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ABSTRACT

Migraine is a debilitating neurological disorder
characterized by recurring headache attacks lasting
4-72 hours. Although migraine is common, the
pathophysiological causes of this disorder remain
unknown. Evidence suggests the importance of
the central nervous system (CNS) in the pathology
of all migraine variants; however, drug development
remains focused on peripheral targets. Migraine
therapeutics including triptans, calcitonin gene-
related peptide (CGRP) antagonists, and monoclonal
antibodies against CGRP and its receptor are not
thought to cross the blood-brain barrier (BBB).
Nonetheless, triptans and CGRP antagonists have
been shown experimentally to bind to and exert
actions in migraine-relevant regions of the CNS.
Some studies have observed increased permeability
of the BBB in migraine, which may partially
account for the CNS activity of these drugs.
Adding to the complexity of the disorder, different
migraine variants such as familial hemiplegic
migraine (FHM), migraine with aura, and migraine
without aura have different underlying pathological
mechanisms. In FHM and migraine with aura,
cortical spreading depression (CSD) is thought to
trigger both the aura phase as well as meningeal
primary nociceptor activation in migraine. The
cause of CSD in patients experiencing migraine
with aura is largely unknown; however studies
indicate that sex hormones, corticosteroids,
inflammatory mediators such as CGRP, and genetic
factors play an important role. Furthermore, CSD
has also been correlated with an increase in BBB
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permeability, strengthening the argument for
migraine drug activity in the CNS. It is clear from
the mounting evidence, both preclinical and
clinical, that CNS mechanisms play an important
role in the underlying pathology of migraine. It is
therefore vital that future studies continue to
investigate these CNS mechanisms in order to
create new, more effective treatments to treat and
prevent migraine.
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INTRODUCTION

Migraine is a common, complex neurological
disease affecting approximately 15 percent of the
world population [1]. Although migraine is a
primary headache disorder, migraine sufferers
experience a host of symptoms during attacks
including nausea, vomiting, and hypersensitivity
to sensory stimuli including visual, auditory, and
olfactory [2]. Additionally, approximately 25 percent
of migraineurs experience aura, a preceding
sensory disturbance (usually visual) about one
hour prior to the headache phase of migraine. The
headache phase of the attack typically includes
a throbbing, usually unilateral headache lasting
4-72 hours [2].

The first known record of migraine dates back to
ancient Egypt, thousands of years ago [3]. Despite
its long-standing prevalence in human society,
most of the relevant advances in migraine
knowled%e and therapy did not occur until the
early 20" century. Early studies by Graham and
Wolff in the 1930s described migraine as a purely
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vascular disease caused by the painful dilation and
stretching of the cranial arterial walls [4]. This
notion persisted for several decades, until modern
technological advances allowed for the examination
of genetic and neurologic contributions to migraine
pathogenesis.

Migraine is now generally accepted as a multifaceted
neurological disorder, likely arising from a
combination of wvascular, neural, and genetic
factors [5]. Despite advances in our knowledge of
migraine pathogenesis, the exact physiological
origin of migraine has yet to be fully described.
This is evident in our apparent lack of universally
effective migraine therapies. Studies report that
as many as 50 percent of migraine patients are
currently unsatisfied with their migraine treatment
regimen [6].

As a result of inadequate management, more than
90 percent of migraine sufferers report being
unable to work or function normally. In fact,
migraine and chronic headache was found to be
the second most frequently identified cause of
short-term absence in employees, comprising 47%
of the examined reports [7, 8]. This loss in
productivity, combined with the disabling pain
and accompanying symptoms experienced by the
migraineurs, qualify migraine as a global health
issue. In fact, the World Health Organization has
classified migraine as one of the most disabling
illnesses in the world [1]. From these figures it is
clear that more research on the underlying cause
of migraine, as well as on the creation of new
therapies, is vital to address this disabling and
poorly managed disease.

Most currently available anti-migraine medications
target peripheral sites to stop headache pain after
it has already begun [9]. Although this method
is effective for a number of migraineurs, it is
important to explore other potentially relevant
target sites, including areas of the CNS, in order
to fill in the gaps in our current care of migraine
patients. Considering that the underlying cause of
migraine is poorly understood, current migraine
therapeutics target only the symptoms, leading to
the apparent lack of highly effective medications
to treat and prevent migraine.

In this review, we will present the central nervous
system (CNS) as a primary site in the underlying

pathogenesis of migraine. Overarching goals of
this review are to discuss the known functional
and molecular changes in the CNS in migraine, as
well as the potential for migraine drugs such as
CGRP antagonists, neutralizing antibodies, and
triptans to act in these CNS regions associated
with migraine. Lastly, this review will detail the
obstacles faced in delivering migraine drugs to the
CNS including the necessity to overcome the
blood-brain barrier (BBB) and the potential for
CNS-mediated side effects.

1. Mechanisms of migraine pain

The trigeminal nerve contains the major primary
afferents for the relay of facial and scalp sensory
information, including pain [10]. The trigeminal
nerve separates into three branches: the ophthalmic
nerve, the maxillary nerve, and the mandibular
nerve. The ophthalmic and maxillary nerves solely
transmit sensory information, while the mandibular
nerve performs both motor and sensory functions
[10]. Several mechanisms by which the nociceptive
fibers of the trigeminal nerve are activated during
migraine have been proposed including neurogenic
inflammation of the dura mater and the occurrence
of a cortical spreading depression (CSD) (Figure 1).

Neurogenic inflammation involves the release of
endogenous inflammatory mediators [11]. In
migraine, this phenomenon is most often attributed
to degranulation of mast cells in the dura, leading
to activation of meningeal afferents in the
trigeminovascular system [12]. Experimentally, it
is known that noxious stimuli in the primary
afferents of the trigeminovascular system lead to
the release of vasoactive neuropeptides such as
substance P and calcitonin gene-related peptide
(CGRP) [13, 14].

CGRP, in particular, has been shown to play a
central role in migraine pathology [14, 15], though
it performs many functions in the body. In regard
to migraine, CGRP is both a potent vasodilator
and nociceptive neurotransmitter acting at first-
order meningeal neurons; it also activates second-
order neurons in the spinal cord and trigeminal
nucleus caudalis (TNC) [15, 16]. Vasodilation of
meningeal arteries via CGRP actions prior to
migraine attacks may cause extravasation of
inflammatory mediators onto dural afferents,
leading to their activation [14]. Evidence also
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Figure 1. Representation of contributing factors and outcomes of CSD in migraine with aura. CSD is provoked
by abnormalities in the cellular ionic gradient. Several hormones and neurotransmitters including CGRP,
corticosteroids, and sex hormones such as progesterone and 17-B estradiol increase CSD susceptibility and
frequency of CSD triggered by elevated extracellular K*. Mutations in genes encoding for ion channels or proteins
related to ion homeostasis also increase CSD susceptibility. As a result of CSD, numerous inflammatory molecules
are released and meningeal nociceptors are activated. Additionally, changes in pH, blood-brain barrier permeability,
and cerebral blood flow have been shown to occur in response to CSD. Long-term structural anomalies such as

white matter lesions and infarct-like lesions are thought to occur due to repeated CSDs.

suggests that CGRP is able to directly cause mast
cell degranulation which, among other things,
can lead to additional CGRP release and further
activation of trigeminal nociceptors [17]; these
studies have yet to be confirmed clinically. Studies
on CGRP levels in serum, cerebral spinal fluid
(CSF), and saliva in migraine patients have shown
elevated levels both during and between attacks as
compared to healthy controls [14, 18-20]. Therefore
CGRP can be seen as partly responsible for the
initiation as well as the progression of migraine pain.

Although studies done on neurogenic inflammation
and CGRP involvement thus far provide a
compelling explanation to some aspects of migraine
pain, the underlying mechanism for episodic
mast cell degranulation and meningeal nociceptor
activation remains to be elucidated. Infusion of
CGRP in migraine-susceptible individuals reproducibly
induces a migraine-like attack several hours post

infusion [15]. However, the endogenous cause of
increased CGRP levels in migraine is unknown.
It is clear from these observations that additional
mechanisms must be involved in the underlying
cause of migraine attacks.

2. CNS origins of migraine

Peripheral trigeminal nociceptors originating from
the dura project through the trigeminal tract to the
caudal medulla and the upper cervical spinal cord
[21-24]. These second-order neurons originating
largely from the spinal trigeminal nucleus caudalis
(TNC) convey nociceptive information to several
brainstem relay centers, including the rostral
ventromedial medulla (RVM) and periaqueductal
gray (PAG) [25, 26]. Nociceptive signals from the
TNC are also sent to the hypothalamus and thalamus
for further processing and relay to higher order
cortical centers [26-28].
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Following transmission to brain and brainstem
processing centers, nociceptive signals originating
from meningeal nociceptors can be modulated
via descending facilitation or inhibition [29, 30].
Experimental evidence suggests the importance of
the PAG and RVM in descending pain modulation
[31]. Opioid, serotonergic, and noradrenergic
pathways have all been implicated in descending
pain inhibition [32]. Recently, migraine patients
have been shown to have atypical connectivity in
pain modulatory regions in the brainstem [33].
Interestingly, migraine patients have been shown
to exhibit reduced functional connectivity between
the PAG and key brain regions associated with
descending pain inhibition, namely the rostral
anterior cingulate cortex and medial prefrontal
cortex [34]. The extent of these changes in
connectivity was found to be correlated to migraine
headache intensity [34]. These data suggest that
migraine patients may have deficits in pain
modulation through alterations in descending pain
inhibition. These issues in functional connectivity
likely compound with other influencing factors
in migraine such as sensitization, triggers,
inflammation, and CNS abnormalities, to account
for the recurrent/remitting features of migraine in
humans.

2.1. Cortical spreading depression

Imaging studies in humans have provided evidence
for both structural and functional anomalies in the
CNS in migraine patients. Structural anomalies
including white matter abnormalities (WMA),
infarct-like lesions (ILL), and changes in gray
matter and white matter volume have been observed
in population-based and cross-sectional human
neuroimaging studies [35]. Although the findings
were not universal in each study, several meta-
analyses have provided evidence that migraineurs,
especially those with aura, have a higher prevalence
of these CNS structural abnormalities than healthy
controls suggesting a neuroanatomical component
of the pathology [35].

The functional outcome of these structural
differences in migraine has not been definitively
determined. Some structural changes, such as
ILL and WMA may occur as a consequence of
migraine; these may occur due to migraine-related
disruption of cerebral blood flow resulting from

cortical spreading depression [36]. Cortical spreading
depression (CSD) originating from the CNS is
another postulated mechanism by which the
trigeminal nerve is activated during migraine.

CSD is described as a wave of self-propagating
depolarization followed by a wave of inhibition
across the cortex. CSD is thought by many to be
the underlying cause of the aura phase of migraine
[37]. Some evidence also suggests that the CSD
itself may be contributing to the activation of
meningeal nociceptors [38]. CSD has been shown
to cause the release of numerous pronociceptive
substances including CGRP, glutamate, ATP, and
hydrogen ions in the cortex that can diffuse to and
activate meningeal nociceptors [39]. Activation of
these nociceptors can elicit neurogenic inflammation
through mast cell degranulation and vasodilation
of meningeal blood vessels causing subsequent
diffusion of inflammatory mediators onto meningeal
afferents as a positive feedback that exacerbates
migraine and other headache disorders [12].

2.2. CNS neurotransmitter, neuropeptide,
and hormone involvement in CSD

Mechanisms of CSD initiation in migraine have
not been fully elucidated; however, aberrations in
neurotransmitter and neuropeptide release and
function have been suggested as major contributors
to CSD propagation (Figure 1). Supporting the
idea that CGRP has a prominent role in migraine,
CGRP in rat neocortical slices has also been
shown to promote CSD in response to elevated
extracellular K* [40]. The same study demonstrated
a dose-dependent inhibition of CSD with three
different CGRP receptor antagonists [40]. It is
known that CGRP is elevated in serum, saliva, and
CSF in migraineurs both ictally and interictally
[14, 18, 19]. Therefore it is plausible that elevated
CGREP levels in these patients can trigger a CSD
and resulting migraine when combined with other
migraine triggers.

Stress is one of the most commonly reported
migraine triggers. Some studies suggest that the
increased cortisol levels brought on by stress can
increase susceptibility to CSD initiation [41]. In a
mouse model of familial hemiplegic migraine, for
instance, pre-treatment of mice with corticosterone
increased the frequency of CSD events in response
to elevated extracellular K* [41]. Another study
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examining the effect of environmental stress on
trigeminal activation in a rat model of medication-
overuse headache found that bright-light stress
significantly increases TNC Fos staining, indicating
an increase in trigeminal afferent activation [42].
Additionally, it has been demonstrated that CGRP
can stimulate corticosteroid release [43]. Conversely,
high levels of cortisol have been shown to reduce
CGRP plasma levels in patients with cluster
headache; however it is unknown if a similar
effect would be seen in migraine [44]. If true in
migraineurs, this may partially explain why many
patients experience migraines at the resolution of
a period of high stress. Together, these studies
validate stress as a potential trigger for CSD
initiation in migraine patients.

In addition to cortisol, steroid sex hormones such
as estrogen and progesterone have been implicated
in migraine pathogenesis. Approximately 3 out of
4 migraineurs are women [8]. Of these women
who experience migraine with aura, many experience
migraines during discrete times in their menstrual
cycle, either when their female sex hormones are
at their lowest or their highest [2]. One study
demonstrated the ability of both 17-p estradiol and
progesterone to increase the amplitude of high K*-
induced CSDs in rat somatosensory neocortical
slices [45]. Additionally, this study showed enhanced
long-term potentiation (LTP) in these slices with
high levels of female sex hormones [45].

More recently, an in vivo study demonstrated
the ability of 17-p estradiol and progesterone to
increase the frequency of K*-induced CSDs in
anesthetized rats [46]. Furthermore, the male sex
hormone testosterone has been shown to decrease
CSD susceptibility in a mouse model of familial
hemiplegic migraine [47]. These reported effects
of sex hormones suggest that female sex hormones
can both increase the risk of CSD as well as
modulate cortical synaptic transmission.

2.3. Genetic contributions to CSD

The influence of genetic factors on CSD in migraine
has not been fully established, although several
gene loci are implicated in disease susceptibility.
In familial hemiplegic migraine (FHM), CSD is
potentially caused by defects in ion channels
critical for the maintenance of neuronal activity
homeostasis [48]. FHM is a genetic variant of

migraine with aura which, in addition to classical
migraine symptoms, includes weakness on one
side of the body as a symptom during attacks.
Migraine attacks in FHM have been more strongly
linked to CSD than in classical migraine with
aura, making it a useful disorder for studying
potential causes of CSD in migraine [49].

The most common form of FHM (type 1) is
caused by a mutation in the CACNALA gene
encoding the pore-forming subunit of P/Q type
calcium channels. This mutation enables these
channels to open at more negative membrane
potentials resulting in a lower threshold for CSD
initiation [50]. The less common forms of FHM
also involve mutations of critical ion channels
such as ATP1A2 (type 2), encoding the astrocytic
Na'/K* ATPase, and SCN1A (type 3) which
encodes the alpha subunit of the voltage-gated
sodium channel Navl.1l. It is thought that all of
these mutations increase neuronal excitability
leading to an increased likelihood of CSD initiation,
thus establishing CSD as a key component in
FHM [51].

Evidence suggests that genetic factors contribute
greatly to migraine susceptibility in both migraine,
with and without aura, though identification of
the discrete loci is in its infancy. A recent meta-
analysis of genes related to migraine susceptibility
uncovered few genes related to ion transport,
leading to the conclusion that other mechanisms
must also be involved in CSD initiation and/or
trigeminal activation in the common forms of
migraine with aura [52]. Nonetheless, the ion
channel-associated genes related to migraine
do provide some link between common forms
of migraine and CSD. Thirty-eight migraine
susceptibility loci were identified in a recent meta-
analysis; two contained genes for ion channels
(KCNKS5 and TRPMS8) and three contained genes
related to ion homeostasis (SLC24A3, ITPK1,
and GJA1) [52]. Of these genes, KCNK5 and
SLC24A3, stand out as being potentially pertinent
to CSD.

KCNKS5 is a protein-encoding gene for a two-pore
domain acid-sensitive potassium channel TASK-2
[53]. Immunostaining of TASK-2 in the rat CNS
indicates that this channel is highly expressed in
many migraine-relevant regions including the
hypothalamus and amygdala in the brain as well as
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the periaqueductal grey, locus coeruleus, and
trigeminal brainstem complex [54]. The functional
outcome of specific mutations found in this
channel in migraine is unknown; however, its role
in migraine can be postulated based on the
channels’ function. TASK channels, including
TASK-2, contribute to the potassium leak current
in neurons and are involved in setting and
modulating the membrane potential and controlling
neuronal firing [53, 54]. Therefore, down-regulation
in the function or expression of the TASK-2
channel could lead to conditions favoring CSD
induction.

Additionally, TASK-2 has been implicated in
adaptive responses to seizure activity through
rapid upregulation leading to hyperpolarization
[55]. This upregulation is likely due to extracellular
pH changes resulting from seizure activity. It is
known that CSDs result in a biphasic pH change
within the cortex with an initial alkalization
followed by a longer-lasting acidification [56].
The activity of TASK channels is highly regulated
by pH, where lowering pH increasingly inhibits
their activity [53]. It is therefore possible that
defects in the ability of TASK-2 to upregulate in
response to the acidic environment following
CSD in migraine may contribute to an impaired
ability to adapt to the CSD, eventually leading to
a strong enough stimuli to activate meningeal
nociceptors. Although probable, these hypothesized
roles of TASK-2 in migraine have yet to be
effectively studied experimentally.

Most CSD research focuses on the contribution of
extracellular K* accumulation to CSD induction
and propagation. It is clear that K™ plays a vital
role in CSD progression, although other ions
including Ca** may also significantly contribute to
CSD in migraine [57]. Increased Ca*" influx has
been shown in rats to assist in the propagation and
acceleration of CSD [57]. One of the migraine-
susceptible genes, SLC24A3, encodes for the
K*-dependent Na‘/Ca** exchanger NCKX3 [52].
NCKX3, along with the other Na*/Ca?* exchange
proteins is prominently involved in the regulation
of Ca®* homeostasis in neurons; functionally it
exchanges one intracellular Ca** and K* for four
extracellular Na* [58].

NCKX3 is broadly expressed throughout the CNS
[59]. Interestingly, the expression of NCKX3 in

the uterus has been shown to be significantly
increased with increasing 17B-estradiol levels
[60]. This is particularly relevant to migraine as
approximately 75 percent of migraineurs are
female, many of whom experience migraines
during or near the time of their menstrual period
when estrogen levels are at their highest or lowest
[2, 8]. It is possible that circulating estrogen levels
may more broadly influence NCKX3 levels in
CNS regions, and that increased NCKX3 function
or expression in migraineurs may contribute to
aberrant regulation of Ca** homeostasis. As with
TASK-2, however, the function of NCKX3 in
migraine has not been experimentally validated.
Thus more research is warranted to determine the
contribution of these genetic polymorphisms to
CSD and migraine.

2.4. Central sensitization in migraine

In addition to CSD, many other CNS processes
and changes are thought to contribute to migraine
pain. One persisting hypothesis behind the chronic
and recurring nature of migraine and other pain
states is the development of central sensitization
[61]. The development of central sensitization
with regard to pain has been observed and studied
in numerous animal models and human pain
conditions [62]. Central sensitization involves the
ability of second-order neurons to be activated in
response to previously subthreshold, nociceptive
stimuli. This occurs due to strengthening of these
synapses leading to increased excitability [24]. These
changes manifest as allodynia and hypersensitivity
in both humans and animals [24, 63].

Transmission of head and facial pain begins in
nociceptive trigeminal primary afferents, which
synapse in the spinal trigeminal nucleus in the
medulla. Persistent sensitization of these medullary
dorsal horn neurons has been shown to occur in
response to dural inflammation in rats, providing
evidence for the development of central sensitization
in migraine [24]. Increased circulating levels of
pro-inflammatory molecules in migraine patients
are thought to contribute to central sensitization in
migraine. Interleukin-6 (IL-6), which has been
shown to be elevated in migraine patients, has
been demonstrated to contribute to priming and
sensitization of second-order neurons in the TNC
[64-66]. This effect was shown to be dependent
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on centrally-acting brain-derived neurotrophic factor
(BDNF) within the brainstem [64]. CGRP is also
thought to play a key role in central sensitization
in response to migraine. CGRP is co-released with
glutamate from trigeminal primary afferents onto
second-order neurons in the TNC, thus lowering
the activation threshold for glutamate on the
second order neuron [67]. Additionally, this
increase in central CGRP can stimulate glial cells
in the CNS to release inflammatory mediators,
further perpetuating this inflammatory state and
central sensitization [68].

Further evidence for central sensitization in
migraine comes from observations in human
migraine patients. Many migraineurs experience
hypersensitivity on their face and scalp during
migraine attacks which persists after the primary
migraine pain has subsided. In these patients, even
common grooming activities such as combing
their hair can become painful [69].

3. Migraine drugs and challenges of drug
delivery to the CNS

Due to a lack of therapeutic options, treatment
of migraine clinically is still quite limited.
Pharmacological treatments include non-steroidal
anti-inflammatory  drugs (NSAIDs), opioids,
ergotamines, triptan compounds, and prophylactic
therapies [70, 71]. NSAIDs are most commonly
used as abortive treatments for mild to moderate
migraine; however they are often not efficacious
and their sustained use may lead to adverse effects
such as gastrointestinal (GI) irritation [70].
Although opioids are currently the most frequently
used medications for chronic pain conditions,
their use in migraine is restricted due to the
development of medication-overuse headache as
well as their high abuse potential [71, 72].

Very few migraine-specific drugs exist, making
the treatment of more severe cases of migraine
headache difficult. Triptan compounds represent
the first-line of migraine-specific abortive drugs
[70]. Although triptans are generally safe, with
minimal major adverse reactions, they are reported
to be ineffective in fully relieving migraine pain in
as many as 55 percent of patients [7, 70, 73].
In order to fill this large therapeutic gap, targeting
of CGRP and its receptor continues to be

thoroughly researched as a new therapeutic option
for the treatment of migraine [68, 74, 75]. These
new drugs have proved to be efficacious as both
preventative and abortive treatments [75]. The
location of action of these and other migraine
drugs, either central or peripheral, is not completely
established [75]. Although research suggests that
both triptans and CGRP-targeting compounds
exert their actions in the periphery, both have the
potential to exert migraine-relevant effects in the
CNS [75, 76] (Figure 2). Additionally, some
evidence suggests increased BBB permeability in
migraine, which may facilitate CNS uptake of
these drugs during migraine attacks [77, 78].
Therefore, a more in-depth assessment of actions
of migraine drugs in the CNS is warranted in
order to further understand their mechanism of
action as well as to aid in the development of new,
more efficacious drugs.

3.1. Triptans

Triptans are a class of drugs used as primary
abortive agents for the treatment of migraine. The
anti-migraine effects of triptans arise from their
agonistic interaction with 5-HTg/1p1r Serotonergic
receptors [73, 76]. The 5HT1 class of receptors,
including those acted upon by triptans, are Ggjo-
coupled G-protein coupled receptors (GPCRS)
which are negatively coupled to adenylate cyclase
[79]. These receptors are believed to function
primarily as auto-receptors, inhibiting the release
of serotonin from central and peripheral termini
when active, and thereby reducing glutamatergic
transmission [73, 76]; thus, synaptic transmission
from peripheral nociceptors in the dura to the
TNC is halted.

Triptans have traditionally been thought to exert
their effects only in the periphery, as studies have
shown minimal crossing of triptans through the
blood-brain barrier (BBB) [76]. It is known,
however, that 5-HTg/1p/1r S€rotonergic receptors
are highly expressed in the CNS and have the
potential to produce functionally relevant changes
in the context of migraine [80]. Inhibition of
second-order neurons in the TNC by triptans may
prevent synaptic relay of nociceptive signals to
higher order processing centers [81]. It has widely
been assumed that this inhibition occurs as a
consequence of presynaptic actions of triptans at
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Figure 2. General overview of pain transmission through the CNS in migraine. Transmissions from peripheral
nociceptors pass through trigeminal ganglia (TG) to second-order neurons in the TNC. Here they are sent to relay
centers in the brainstem including the RVM and PAG. Nociceptive transmissions are also sent to the thalamus and
hypothalamus for relay to higher order cortical regions including the medial prefrontal cortex and the rostral anterior
cingulate cortex. From here, descending pain inhibition can occur through efferent connections with the PAG. These
descending connections have been shown to be impaired in migraine patients. Migraine drugs including triptans and
CGRP antagonists have been shown to bind to and act in several migraine-relevant regions of the CNS including the
TNC (triptans and CGRP antagonists), PAG (CGRP antagonists), and hypothalamus (CGRP antagonists).
Conversely, CGRP monoclonal antibodies are thought to only act in the periphery due to their inability to cross the
BBB. Some evidence suggests the opening of the BBB during migraine attacks, however, increasing the possibility

for CNS activity of migraine therapeutics.

the primary nociceptor. Experimental evidence,
however, supports the additional function of
triptans as direct inhibitors of second-order
neurons in the TNC [81, 82]. Studies investigating
the influence of sumatriptan on neuronal activity
of second-order neurons in the TNC revealed a
decrease in Fos immunostaining following electrical
stimulation of primary afferents. This effect was
only seen following BBB opening via mannitol
infusion, suggesting the ability of triptans to inhibit
second-order neurons through direct mechanisms
[22, 83]. As increased BBB permeability during
migraine attacks has been demonstrated in some
studies, the ability of triptans to inhibit second-
order neurons in the TNC may represent a
therapeutically relevant mechanism of action for
triptans [77, 78].

The therapeutic effects, if any, of triptans in the
brain are unknown; however CNS side effects
such as dizziness and drowsiness are often
reported indicating their action in the brain [84].
A recent systematic review of studies on serotonergic
mechanisms in the migraine brain revealed some
relatively consistent aberrations in brain serotonergic
transmission. In general, serotonin levels in the
brain were found to be lower between migraine
attacks and increased during attacks [85]. The
functional outcome of increased brain serotonin in
regard to migraine is unknown; however, serotonin
has been shown to be released by the brain onto
the central terminals of the trigeminal nerve in
chronic pain. There, 5-HT increases the activity of
TRPV1 receptors leading to more frequent firing
of trigeminal nociceptors and increased pain
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signals [86]. Acute systemic administration of
triptans has been shown to reduce serotonin
synthesis in the brain in rats, which could
potentially lead to decreased serotonin activity on
trigeminal nerves. Interestingly, sustained systemic
administration of triptans has been shown to
increase serotonin synthesis in the brain, potentially
explaining the occurrence of medication-overuse
headache seen in chronic triptan use in humans
[87]. Thus, it is likely that triptans have a central
site of action in addition to their well-characterized
peripheral mechanisms.

3.2. CGRP antagonists and monoclonal antibody
treatments

In recent years, researchers have provided
overwhelming experimental evidence suggesting
CGRP as a critical component in migraine
pathogenesis. These observations have generated
much interest in the development of CGRP-
antagonizing drugs. The first orally available small
molecule CGRP antagonist, telcagepant was
developed by Merck Research Laboratories [75].
In clinical trials, telcagepant was found to be as
efficacious as triptans in aborting migraine
headaches while displaying minimal acute side
effects [75]; continued analysis of its long-term
side effect profile, however, revealed liver toxicity
in some patients [88]. Due to this finding, Merck
Research Laboratories suspended the development
of telcagepant.

Although the small-molecule CGRP-antagonizing
drugs failed to reach the clinic, their efficacy in
relieving migraine pain encouraged researchers to
continue searching for new safe and efficacious
methods for blocking CGRP’s effects. As a result
of these efforts, monoclonal antibodies (mAbs)
against CGRP and its receptor were developed
[75]. These mAbs have proved thus far in clinical
trials to be highly efficacious and safe as migraine
preventatives.

Small-molecule CGRP receptor antagonists and
monoclonal antibodies are primarily thought to
exert their action in the periphery due to their
apparent inability to cross the BBB [75].
Monoclonal antibodies against CGRP largely
preclude the need for CNS penetration as their
mechanism of action relies on their ability to
neutralize excess CGRP, thus preventing it from

reaching its sites of action [75]. This does not
preclude CGRP actions in the CNS resulting from
central release. Consequently, in the presence of
CGRP-neutralizing antibodies, CGRP may still be
able to exert actions in the CNS including modulation
and sensitization of second-order neurons in the
TNC [89], the clinical outcome of which may be
incomplete relief or a rebound of migraine in
response to continued central sensitization.

Small-molecule CGRP inhibitors, on the other
hand, may work directly at central sites. Detailed
imaging analysis of CGRP receptor expression
in the rhesus monkey brainstem has revealed
expression in a number of migraine-relevant areas
in the CNS [90]. In particular, several areas found
were directly correlated with nociceptive transmission
in migraine including the PAG, locus coeruleus
(LC), and posterior hypothalamus. Additionally,
the selective CGRP antagonist MK-3207 was
found to bind in the PAG and posterior hypothalamus
in this study, indicating the potential for CNS
activity [90]. Another study examining expression
of CGRP binding in the human CNS also found
high levels of CGRP binding at all levels of the
spinal cord. The CGRP receptor has been found
in the human spinal trigeminal nucleus (STN) in
the medulla. Following stimulation, CGRP is
released from primary afferents where it acts post-
synaptically on these second-order neurons in the
STN [16]. Although CGRP and its receptor are
seen in the CNS, the role that they may be playing
in migraine is not well-established. More research
is needed to establish if centrally-mediated actions
of CGRP and thus CGRP-targeting agents play a
role in migraine and its management, respectively.

3.3. Overcoming the blood-brain barrier in
migraine treatment

Based on research findings to date, it is clear that
CNS mechanisms are important in the pathogenesis
of migraine headache. Development of new, CNS
penetrant migraine drugs is warranted to combat
this component of migraine. Although new,
peripherally targeted therapeutics such as CGRP
monoclonal antibodies hold great promise, many
migraineurs do not respond to these treatments
[74], and are left with little to no relief from their
symptoms or therapy-induced side effects (i.e.,
dizziness, somnolence, etc.). While development
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of CNS-active drugs may provide additional relief
to migraine patients, it also provides unique and
challenging hurdles for researchers to overcome.

The most significant obstacle in the development
of CNS-penetrating drugs is the need to bypass
the BBB. The BBB represents the dynamic
physical interface between circulating blood and
the brain. The BBB is composed of specialized
endothelial cells containing tight junctions at cell-
cell contact points. These tight junctions severely
restrict the ability of molecules to pass through
the brain vasculature by paracellular means [91].
In addition, these endothelial cells contain numerous
influx and efflux transporters, which tightly
regulate the substances which are allowed to pass
from the general circulation into the brain [92].
Further regulation of the BBB is provided by the
other components of the neurovascular unit (NVU).
In addition to brain endothelial cells, neurons,
astrocytes, pericytes, and microglia in close
proximity to the brain vasculature comprise the
NVU. These interactions allow the BBB to respond
to changes in brain activity or disease [93].

Evidence provided over the last several decades
indicates the ability of the BBB to change in
response to painful stimuli [94]. Studies have
shown that peripheral inflammatory pain transiently
induces increased leakiness at the BBB, which
can be blocked with the peripheral application of
bupivacaine [95]. Research in the migraine field,
however, has proved to be less conclusive in
regard to BBB changes. One study in humans
has shown increased matrix metalloproteinase-9
(MMP-9) activity in migraine patients during
headache attacks, indicating a breakdown of the
BBB [77]. Additionally, a study done in rats
showed increased MMP-9 activity as well as
increased brain permeability to Evans blue-
albumin in response to KCl-induced CSD [78].
This model has also been shown to cause
migraine-like pain behaviors in rats in a separate
study [96]. On the other hand, many studies have
shown explicit evidence against BBB disruption.
One study in rats showed no change in BBB
permeability to [(51)Cr]-EDTA in response to
dural inflammation induced by either complete
Freund’s adjuvant (CFA) or inflammatory soup
(1S) [97]. Additionally, a recent positron emission
tomography (PET) imaging study in migraine

patients determined no increase in BBB permeability
to *'C-dihydroergotamine in response to glyceryl
trinitrate (GTN)-induced migraine [98].

Although these results on BBB changes in
migraine are conflicting, there may be a logical
explanation as to their difference. This explanation
likely lies in the differences between the
preclinical and clinical models used to study BBB
in migraine. For example, while studies finding
an increase in MMP-9 activity were performed
during spontaneously occurring migraine headache,
no change in BBB permeability in migraine
patients was detected under the GTN artificial
induction system. It is possible that the GTN-
induced migraine model, while useful in many
cases, is not able to fully recapitulate the complex
neurological events found during spontaneously
occurring migraine attacks. Furthermore, the
conflicting evidence seen in the KClI-induced
migraine model compared with the model of dural
inflammation suggests that there may be differences
in BBB response, both to different migraine
variants (such as migraine with aura) as well as
to the models utilized. Currently, the preclinical
models of migraine used to assess BBB integrity
involve acute application of an inflammatory or
CSD-inducing compound through a large window
in the skull [78, 97]. This causes damage to the
skull and may cause inflammation and additional
activation of dural nociceptors, leading to
difficulties in distinguishing between surgical and
model-induced effects on the BBB paracellular
permeability; less invasive models for BBB
assessment in migraine are needed to combat this
research obstacle.

Drugs can also access the CNS via transcellular
mechanisms including uptake by drug influx
transporters [92, 99]. Very few studies have
examined the ability of migraine drugs to act as
substrates for uptake transporters. One study
found triptans to act as substrates for the influx
transporter organic anion-transporting polypeptide
(OATP) 1A2 [100]. Increases in the functional
expression of Oatpla4, the rodent homolog of
OATP1A2, have been observed at the BBB in
response to inflammatory pain as well as
hypoxia/reoxygenation stress [101, 102]. It is
unknown, however, if migraine produces similar
increases in Oatpla4 expression. Such changes
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would further strengthen the argument for
centrally mediated actions of triptans; however,
studies that assess changes in drug influx
transporters that may influence the uptake and
CNS efficacy of antimigraine agents during
episodes are lacking.

Imaging studies on brain structure in migraine
patients, particularly in patients experiencing aura,
show structural anomalies including WMAs and
ILLs [35]. These lesions have been shown in other
models to occur as a result of BBB disruption
caused by chronic cerebral hypoperfusion [103].
CSD has been shown to temporarily disrupt
cerebral blood flow, the outcome of which may be
similar to those seen as a result of chronic
hypoperfusion [104-106]. Of note, these lesions
are also seen in a variety of brain disorders
causing BBB disruption including ischemic stroke
and traumatic brain disorders (TBI) [107, 108].
Recently, a significant association between migraine
with visual aura and the occurrence of ischemic
stroke has been shown, indicating a greater risk
for ischemic stroke in this subset of migraineurs
[109]. It is clear that these disorders share common
features, including the development of white
matter lesions. It is possible that in migraine with
aura, as in other disorders causing white matter
lesions, these abnormalities arise in response to
alterations in cerebral blood flow and BBB
disruption brought on during attacks.

CONCLUSION

Migraine is a complex disorder. It is clear from
available research on pathology that many
different factors influence the development of
migraine. Migraine pathogenesis is likely caused
by a combination of vascular, neurological, and
genetic factors. Additionally, it is relatively safe
to assume that all migraines do not occur from the
same underlying cause. Rather, it is very probable
that many migraine variants exist, which manifest
similarly in the clinic.

Numerous studies have suggested an important
role of the CNS in migraine. Here we have
examined potential contributions of the CNS to
the pathogenesis of migraine headache in order to
encourage further research into this topic of
interest. Although there is vast evidence for a
central involvement of the CNS in migraine, drug

development continues to focus on creating
peripherally active drugs. This is likely due to
a number of factors including difficulties in
overcoming the BBB as well as the potential for
more serious CNS-related side effects to occur.
The use of strategies such as development of
drugs that are substrates for BBB influx transporters
may help combat some of the issues with drug
delivery to the CNS. Moreover, research suggests
that in at least some variants of migraine the BBB
is impaired during the attack [77, 78]. This may
inadvertently increase the ability of migraine
drugs to reach CNS sites during attacks. Future
research in the migraine field, particularly in drug
development, should continue to consider CNS-
mediated mechanisms in order to gain a more
complete picture of the complex variables involved
in migraine development in humans.

CONFLICT OF INTEREST STATEMENT
The authors have no conflicts of interest to declare.

REFERENCES

1. Vos, T., Flaxman, A. D., Naghavi, M.,
Lozano, R., Michaud, C., Ezzati, M.,
Shibuya, K., Salomon, J. A., Abdalla, S.,
Aboyans, V., Abraham, J., Ackerman, I.,
Aggarwal, R., Ahn, S. Y., Ali, M. K,
Alvarado, M., Anderson, H. R., Anderson,
L. M., Andrews, K. G., Atkinson, C.,
Baddour, L. M., Bahalim, A. N., Barker-
Collo, S., Barrero, L. H., Bartels, D. H.,
Basanez, M. G., Baxter, A., Bell, M. L.,
Benjamin, E. J., Bennett, D., Bernabe, E.,
Bhalla, K., Bhandari, B., Bikbov, B., Bin
Abdulhak, A., Birbeck, G., Black, J. A.,
Blencowe, H., Blore, J. D., Blyth, F,,
Bolliger, 1., Bonaventure, A., Boufous, S.,
Bourne, R., Boussinesqg, M., Braithwaite,
T., Brayne, C., Bridgett, L., Brooker, S.,
Brooks, P., Brugha, T. S., Bryan-Hancock,
C., Bucello, C., Buchbinder, R., Buckle, G.,
Budke, C. M., Burch, M., Burney, P,
Burstein, R., Calabria, B., Campbell, B.,
Canter, C. E., Carabin, H., Carapetis, J.,
Carmona, L., Cella, C., Charlson, F., Chen,
H., Cheng, A. T., Chou, D., Chugh, S. S,
Coffeng, L. E., Colan, S. D., Colquhoun, S.,
Colson, K. E., Condon, J., Connor, M. D.,



12

Karissa E. Cottier et al.

Cooper, L. T., Corriere, M., Cortinovis,
M., de Vaccaro, K. C., Couser, W., Cowie,
B. C., Criqui, M. H. Cross, M,
Dabhadkar, K. C., Dahiya, M., Dahodwala,
N., Damsere-Derry, J., Danaei, G., Davis,
A., De Leo, D., Degenhardt, L., Dellavalle,
R., Delossantos, A., Denenberg, J., Derrett,
S., Des Jarlais, D. C., Dharmaratne, S. D.,
Dherani, M., Diaz-Torne, C., Dolk, H.,
Dorsey, E. R., Driscoll, T., Duber, H.,
Ebel, B., Edmond, K., Elbaz, A., Ali, S. E.,
Erskine, H., Erwin, P. J., Espindola, P.,
Ewoigbokhan, S. E., Farzadfar, F., Feigin,
V., Felson, D. T., Ferrari, A., Ferri, C. P.,
Fevre, E. M., Finucane, M. M., Flaxman,
S., Flood, L., Foreman, K., Forouzanfar,
M. H., Fowkes, F. G., Franklin, R.,
Fransen, M., Freeman, M. K., Gabbe, B. J.,
Gabriel, S. E., Gakidou, E., Ganatra, H. A.,
Garcia, B., Gaspari, F., Gillum, R. F., Gmel,
G., Gosselin, R., Grainger, R., Groeger, J.,
Guillemin, F., Gunnell, D., Gupta, R,
Haagsma, J., Hagan, H., Halasa, Y. A,
Hall, W., Haring, D., Haro, J. M., Harrison,
J. E., Havmoeller, R., Hay, R. J., Higashi,
H., Hill, C., Hoen, B., Hoffman, H., Hotez,
P. J., Hoy, D., Huang, J. J., Ibeanusi, S. E.,
Jacobsen, K. H., James, S. L., Jarvis, D.,
Jasrasaria, R., Jayaraman, S., Johns, N.,
Jonas, J. B., Karthikeyan, G., Kassebaum,
N., Kawakami, N., Keren, A., Khoo, J. P.,
King, C. H., Knowlton, L. M., Kobusingye,
0., Koranteng, A., Krishnamurthi, R.,
Lalloo, R., Laslett, L. L., Lathlean, T.,
Leasher, J. L., Lee, Y. Y., Leigh, J., Lim,
S. S., Limb, E., Lin, J. K., Lipnick, M.,
Lipshultz, S. E., Liu, W., Loane, M., Ohno,
S. L., Lyons, R., Ma, J., Mabweijano, J.,
Macintyre, M. F., Malekzadeh, R,
Mallinger, L., Manivannan, S., Marcenes,
W., March, L., Margolis, D. J., Marks, G.
B., Marks, R., Matsumori, A., Matzopoulos,
R., Mayosi, B. M., McAnulty, J. H,
McDermott, M. M., McGill, N., McGrath,
J., Medina-Mora, M. E., Meltzer, M.,
Mensah, G. A., Merriman, T. R., Meyer,
A. C., Miglioli, V., Miller, M., Miller, T.
R., Mitchell, P. B., Mocumbi, A. O.,
Moffitt, T. E., Mokdad, A. A., Monasta,
L., Montico, M., Moradi-Lakeh, M.,

Moran, A., Morawska, L., Mori, R.,
Murdoch, M. E., Mwaniki, M. K., Naidoo,
K., Nair, M. N., Naldi, L., Narayan, K. M.,
Nelson, P. K., Nelson, R. G., Nevitt, M. C.,
Newton, C. R., Nolte, S., Norman, P.,
Norman, R., O'Donnell, M., O'Hanlon, S.,
Olives, C., Omer, S. B., Ortblad, K.,
Osborne, R., Ozgediz, D., Page, A., Pahari,
B., Pandian, J. D., Rivero, A. P., Patten, S.
B., Pearce, N., Padilla, R. P., Perez-Ruiz,
F., Perico, N., Pesudovs, K., Phillips, D.,
Phillips, M. R., Pierce, K., Pion, S,
Polanczyk, G. V., Polinder, S., Pope, C. A.
3¢ Popova, S., Porrini, E., Pourmalek, F.,
Prince, M., Pullan, R. L., Ramaiah, K. D.,
Ranganathan, D., Razavi, H., Regan, M.,
Rehm, J. T., Rein, D. B., Remuzzi, G.,
Richardson, K., Rivara, F. P., Roberts, T.,
Robinson, C., De Leon, F. R., Ronfani, L.,
Room, R., Rosenfeld, L. C., Rushton, L.,
Sacco, R. L., Saha, S., Sampson, U.,
Sanchez-Riera, L., Sanman, E., Schwebel,
D. C., Scott, J. G., Segui-Gomez, M., Shahraz,
S., Shepard, D. S., Shin, H., Shivakoti, R.,
Singh, D., Singh, G. M., Singh, J. A,
Singleton, J., Sleet, D. A., Sliwa, K,
Smith, E., Smith, J. L., Stapelberg, N. J.,
Steer, A., Steiner, T., Stolk, W. A., Stovner,
L. J., Sudfeld, C., Syed, S., Tamburlini, G.,
Tavakkoli, M., Taylor, H. R., Taylor, J. A.,
Taylor, W. J., Thomas, B., Thomson, W.
M., Thurston, G. D., Tleyjeh, I. M,
Tonelli, M., Towbin, J. A., Truelsen, T.,
Tsilimbaris, M. K., Ubeda, C., Undurraga,
E. A., van der Werf, M. J., van Os, J.,
Vavilala, M. S., Venketasubramanian, N.,
Wang, M., Wang, W., Watt, K., Weatherall,
D. J., Weinstock, M. A., Weintraub, R.,
Weisskopf, M. G., Weissman, M. M.,
White, R. A., Whiteford, H., Wiersma, S.
T., Wilkinson, J. D., Williams, H. C.,
Williams, S. R., Witt, E., Wolfe, F., Woolf,
A. D., Wulf, S., Yeh, P. H., Zaidi, A. K.,
Zheng, Z. J., Zonies, D., Lopez, A. D.,
Murray, C. J., AlMazroa, M. A. and
Memish, Z. A. 2012, Lancet, 380, 2163-96.
Headache Classification Committee of
the International Headache Society, 2013,
Cephalalgia, 33, 629-808.



The CNS as a primary target for migraine therapeutics

13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

York, G. K. 3" and Steinberg, D. A. 2010,
Handb Clin. Neurol., 95, 29-36.
Tfelt-Hansen, P. C. and Koehler, P. J.
2011, Headache, 51, 752-78.

Edvinsson, L., Villalon, C. M. and
MaassenVanDenBrink, A. 2012, Pharmacol.
Ther., 136, 319-33.

MAZE migraine surveys. 2005, Chronic
Iliness, 1, 9-10.

Lipton, R. B., Stewart, W. F., Diamond, S.,
Diamond, M. L. and Reed, M. 2001,
Headache, 41, 646-57.

Hu, X. H., Markson, L. E., Lipton, R. B,
Stewart, W. F. and Berger, M. L. 1999,
Arch. Intern. Med., 159, 813-8.

Silberstein, S. D. 2000, Neurology, 55,
754-62.

Go, J. L., Kim, P. E. and Zee, C. S. 2001,
Semin Ultrasound CT MR, 22, 502-20.
Foreman, J. C. 1987, Br. Med. Bull., 43,
386-400.

Bolay, H., Reuter, U., Dunn, A. K., Huang,
Z., Boas, D. A. and Moskowitz, M. A.
2002, Nat. Med., 8, 136-42.

Goadsby, P. J., Edvinsson, L. and Ekman,
R. 1988, Ann. Neurol., 23, 193-6.
Goadshy, P. J., Edvinsson, L. and Ekman,
R. 1990, Ann. Neurol., 28, 183-7.

Lassen, L. H., Haderslev, P. A., Jacobsen,
V. B., lversen, H. K., Sperling, B. and
Olesen, J. 2002, Cephalalgia, 22, 54-61.
Eftekhari, S. and Edvinsson, L. 2011,
BMC Neurosci., 12, 112.

Eftekhari, S., Warfvinge, K., Blixt, F. W. and
Edvinsson, L. 2013, J. Pain, 14, 1289-303.
Jang, M. U., Park, J. W., Kho, H. S,
Chung, S. C. and Chung, J. W. 2011, Oral
Dis., 17, 187-93.

van Dongen, R. M., Zielman, R., Noga,
M., Dekkers, O. M., Hankemeier, T., van
den Maagdenberg, A. M., Terwindt, G. M.
and Ferrari, M. D. 2016, Cephalalgia. doi:
10.1177/0333102415625614.
Cernuda-Morollon, E., Larrosa, D., Ramon,
C., Vega, J., Martinez-Camblor, P. and
Pascual, J. 2013, Neurology, 81, 1191-6.
Goadshy, P. J. and Zagami, A. S. 1991,
Brain, 114(Pt. 2), 1001-11.

Kaube, H., Keay, K. A., Hoskin, K. L.,
Bandler, R. and Goadsby, P. J. 1993, Brain
Res., 629, 95-102.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hoskin, K. L., Zagami, A. S. and Goadsby,
P.J. 1999, J. Anat., 194(Pt. 4), 579-88.
Burstein, R., Yamamura, H., Malick, A.
and Strassman, A. M. 1998, J. Neurophysiol.,
79, 964-82.

Hoskin, K. L., Bulmer, D. C., Lasalandra,
M., Jonkman, A. and Goadshy, P. J. 2001,
J. Anat., 198, 29-35.

Liu, Y., Broman, J., Zhang, M. and
Edvinsson, L. 2009, Cephalalgia, 29, 935-48.
Malick, A. and Burstein, R. 1998, J. Comp.
Neurol., 400, 125-44.

Denuelle, M., Fabre, N., Payoux, P.
Chollet, F. and Geraud, G. 2007,
Headache, 47, 1418-26.

Bingel, U. and Tracey, I. 2008, Physiology
(Bethesda), 23, 371-80.

Moulton, E. A., Burstein, R., Tully, S,
Hargreaves, R., Becerra, L. and Borsook,
D. 2008, PL0S One, 3, €3799.

Mason, P. 2005, J. Neurophysiol., 94,
1659-63.

Ossipov, M. H., Dussor, G. O. and Porreca,
F. 2010, J. Clin. Invest., 120, 3779-87.
Schwedt, T. J., Larson-Prior, L., Coalson,
R. S., Nolan, T., Mar, S., Ances, B. M.,
Benzinger, T. and Schlaggar, B. L. 2014,
Pain Med., 15, 154-65.

Li, Z., Liu, M., Lan, L., Zeng, F., Makris,
N., Liang, Y., Guo, T., Wu, F,, Gao, Y.,
Dong, M., Yang, J., Li, Y. Gong, Q.
Liang, F. and Kong, J. 2016, Sci. Rep., 6,
20298.

Bashir, A., Lipton, R. B., Ashina, S. and
Ashina, M. 2013, Neurology, 81, 1260-8.
Bednarczyk, E. M., Remler, B., Weikart,
C., Nelson, A. D. and Reed, R. C. 1998,
Neurology, 50, 1736-40.

Charles, A. C. and Baca, S. M. 2013, Nat.
Rev. Neurol., 9, 637-44.

Zhang, X., Levy, D., Noseda, R., Kainz,
V., Jakubowski, M. and Burstein, R. 2010,
J. Neurosci., 30, 8807-14.

Russo, A. F. 2015, Annu. Rev. Pharmacol.
Toxicol., 55, 533-52.

Tozzi, A., de lure, A., Di Filippo, M.,
Costa, C., Caproni, S., Pisani, A., Bonsi,
P., Picconi, B., Cupini, L. M., Materazzi,
S., Geppetti, P., Sarchielli, P. and
Calabresi, P. 2012, Proc. Natl. Acad. Sci.
USA, 109, 18985-90.



14

Karissa E. Cottier et al.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Shyti, R., Eikermann-Haerter, K., van
Heiningen, S. H., Meijer, O. C., Ayata, C.,
Joels, M., Ferrari, M. D., van den
Maagdenberg, A. M. and Tolner, E. A.
2015, Exp. Neurol., 263, 214-20.

Green, A. L., Gu, P., De Felice, M.,
Dodick, D., Ossipov, M. H. and Porreca, F.
2014, Cephalalgia, 34, 594-604.

Edwards, A. V. and Jones, C. T. 1993,
J. Anat., 183(Pt. 2), 291-307.

Neeb, L., Anders, L., Euskirchen, P.,
Hoffmann, J., Israel, H. and Reuter, U.
2015, Cephalalgia, 35, 317-26.

Sachs, M., Pape, H. C., Speckmann, E. J.,
and Gorji, A. 2007, Neurobiol. Dis., 25,
27-34.

Chauvel, V., Schoenen, J. and Multon, S.
2013, PLoS One, 8, €82279.
Eikermann-Haerter, K., Baum, M. J.,
Ferrari, M. D., van den Maagdenberg, A.
M., Moskowitz, M. A. and Ayata, C. 2009,
Ann. Neurol., 66, 564-8.

Gasparini, C. F., Smith, R. A. and
Griffiths, L. R. 2016, J. Neurol. Sci., 367,
258-68.

Pelzer, N., Stam, A. H., Haan, J., Ferrari,
M. D. and Terwindt, G. M. 2013, Curr.
Treat Options Neurol., 15, 13-27.

van den Maagdenberg, A. M., Pietrobon,
D., Pizzorusso, T., Kaja, S., Broos, L. A.,
Cesetti, T., van de Ven, R. C., Tottene, A.,
van der Kaa, J., Plomp, J. J., Frants, R. R.
and Ferrari, M. D. 2004, Neuron, 41, 701-
10.

Dichgans, M., Freilinger, T., Eckstein, G.,
Babini, E., Lorenz-Depiereux, B., Biskup,
S., Ferrari, M. D., Herzog, J., van den
Maagdenberg, A. M., Pusch, M. and
Strom, T. M. 2005, Lancet, 366, 371-7.
Gormley, P., Anttila, V., Winsvold, B. S,
Palta, P., Esko, T., Pers, T. H., Farh, K. H.,
Cuenca-Leon, E., Muona, M., Furlotte, N.
A., Kurth, T., Ingason, A., McMahon, G.,
Ligthart, L., Terwindt, G. M., Kallela, M.,
Freilinger, T. M., Ran, C., Gordon, S. G.,
Stam, A. H., Steinberg, S., Borck, G.,
Koiranen, M., Quaye, L., Adams, H. H.,
Lehtimaki, T., Sarin, A. P., Wedenoja, J.,
Hinds, D. A., Buring, J. E., Schurks, M.,
Ridker, P. M., Hrafnsdottir, M. G.,

53.

o4.

55.

56.

57.

58.

59.

Stefansson, H., Ring, S. M., Hottenga, J. J.,
Penninx, B. W., Farkkila, M., Artto, V.,
Kaunisto, M., Vepsalainen, S., Malik, R.,
Heath, A. C., Madden, P. A., Martin, N.
G., Montgomery, G. W., Kurki, M. 1.,
Kals, M., Magi, R., Parn, K., Hamalainen,
E., Huang, H., Byrnes, A. E., Franke, L.,
Huang, J., Stergiakouli, E., Lee, P. H,
Sandor, C., Webber, C., Cader, Z., Muller-
Myhsok, B., Schreiber, S., Meitinger, T.,
Eriksson, J. G., Salomaa, V., Heikkila, K.,
Loehrer, E., Uitterlinden, A. G., Hofman,
A., van Duijn, C. M., Cherkas, L.,
Pedersen, L. M., Stubhaug, A., Nielsen, C.
S., Mannikko, M., Mihailov, E., Milani, L.,
Gobel, H., Esserlind, A. L., Christensen, A.
F., Hansen, T. F., Werge, T., International
Headache Genetics, C., Kaprio, J.,
Aromaa, A. J., Raitakari, O., Ikram, M. A,
Spector, T., Jarvelin, M. R., Metspalu, A.,
Kubisch, C., Strachan, D. P., Ferrari, M.
D., Belin, A. C., Dichgans, M., Wessman,
M., van den Maagdenberg, A. M., Zwart, J.
A., Boomsma, D. I, Smith, G. D,
Stefansson, K., Eriksson, N., Daly, M. J.,
Neale, B. M., Olesen, J., Chasman, D. I.,
Nyholt, D. R. and Palotie, A. 2016, Nat.
Genet., 48, 856-66.

Lesage, F. and Lazdunski, M. 2000, Am. J.
Physiol. Renal Physiol., 279, F793-801.
Gabriel, A., Abdallah, M., Yost, C. S,
Winegar, B. D. and Kindler, C. H. 2002,
Brain Res. Mol. Brain Res., 98, 153-63.
Kim, J. E., Kwak, S. E. and Kang, T. C.
2009, Epilepsia, 50, 654-63.

Zhou, N., Gordon, G. R., Feighan, D. and
MacVicar, B. A. 2010, Cereb. Cortex, 20,
2614-24.

Torrente, D., Mendes-da-Silva, R. F.,
Lopes, A. A., Gonzalez, J., Barreto, G. E.
and Guedes, R. C. 2014, Neurosci. Lett.,
558, 87-90.

Jalloul, A. H., Szerencsei, R. T. and
Schnetkamp, P. P. 2016, Cell Calcium, 59,
1-11.

Lytton, J., Li, X. F., Dong, H. and Kraev,
A. 2002, Ann. NY Acad. Sci., 976, 382-93.
Yang, H., Kim, T. H., Lee, H. H., Choi, K.
C. and Jeung, E. B. 2011, Reprod. Sci., 18,
577-85.



The CNS as a primary target for migraine therapeutics

15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Dodick, D. and Silberstein,
Headache, 46(Suppl. 4), S182-91.
Landy, S., Rice, K. and Lobo, B. 2004,
CNS Drugs, 18, 337-42.

Drummond, P. D. 1987, Headache, 27, 45-
50.

Burgos-Vega, C. C., Quigley, L. D.,
Avona, A., Price, T. and Dussor, G. 2016,
Pain, 157, 2722-30.

Waeber, C. and Moskowitz, M. A. 2005,
Neurology, 64, S9-15.

S. 2006,

Sarchielli, P., Alberti, A., Baldi, A,
Coppola, F., Rossi, C., Pierguidi, L.,
Floridi, A. and Calabresi, P. 2006,

Headache, 46, 200-7.

Ho, T. W., Edvinsson, L. and Goadshy, P.
J. 2010, Nat. Rev. Neurol., 6, 573-82.
Durham, P. L. and Vause, C. V. 2010,
CNS Drugs, 24, 539-48.

Bernstein, C. and Burstein, R. 2012, J.
Clin. Neurol., 8, 89-99.

Gilmore, B. and Michael, M. 2011, Am.
Fam. Physician, 83, 271-80.

Starling, A. J. and Dodick, D. W. 2015,
Mayo Clin. Proc., 90, 408-14.

Morey, S. S. 2000, Am. Fam. Physician,
62, 1915-7.

Ferrari, M. D., Goadshy, P. J., Roon, K. I.
and Lipton, R. B. 2002, Cephalalgia, 22,
633-58.

Dodick, D. W., Goadsby, P. J., Silberstein,
S. D, Lipton, R. B., Olesen, J., Ashina, M.,
Wilks, K., Kudrow, D., Kroll, R,
Kohrman, B., Bargar, R., Hirman, J.,
Smith, J. and investigators, A. L. D. s.
2014, Lancet Neurol., 13, 1100-7.
Edvinsson, L. 2015, Br. J. Clin. Pharmacol.,
80, 193-9.

Ahn, A. H. and Basbaum, A. I. 2005, Pain,
115, 1-4.

Leira, R., Sobrino, T., Rodriguez-Yanez,
M., Blanco, M., Arias, S. and Castillo, J.
2007, Headache, 47, 698-702.
Gursoy-Ozdemir, Y., Qiu, J., Matsuoka,
N., Bolay, H., Bermpohl, D., Jin, H,
Wang, X., Rosenberg, G. A., Lo, E. H. and
Moskowitz, M. A. 2004, J. Clin. Invest.,
113, 1447-55.

Veldman, S. A. and Bienkowski, M. J.
1992, Mol. Pharmacol., 42, 439-44.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Charnay, Y. and Leger, L. 2010, Dialogues
Clin. Neurosci., 12, 471-87.

Cumberbatch, M. J., Hill, R. G. and
Hargreaves, R. J. 1997, Eur. J. Pharmacol.,
328, 37-40.

Goadshy, P. J., Akerman, S. and Storer, R.
J. 2001, Ann. Neurol., 50, 804-7.
Shepheard, S. L., Williamson, D. J.,
Williams, J., Hill, R. G. and Hargreaves, R.
J. 1995, Neuropharmacology, 34, 255-61.
Dodick, D. W. and Martin, V. 2004,
Cephalalgia, 24, 417-24.

Deen, M., Christensen, C. E., Hougaard,
A., Hansen, H. D., Knudsen, G. M. and
Ashina, M. 2016, Cephalalgia, in press.
Kim, Y. S., Chu, Y., Han, L., Li, M., Li,
Z., Lavinka, P. C., Sun, S., Tang, Z., Park,
K., Caterina, M. J., Ren, K., Dubner, R.,
Wei, F. and Dong, X. 2014, Neuron, 81,
873-87.

Dobson, C. F., Tohyama, Y., Diksic, M.
and Hamel, E. 2004, Cephalalgia, 24, 2-11.
Hoffmann, J. and Goadshy, P. J. 2012,
Curr. Treat Options Neurol., 14, 50-9.
Marquez de Prado, B., Hammond, D. L.
and Russo, A. F. 2009, J. Pain, 10, 992-
1000.

Eftekhari, S., Gaspar, R. C., Roberts, R.,
Chen, T. B., Zeng, Z., Villarreal, S.,
Edvinsson, L. and Salvatore, C. A. 2016,
J. Comp. Neurol., 524, 90-118.

Abbott, N. J., Patabendige, A. A., Dolman,
D. E., Yusof, S. R. and Begley, D. J. 2010,
Neurobiol. Dis., 37, 13-25.

Urquhart, B. L. and Kim, R. B. 2009, Eur.
J. Clin. Pharmacol., 65, 1063-70.

Hawkins, B. T. and Davis, T. P. 2005,
Pharmacol. Rev., 57, 173-85.

Huber, J. D., Witt, K. A, Hom, S,
Egleton, R. D., Mark, K. S. and Davis, T.
P. 2001, Am. J. Physiol. Heart Circ.
Physiol., 280, H1241-8.

Campos, C. R., Ocheltree, S. M., Hom, S.,
Egleton, R. D. and Davis, T. P. 2008, Brain
Res., 1221, 6-13.

Fioravanti, B., Kasasbeh, A., Edelmayer,
R., Skinner, D. P. Jr., Hartings, J. A,
Burklund, R. D., De Felice, M., French, E.
D., Dussor, G. O., Dodick, D. W., Porreca,
F. and Vanderah, T. W. 2011, Cephalalgia,
31, 1090-100.



16

Karissa E. Cottier et al.

97.

98.

99

100.
101.

102.

103.

Lundblad, C., Haanes, K. A., Grande, G.
and Edvinsson, L. 2015, J. Headache Pain,
16, 91.

Schankin, C. J., Maniyar, F. H., Seo, Y.,
Kori, S., Eller, M., Chou, D. E., Blecha, J.,
Murphy, S. T., Hawkins, R. A., Sprenger,
T., VanBrocklin, H. F. and Goadsby, P. J.
2016, Brain, 139, 1994-2001.

Bickel, U. 2005, NeuroRx, 2, 15-26.
Cheng, Z., Liu, H., Yu, N., Wang, F., An,
G., Xu, Y., Liu, Q. Guan, C. B. and
Ayrton, A. 2012, Xenaobiotica, 42, 880-90.
Ronaldson, P. T., Finch, J. D., Demarco,
K. M., Quigley, C. E. and Davis, T. P. 2011,
J. Pharmacol. Exp. Ther., 336, 827-39.
Thompson, B. J., Sanchez-Covarrubias, L.,
Slosky, L. M., Zhang, Y., Laracuente, M.
L. and Ronaldson, P. T. 2014, J. Cereb.
Blood Flow Metab., 34, 699-707.

Ueno, M., Tomimoto, H., Akiguchi, 1.,
Wakita, H., and Sakamoto, H. 2002, J.
Cereb. Blood Flow Metab., 22, 97-104.

104.

105.

106.

107.

108.

109.

Ostergaard, L., Dreier, J. P., Hadjikhani,
N., Jespersen, S. N., Dirnagl, U. and
Dalkara, T. 2015, Stroke, 46, 1392-401.
Shatillo, A., Salo, R. A., Giniatullin, R. and
Grohn, O. H. 2015, Neuropharmacology,
93, 164-70.

Hadjikhani, N., Sanchez Del Rio, M., Wu,
0., Schwartz, D., Bakker, D., Fischl, B.,
Kwong, K. K., Cutrer, F. M., Rosen, B. R.,
Tootell, R. B., Sorensen, A. G. and
Moskowitz, M. A. 2001, Proc. Natl. Acad.
Sci. USA, 98, 4687-92.

Miller, D. R., Hayes, J. P., Lafleche, G.,
Salat, D. H. and Verfaellie, M. 2016, Brain
Imaging Behav., in press.

Lee, K. B., Kim, J. S, Hong, B. Y.
and Lim, S. H. 2016, J. Clin Neurosci.,
in press

Androulakis, X. M., Kodumuri, N.,
Giamberardino, L. D., Rosamond, W. D.,
Gottesman, R. F., Yim, E. and Sen, S.
2016, Neurology, 87, 2527-2532.



