intensity, and duration, as well as reduced
medication intake. Improvements in cluster headache patients
appeared to be less dramatic, and occurred after a longer latency
period than in those with occipital headaches or migraine. Although
no long-term side effects were reported, short-term incidents included
infection, lead displacement, and battery depletion.

The use of transcranial magnetic stimulation (TMS) for the treatment
of migraine with aura is also under investigation. The administration of
magnetic field pulses during the aura phase of migraine is believed to
interrupt the propagation of CSD and thus abort the headache phase
before it begins. A 2006 proof-of-concept study showed strong trends
toward a reduction in nausea and pain at two hours in subjects who
received TMS pulses. Treatment was also well tolerated.” More
recently, in a randomized, double-blind, parallel-group, sham-
controlled study® presented at the American Headache Society
meeting in June 2008, early treatment of migraine with aura with TMS
was associated with increased rates of pain freedom at two hours
compared with sham treatment. Thirty-nine percent of subjects who
used a portable handheld device to deliver TMS via two pulses to the
occipital region during the aura of migraine were headache-free after
two hours compared with 22% in the placebo group. No device-
related serious adverse events were reported.

Other Treatments in Early Stages of Development
Dihydroergotamine Oral Inhaler

MAP0Q04 is an orally inhaled form of dihydroergotamine (DHE) that
is in phase Il development. Currently, DHE is available in injectable
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(intravenous, intramuscular, and subcutaneous) and nasal forms. While
the intravenous form usually provides rapid relief of migraine pain, it is
often given in a clinic or hospital setting and requires the supervision
of a healthcare provider. Also, nausea is usually a prominent side
effect. Other types of injection cause fewer adverse events but tend to
work slightly more slowly. The nasal form works well in some patients
but may result in inconsistent results because of poor absorption and
the
(MAPO0004) can be administered at home and produces consistent

difficulties with administration. In contrast, inhaled form
dosing directly to the lung, with rapid systemic absorption and fewer
adverse events in phase |l trials. Compared with traditional
formulations of DHE, MAP0O004 delivers faster and more consistent
blood levels.* Furthermore, DHE is unlikely to directly affect pulmonary
function since it does not interact with receptors involved with airway
regulation.** In a phase Il trial,* it provided significant pain relief in
10 minutes, with a low incidence of recurrence at 24 hours. MAP0O004
was also well tolerated, with low rates of nausea, and was even
associated with decreased rates of migraine-associated nausea. lIts
special mechanism seems to prevent taste alteration, cough, and
throat irritation. Compared with sumatriptan or rizatriptan, it may also

provide more sustained relief and freedom over 24-48 hours.*’

Prochlorperzaine Staccoto Inhaler

An orally inhaled formulation of prochlorperazine is being developed
for the treatment of acute migraine. Prochlorperazine’s use as an
antiemetic is related to dopaminergic blockade in the chemoreceptor
trigger zone. It has been used effectively intravenously in the
emergency room to stop the migraine process.”* It also has
activity as an antipsychotic agent. In a phase IIB study,® staccato

The use of transcranial magnetic
stimulation for the treatment
of migraine with aura is also

under investigation.

prochlorperazine met the primary efficacy end-point—headache relief
at two hours post-dose—for all three doses of the study drug
compared with placebo. Onset of pain relief was rapid, with all three
doses showing a statistically significant pain response at
30 minutes compared with placebo. No serious adverse effects were
reported. The most common drug-related side effects were taste
alteration, throat irritation, cough, somnolence, breathlessness, and

dizziness, all of which were dose-related.

Staccato Loxapine

Staccato loxapine is a dopamaine antagonist that may be effective in
the acute treatment of migraine. In a recent phase lla multicenter,
randomized, double-blind, placebo-controlled trial,** all three study
doses (1.25, 2.5, and 5mg) were statistically significant compared with
placebo for the primary end-point of pain relief at two hours. Using
survival analysis, all doses were also statistically superior to placebo for
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nausea. The treatment was well tolerated, and no serious adverse
events were reported.

Nitric Oxide Synthase Inhibitors

Nitric oxide (NO) has been hypothesized to play a role in the
pathophysiology of migraine,*** presumably via the dilation of cranial
vasculature. More recently, however, evidence has suggested that the

Tonabersat (SB-220453) is a
gap-junction blocker with
anticonvulsant properties that is
under investigation for use in the

preventive treatment of migraine.

effect of NO in migraine pathogenesis may not in fact be a vascular
one.* Inducible NO synthase (iINOS) has been implicated in migraine
pathophysiology,”” and NOS blockade has been reported to inhibit
trigemino-cervical complex fos expression.*® As such, NOS has been a
target for migraine treatments in development.

A phase Il randomized, double-blind, placebo-controlled, dose-
escalating study in female patients with migraine without aura was
recently conducted to assess the safety, tolerability, and efficacy of an
NOS inhibitor known as MTR-106.* Significantly more subjects in the
treatment group reported pain relief compared with those in the
placebo group (75 versus 25%; p=0.025). Results were also significant
for the pain-free end-point (26 versus 13%), and 23% of subjects
treated with MTR-106 had sustained pain freedom at 24 hours post-
treatment. There were no significant changes in heart rate or blood
pressure in any of the treatment groups. Out of 13 episodes of
drowsiness and heart burn, 69% occurred with the highest dosage
of the drug.

Intranasal Ketorolac

The efficacy and safety of a novel intranasal formulation of ketorolac
(ROX-828), a non-steroidal anti-inflammatory drug (NSAID), in the
treatment of migraine and related symptoms was recently investigated
in a placebo-controlled proof-of-concept study in Finland and

5-HT,r agonists may be effective
in the treatment of acute migraine,
without the vasoconstrictive effects

associated with triptans.

Germany.® Treatment with the drug resulted in a statistically significant
improvement in pain relief at most time-points over a 48-hour period
compared with placebo. Statistically significant improvements in
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associated migraine symptoms such as nausea and vomiting were also
noted at several time-points compared with placebo, but were
somewhat slow to occur. ROX-828 was generally well tolerated; the
most common side effects were related to nasal irritation.

Gap-junction Antagonists

Tonabersat (SB-220453) is a gap-junction blocker with anticonvulsant
properties that is under investigation for use in the preventive
treatment of migraine. It inhibits CSD and neurogenic inflammation
and blocks trigeminal nerve ganglion stimulation-induced carotid
vasodilatation.®"® It is currently in clinical trials, although one early
study was prematurely terminated due to unexpected hypotensive
episodes in four of 15 subjects.®

AMPA Kainate Antagonists

The potential role of AMPA kainate antagonists in migraine treatment
has been studied based on the implication that glutamatergeric
hyperactivity is involved in migraine pathophysiology. Results from a
small proof-of-concept study® in which subjects were randomized to
1.2mg/kg intravenous LY293558 (an AMPA/kainate/GIuRS receptor
antagonist), 6mg subcutaneous sumatriptan, or placebo showed that
LY293558 produced a 69% response rate for the primary efficacy

Advances in the field of headache
medicine are taking place not only
in the treatment realm, but also in

the nosological one.

variable of pain relief at two hours. Fifteen percent reported adverse
events compared with 53% for sumatriptan and 31% for placebo.
LY293558 is now also known as tezampanel (or NGX424), and its oral
prodrug, NGX 426, is also in development. A phase llb trial on
tezampanel, a parenterally administered compound, showed that a
single dose of the treatment was statistically significant compared with
placebo in the treatment of acute migraine headache. NGX426 is
currently in phase | testing.®®

5-HT;r Agonists

5-HTq agonists may be effective in the treatment of acute migraine,
without the vasoconstrictive effects associated with triptans. They
likely act by inhibiting the activation of nociceptive neurons in the
trigeminal nucleus caudalis without constricting dural blood vessels.**¢”
Although LY334370, a selective 5-HT4; agonist, was shown to be
effective in phase Il trials,*® evidence of animal toxicity precluded
further development of the drug.®® More recently, however, a neurally
acting antimigraine agent (NAAMA) that has selective 5-HT;¢ agonist
activity, known as COL-144, showed a dose-related efficacy in the
acute treatment of migraine in a phase Il trial. An oral formulation of
COL-144 is being developed for phase lll trials, given the positive
phase Il trial results with the intravenous form.”

FUTURE DIRECTIONS IN NEUROLOGY
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Advances in Diagnosis

Advances in the field of headache medicine are taking place not only in
the treatment realm, but also in the nosological one. The delineation of
formal criteria for medical disorders is essential for both clinical and
research purposes. In order to practice evidence-endorsed clinical
medicine, and to perform quality research, it is mandatory to have a

There exists a great deal of confusion
and continuing controversy, even
among prominent headache specialists,
about the current official criteria for
chronic migraine and medication-

overuse headache.

consensus on valid and reliable diagnostic criteria for the clinical entities
in question. The first edition of the International Classification of
Headache Disorders (ICHD-I) was published in 1988’' by the International
Headache Society (IHS) in an effort to standardize criteria for headache
disorders worldwide. Although the ICHD-I represented a major advance
in the understanding and classification of headache disorders, it was
difficult to apply to patients with headaches of long duration (>4 hours
per day) or on more days than not (‘chronic daily headaches’ [CDH]), and
was extremely cumbersome to utilize, even for headache clinicians.”>”

In the years following the publication of the ICHD-I, numerous field
trials were undertaken to validate or dispute the criteria for the
different headache disorders.”*’® The cumulative result of this research
was an evolution in the understanding and characterization of CDH
and its nomenclature as delineated in the ICHD-II, which was published
in 2004. Although CDH was not included as a formal diagnosis, its
subtypes were described. They included chronic migraine (CM),
medication-overuse headache (MOH), chronic tension-type headache
(the only CDH incorporated in the ICHD-I), new daily persistent
headache (NDPH), and hemicrania continua (HC). Since then, the
criteria for MOH have already been revised twice,”® and a revision for
CM was also recently published.®

Because of multiple revisions in the criteria, there exists a great deal of
confusion and continuing controversy, even among prominent
headache specialists, about the current official criteria for CM and
MOH. The debated issue for CM involves the number of headache

days required for diagnosis. While the ICHD-II criteria required 15 days
of migraine per month, this did not apply to most patients seen in
clinical practice with CDH. Even episodic migraine lasting for two to
three days does not necessarily meet IHS migraine criteria on each day
of the attack.®" As for MOH, the point of contention is whether or not
a two-month withdrawal period should be required before a diagnosis
can be made.

In 2006, a proposal was made to revise the criteria for both
diagnoses.® For CM, the new criteria require 15 days of headache per
month for at least three months, eight of which fulfill criteria for
migraine or were successfully treated with acute migraine medications
such as triptans or ergots. For MOH, the two-month withdrawal period
before diagnosis is no longer required. Because these newest criteria
have not yet been incorporated into the body of the ICHD, there is no
agreement among headache specialists as to whether or not they are
official. We recently proposed® that the changes outlined in 2006,*
referred to as the ICHD-IIR, for the diagnosis of CM and MOH should
be adopted immediately, not years from now. In addition, we need to
spread the information about the new criteria and their adoption
internationally so we can diagnose these common conditions more
effectively and consistently.

Conclusions

The field of headache medicine is a dynamic one, advancing
rapidly and changing frequently as a result of a better understanding of
both migraine pathophysiology and nosology. This in turn engenders

The field of headache medicine is

a dynamic one, advancing rapidly and
changing frequently as a result of a
better understanding of both migraine

pathophysiology and nosology.

higher-quality research and more targeted therapeutic approaches. For
researchers and clinicians alike, the ultimate goal is to significantly reduce
the frequency, duration, and intensity of migraine pain while decreasing
the cost and disability associated with the disorder in the near future.
With a multitude of treatment options in development, significant
progress toward this end can be expected in the foreseeable future. M
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