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Abstract

Migraine is the most common neurological disorder and one of the most common chronic pain
conditions. Despite its prevalence, the pathophysiology leading to migraine is poorly understood
and the identification of new therapeutic targets has been slow. Several processes are currently
thought to contribute to migraine including altered activity in the hypothalamus, cortical-spreading
depression (CSD), and afferent sensory input from the cranial meninges. Decreased extracellular
pH and subsequent activation of acid-sensing ion channels (ASICs) may contribute to each of
these processes and may thus play a role in migraine pathophysiology. Although few studies have
directly examined a role of ASICs in migraine, studies directly examining a connection have
generated promising results including efficacy of ASIC blockers in both preclinical migraine
models and in human migraine patients. The purpose of this review is to discuss the
pathophysiology thought to contribute to migraine and findings that implicate decreased pH and/or
ASICs in these events, as well as propose issues to be resolved in future studies of ASICs and
migraine.
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1. Introduction

Migraine is a complex disorder consisting of unilateral throbbing headache, aura, nausea,
vomiting, photophobia, phonophobia, and cutaneous hypersensitivity. An attack typically
follows a temporal pattern [1] that has four phases: premonitory, aura, headache, and
postdrome. The premonitory phase consists of symptoms such as yawning or changes in
mood, appetite, cognitive function, or energy levels [2]. In a minority of patients, the
premonitory phase is followed hours to days by visual or other sensory disturbances
commonly referred to as aura [3]. Approximately 1 hour after aura is the headache phase,
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which lasts between 4 and 72 hours (sometimes longer). The attack then resolves with a
postdrome phase, lasting hours to days, and consisting of decreased energy levels, residual
headache, and impaired cognitive function [4]. Together, the entire sequence of symptoms
associated with migraine can last for many days. Patients suffering from migraine have a
significant decrease in quality of life during attacks and in many cases migraine can be
completely disabling.

Although classically considered to be a vascular disorder, it is now appreciated that
maladaptive changes within the nervous system contribute to the pathology of migraine
(described below). Given the likely contribution of the nervous system, migraine is now
considered to be a neurological disorder. The recent Global Burden of Disease study
analyzed 289 diseases worldwide between the years 1990 and 2010 [5]. This study placed
migraine as the 34 most prevalent disease on the planet (behind dental caries and tension-
type headache). In terms of time spent disabled, migraine ranks 8t of all diseases. This
prevalence easily makes migraine the most common neurological disorder and it is also
clearly one of the most burdensome diseases on Earth. Despite this, the exact mechanisms
that contribute to migraine are still poorly understood.

2. Proposed mechanisms contributing to migraine

2.1 Hypothalamic activity

Numerous sites within the central and peripheral nervous systems have been proposed to
contribute to the various phases of migraine. The earliest obvious symptoms of an
impending migraine occur in the premonitory phase where the collection of symptoms, e.g.
the changes in energy levels, appetite, and food cravings, implicate the hypothalamus as the
driver of migraine attacks. Indeed, human imaging studies show changes in hypothalamic
activity during migraine attacks [6, 7], including during the premonitory phase [8], there are
abnormal patterns in blood levels of hypothalamic hormones in chronic migraine patients
[9], and increased functional connectivity between the hypothalamus and several other brain
regions was recently reported in migraine patients [10]. Descending pathways originating in
several subregions of the hypothalamus terminate bilaterally in the trigeminal nucleus
caudalis (TNC) [11], the site of synapses of afferent trigeminal neurons. The hypothalamus
is capable of extensive modulation of processes occurring in migraine, particularly pain
transmission in the trigeminal system [12, 13], and can thus modulate noxious sensory input
from the head. How and why the hypothalamus may ultimately contribute to a migraine
attack is not clear, but it could be a response of this brain region to repeated episodes of
stress [14]. Stress, or more appropriately the letdown from a stressful event, is commonly
reported as a trigger of migraine [15] and the hypothalamus plays a critical role in the
response to stress.

2.2 Cortical Spreading Depression

Another neuronal process linked to migraine is cortical spreading depression (CSD). CSD
was first described in the cortex of rabbits by Aristides Leao in 1944 [16] and consists of
brief neuronal excitation followed by a longer-lasting depression of activity. A CSD event
propagates across the cortex in a wave-like pattern at a rate of 2-5 mm/min and is associated
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with numerous physiological changes within the cortex including alterations in intra-and
extracellular ion concentrations, neurotransmitter release, and changes in both blood flow
and oxygen levels [17, 18]. Similar to other phenomena of altered cortical excitability, e.g.
seizures, the origin or triggering factors for a CSD are not known. Although CSD has not
directly been measured in humans, imaging studies show patterns of changes in blood flow
in the cortex of human migraine patients that are similar to CSD events [19]. The link
between CSD and migraine has largely been with aura as the changes in vision that occur
during aura, particularly the movement/expansion of geometric shapes or scintillating
scotomas, can be mapped as electrical changes onto the visual cortex and they fit the pattern
of CSD [20]. Whether CSD is linked to other phases of migraine is less clear.

One of the most intensely debated links is between CSD and the pain of migraine. Migraine
pain most likely requires activation of peripheral nociceptors that innervate the cranial
meninges [21, 22]. This innervation arises from neurons that have cell bodies either in the
trigeminal ganglion and project into the TNC or in the upper cervical dorsal root ganglia and
project into the cervical spinal cord. For many years, no direct evidence existed linking CSD
to afferent activation outside of increased expression of c-fos in the TNC [23, 24], presumed
due to afferent input, but also a finding that was not observed in all studies [25]. However, a
series of papers showed that CSD could initiate prolonged activity in both meningeal
afferents and in second-order TNC neurons that receive input from the meninges [26, 27].
More recently, it was found that spreading depression could lead to activity in meningeal
afferents via the release of high-mobility group box 1 (HMGBL) protein from cortical
neurons [28], providing one of the first demonstrations of a mechanism by which CSD could
cause headache. And direct pathways from the cortex to the TNC can modulate neuronal
activity in the TNC, providing anatomical mechanisms for CSD modulation of afferent
trafficking in the trigeminal system [29]. But with these reports of CSD-induced afferent
activation/modulation are other studies showing that induction of CSD events do not
produce behavioral responses consistent with headache in rodents [30]. Along with the
observation that the majority of migraine patients do not experience aura, these findings
question whether CSD can be fully responsible for all of the symptoms during migraine
attacks.

2.3 Meningeal afferents

As mentioned above, the pain of migraine likely requires activation of meningeal
nociceptors. The spontaneous, throbbing pain is always specific to the head region and the
most likely explanation for this finding is that peripheral afferents provide this specificity. It
has been known for many decades that stimulation of much of the dura mater (particularly
near blood vessels and sinuses) produces pain in humans and depending on the location of
dural stimulation, pain can be produced in areas commonly reported by migraine patients
[31]. What is not clear is how these neurons are activated during migraine attacks (CSD or
other mechanisms). Prior work in preclinical models has found that dural afferents are
mechanically sensitive [32—-34], a finding that fits with the clinical observations that any
change in intracranial pressure, such as that due to head movements, coughing, or changes in
vertical position, can exacerbate existing headaches. However, the mechanisms mediating
mechanical sensitivity remain unknown, as do the potential sources of mechanical
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stimulation within the skull during a migraine. Arterial pulsations have been traditionally
thought to cause the throbbing pain of migraine. Although this may still be true, it appears to
not be so simple due to a lack of correlation between throbbing pain and heart rate [35-37].

Dural afferents can also be activated and/or sensitized by application of chemical mediators
such as capsaicin, mustard oil, hypotonic solutions, or an inflammatory soup (IS) [34, 38—
40]. Various cytokines such as tumor necrosis factor-a (TNF- a), interleukin-6 (I1L-6), and
interleukin-1f (IL-1p) can also sensitize dural afferents increasing their excitability or
mechanosensitivity [41-43], and TNF-a may actually mediate an interaction between blood
vessels and sensory afferents by acting on both cell structures [42]. How these factors lead
to sensitization of dural nociceptors is less well studied. Application of inflammatory
mediators leads to sensitization of ionic currents (voltage-gated Na* currents as well as
depolarizing CI™ currents) that contribute to the increased excitability of dural afferents [44,
45]. IL-6 sensitizes dural afferents via increased interactions between extracellular signal-
related kinase (ERK) and the sodium channel Nav1.7 [41]. In addition, there are likely other
mechanisms that can lead to increased excitability of dural afferents and could mediate the
increased sensitivity of these nerve endings to mechanical pressure from vessels.

One hypothesis for the source of many of these sensitizing agents is that sterile
inflammation of the meninges occurs during migraine and initiates nociceptive signaling.
This inflammation could be mediated by actions of meningeal macrophages [46] but more
research has been devoted to studying a potential role of mast cells [47]. Mast cells are
known to reside mostly within the dura mater compared to other meningeal layers [48, 49],
and they have been found in direct contact with afferent endings within the dura [50].
Degranulation of these mast cells can activate and sensitize dural afferents via a variety of
mechanisms [51-53]. Mast cell degranulation is known to occur following stress (via the
release of corticotropin releasing factor or CRF), CGRP release, nitroglycerin infusion, and
increased estrogen levels, all factors associated with migraine in humans [47], and there is
an increased incidence of migraine in patients with mastocytosis [54]. Finally, CSD was
shown to degranulate meningeal mast cells [28] providing a potential mechanistic link
between CSD, mast cells, and pain. Degranulation of mast cells and the resulting release of
pro-inflammatory factors could thus represent a significant factor in the excitation/
sensitization of dural afferents.

2.4 Better mechanistic understanding of migraine is needed for new therapeutics

Ultimately, which of the above mechanisms play the greatest role in the pathophysiology of
migraine, whether multiple mechanisms contribute, and whether there is an interrelationship
between these mechanisms, remains to be determined. CSD remains a prominent hypothesis
in the migraine literature but is largely a cortical phenomenon. However, in a mouse model
of familial-hemiplegic migraine type 1 (FHM1), which in humans is due to a mutation in the
voltage-gated calcium channel Cav2.1, CSD was found more likely to spread into
subcortical structures [55, 56]. It is thus possible that CSDs may propagate into the
hypothalamus under certain conditions. If so, animal studies have shown that CSDs can
influence the activity of hypothalamic neurons [57-59]. These data provide a potential (but
speculative) link between CSD and the hypothalamus. Regardless, both the cortex and the
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hypothalamus can modulate afferent trafficking in the TNC (see sections 2.1 and 2.2).
Alterations in either brain region alone, as well as together, can influence afferent input from
the meninges and contribute to the headache phase of migraine. Clearly, more work is
necessary to better resolve whether and how these mechanisms contribute to migraine.

Despite the uncertainty on mechanisms contributing to migraine, what is clear is that there is
a great need for the development of new therapeutics. Currently, migraine is most
commonly treated using either prophylactic agents taken daily (e.g. topiramate) or abortive
agents taken at the onset of headache (e.g. NSAIDs or triptans, a family of 5-HT1g,p
agonists). Unfortunately, these therapies provide complete relief in less than 50% of
migraine patients due to the lack of adequate pain control or the presence of intolerable side
effects [60]. Many of these refractory patients are resistant to multiple therapies i.e. they do
not respond to prophylactic or any of the abortive agents [61]. Consequently, a substantial
percentage of migraine headache sufferers are not adequately treated. Ideally, among the
mechanisms described above exist avenues for development of novel therapeutics for the
treatment of migraine. Further investigation of these mechanisms, and identification of new
drug targets, is of critical importance in the development of new therapies with greater
efficacy for migraine.

3. ASICs as novel targets for migraine therapeutics

3.1 ASIC background

The acid-sensing ion channels (ASICs) are a family of ion channels, related to degenerin
(DEG) and epithelial sodium (ENaC) channels, first cloned in 1997 [62] and consisting of 4
members, ASIC1-ASIC4, with several splice variants [63—66]. There is also a related family
known as BASIC [67-69] about which little is known. ASICs exist as homomeric or
heteromeric channels and are sensitive to different ranges of pH (ASIC4 is not pH sensitive)
from a half-maximally activating pH (pHsg) of between 4.0 and 5.0 (ASIC2a) to a pHsg
range of between 5.8-6.8 (ASIC1 and ASIC3), although ASIC1 and ASIC3 can actually
begin to open at pH values near 7.3 [64]. Interestingly, human ASIC3 is sensitive to alkaline
pH up to 8.0 [70], a property not shared by any of the rodent ASICs. Thus, these channels
are particularly well suited to detect changes in pH in both directions from 7.4, and in ranges
that may not be considered pathological.

ASICs are expressed throughout the nervous system with the predominant ASIC in the CNS
being ASIC1 [71]. They are expressed in the spinal cord and also in numerous brain regions
including cortex, hippocampus, periaqueductal grey (PAG), striatum, and amygdala [72].
ASIC expression in this latter region may be important for fear circuitry as inhalation of
CO», decreases brain pH, produces fear responses in mice (humans as well), and these fear
responses were reduced in mice deficient in ASIC1a [73]. Additionally, long-term
potentiation (LTP) in the amygdala is dependent on decreased pH and is attenuated in
ASIC1a knockout mice [74]. ASIC1a knockouts also have deficits in LTP in the
hippocampus as well as in behavioral assays of learning and memory [63]. CNS ASIC1 is
proposed to contribute to cell death following ischemia [75] since ASIC1 is a highly Ca**
permeable channel (potentially contributing to excitotoxicity) and the pH can fall below 6.5
during ischemic events in the brain [76]. In experimental models of stroke, ischemic injury
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was significantly decreased in ASIC1a knockout mice compared to wild-type, an effect that
also occurred with pharmacological blockade of ASICs [77, 78]. In addition to fear
processing and damage subsequent to ischemic events, ASIC1 has been speculated to
contribute to epilepsy [63, 79] and a recent study linked single-nucleotide polymorphisms in
ASICla to temporal-lobe epilepsy in humans [80]. What role ASICs may play in more
normal CNS function is not entirely clear. They have been speculated to be an accessory
sensor responding to high-frequency synaptic events as the contents of synaptic vesicles are
acidic (pH 5.7) [81], and the release of vesicle contents can acidify the synapse leading to
ASIC activation [74].

CNS ASICs have also been implicated in pain signaling. Increased expression of ASICla
was found in the spinal cord after peripheral inflammation and either blockade or
knockdown of this channel (both in the spinal cord) attenuated pain behaviors in inflamed
rats [82, 83]. Intrathecal injection of an ASIC1a blocker (a toxin from the tarantula
Psalmopoeus cambridgei named PcTx1) also attenuated acute pain responses as well as pain
behaviors in more chronic inflammatory and neuropathic models [84]. And a recently
identified blocker of ASICla from the venom of black mamba (Dendroapsis polylepis
polylepis) named mambalgin-1, attenuated a variety of pain behaviors when given centrally
[85]. Further, ASIC1a was found to be necessary for pain behavior following intrathecal
injection of brain-derived neurotrophic factor (BDNF) [86]. These studies demonstrate that
ASICs within CNS sites can contribute to pain signaling. Although the published data are
specific to the lower spinal cord, these mechanisms may contribute to pain signaling at
higher sites more relevant for pain in the trigeminal system.

In the peripheral nervous system, it has been known since 1980 that low pH generates
currents in a subset of primary afferents [87]. Most ASIC subtypes are expressed on primary
sensory neurons important for pain transduction [63, 88] and cutaneous pain from low pH
solutions (at least above pH 6.0) is most likely due to ASIC activation [89, 90]. Unlike the
CNS however, ASIC3 is highly expressed in the periphery and plays a major role, along
with other subtypes, in processes contributing to nociception [91]. Peripheral sensory
neurons expressing ASIC3 innervate visceral organs including the colon and heart as well as
skeletal muscle and joints [92-96] and this channel has been proposed to participate in pain
originating from these organs in conditions such as Gl disorders, angina, intermittent
claudication, and arthritis. Blockers of this channel have been shown to inhibit nociceptive
behaviors in preclinical models of cutaneous inflammation as well as joint and muscle pain
[97-99]. A toxin from sea anemone (Anthopleura elegantissima) that blocks ASIC3-
containing channels, named APETxX2, has been instrumental in discovering a role for
peripheral ASIC3 in a variety of pain conditions including those described above and others
including post-surgical pain due to incision of skin and muscle [100, 101]. Recently, a non-
proton activating site has been identified on ASICs and ASIC3 can be activated selectively
at normal pH through this site by compounds such as 2-guanidine-4-methylquinazoline
(GMQ) and agmatine [102-105]. Peripheral cutaneous injection of these compounds causes
pain in wild-type but not ASIC3 knockout mice, providing further evidence that activation
of this channel in peripheral tissues contributes to pain signaling.
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As mentioned above, ASIC3 does not contribute to pain signaling in peripheral tissues alone
as pharmacological studies have shown that other ASICs also participate. A toxin isolated
from the venom of the Texas coral snake (Micrurustener tener), named MitTx, was recently
found to activate ASIC1a and 1b homomers, it potentiates the proton sensitivity of ASIC2a,
and at high concentrations, it activates ASIC3 [106]. Injection of MitTx into the skin of the
mouse hindpaw produces nociceptive behavior that is lost in ASIC1a knockout mice and is
also lost in ASIC3 knockout mice at high MitTx concentrations. Similarly, mambalgin-1
(the ASIC1/2 blocker) given via intraplantar injection in mouse, attenuates both acute
thermal nociception as well as inflammatory hyperalgesia, an effect lost with ASIC1b
knockdown [85]. These findings provide evidence that activation of numerous ASIC
subtypes in peripheral tissues, as well as the CNS contribute to pain signaling. Ultimately,
new pharmacological agents for pain based on an ASIC mechanism may need to be non-
selective and also gain access to the CNS to produce their greatest effects.

3.2 pH changes and ASICs in the context of migraine

So far, this review has covered potential mechanisms contributing to migraine and has
discussed how ASICs contribute to a variety of physiological and pathological processes.
The remainder will now connect the two themes by focusing on studies that implicate ASICs
in migraine pathophysiology. First, in addition to activation by decreased pH, ASICs are
modulated by nerve growth factor (NGF) and serotonin [107], and serotonin was recently
found to potentiate ASIC3 through the non-proton ligand-binding site [108]. Serotonin
levels have long been linked to migraine [109-111] and NGF is increased in the CSF of
chronic-daily headache patients with a history of migraine [112]. Nitric oxide (NO) donors,
one of the most reliable migraine triggers in humans [113], also potentiate ASIC currents
[114, 115]. Taken together, these data provide mechanistic links (albeit circumstantial)
between ASIC expression/function and conditions contributing to migraine.

Regarding the hypothalamus and migraine, several in vitro studies have shown that
decreased pH can produce currents in cultured hypothalamic neurons (pH 6.0 and below)
[116], low pH can modulate GABAergic currents in hypothalamic slices (pH 6.4) [117,
118], and low pH can increase dopamine release (pH 6.5 and below) [119]. Although none
of these studies directly tested whether ASICs mediate the effects of low pH, several other
studies have examined ASICs in the hypothalamus. ASIC3 is expressed in nuclei throughout
the hypothalamus [120] and both ASIC1- and ASIC3-like currents were demonstrated in
cultured hypothalamic neurons [121]. Suprachiasmatic neurons generate currents at pH 7.0
and express mMRNA for many ASICs [122]. ASIC-like currents are expressed in vasopressin
hypothalamic neurons [123]. And pH 7.0 increased the excitability of neurons in the
tuberomamillary nucleus (TMN) of the posterior hypothalamus, a nucleus that shows
expression of multiple subtypes of ASIC [124]. Given that all of these studies were either in
vitro or only examined ASIC expression, they do not show that ASIC activation can
modulate hypothalamic output and physiological function. A recent study however, found
that ASIC1a is expressed on orexinergic neurons in the lateral hypothalamus (LH) and pH
6.5 administration into the LH increased neuronal discharge in the phrenic nerve and
increased respiratory drive, an effect blocked by ASIC antagonists [125]. This is the first
direct evidence that activation of ASICs can modulate output from the hypothalamus and
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shows that these channels are capable of modulating hypothalamically-driven functions.
Further, these data suggest that ASICs can play some role in hypothalamic contribution to
migraine, especially given the proposed role of orexinergic outputs in primary headache
disorders [12]. Future studies are required to provide a more conclusive link, as are studies
examining processes that may lead to a decrease in hypothalamic pH.

Decreased pH and ASIC activation may also play a role in initiation or propagation of CSD
(whether in the cortex or hypothalamus). As mentioned above, the events that initiate a CSD
are unknown but one possibility is that they are due to mild ischemia or hypoxia.
Microemboli traveling in the bloodstream can lead to ischemic events and CSDs without
causing an infarction [126] and the ischemia may drop pH to a range detectible by ASICs. It
is also known that there is a decrease in pH within the cortex during CSD as well as in
related types of spreading depolarizations [17, 18], which may occur because CSD can
increase metabolic demand without a corresponding increase in blood flow (due to
neurovascular uncoupling) leading to hypoxia of cortical tissue [127-130]. Thus, the
conditions may be appropriate for an ASIC contribution to CSD.

The most direct evidence of a role for ASICs in CSD comes from a study where
needleprick-induced CSDs were inhibited by 2 ASIC blockers, the non-selective blocker
amiloride and the tarantula toxin PcTx1 that blocks ASIC1a channels [131]. There was no
effect of ASIC blockers against CSDs evoked by high K* suggesting that ASICs may not
contribute to all types of CSDs. Nonetheless, these data directly implicate ASICs in
processes related to migraine and indicate that a decrease in pH may contribute to the
initiating events of a CSD. More interestingly, and in order to connect these animal studies
to human migraine patients, the authors gave amiloride (approved for use in humans as a
diuretic) to 7 treatment-resistant migraine-with-aura patients. They found a decrease in both
aura frequency and headache severity in 4 of 7 patients. Although amiloride is not selective
for ASICs (addressed below), these findings provide exciting preliminary human data that
not only suggest ASICs contribute to CSDs/aura but that they may be novel targets for
migraine therapeutics.

ASICs may also contribute to afferent signaling from the meninges that mediates the pain of
migraine. ASICs have been proposed as a sensor of decreased extracellular pH within the
dura [132] but until recently, no data existed directly demonstrating their role. Studies from
the late 1990s using in vivo electrophysiological recording techniques show that 75% of rat
dural afferents respond to pH 4.7 [133], 37% respond to pH 5.0 in guinea pigs [38], and 64%
respond to pH 6.1 in another rat study [134]. However, the mechanism responsible for this
activation was not determined in these studies. More recently, electrical stimulation of the
dura was found to produce vasodilation of the middle meningeal artery (MMA) as well as
afferent activity into the TNC that was blocked by amiloride, implicating ASICs in the
activation of dural nerve endings [131]. Furthermore, low pH (5.4 to 5.9) causes the release
of the vasodilatory neuropeptide calcitonin gene-related peptide (CGRP) from isolated dura
and trigeminal cell bodies, the latter in a mechanism blocked by APETx2 [135, 136].

The most direct evidence thus far for a role of ASICs in dural afferent activity are recent
studies showing that 80% of dural afferents generate ASIC-like currents in response to pH
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6.0 and over 50% generate currents at pH 7.0 [137]. Currents at pH 6.0 and 7.0 were
blocked by amiloride, pH 6.0-responsive neurons generated currents in response to the
ASIC3 activator GMQ, and 80% of dural afferents express ASIC3 immunoreactivity [138].
Additionally, these authors used a preclinical rat behavioral model of migraine where low
pH stimuli is applied directly to the dura mater of awake animals, producing headache-
related behaviors. Exposure of the dura to pH 5.0, 6.0, and 6.4 produced headache-like
responses that were blocked by amiloride (pH 5.0 and 6.0) or the ASIC3 toxin APETx2 (pH
6.0). These latter studies directly demonstrate meningeal ASIC contributions to behavioral
responses that are consistent with headache.

One mechanism that may lead to decreased meningeal pH and ASIC activation is sterile
inflammation due to mast cell degranulation (discussed above). Mast cells are in direct
contact with afferent endings within the dura [50] and the contents of mast cell granules are
acidic (approximately pH 5.5) [139]. Thus, the degranulation of mast cells can decrease the
pH surrounding afferent nerve endings. In relation to this, the percentage of dural afferents
that fire action potentials at pH 7.0 is doubled in the presence of mast-cell mediators (40%
vs. 20% in controls) [138]. Further, smaller drops in meningeal pH produce headache-
related behavior in the presence of mast-cell mediators than under control conditions. So not
only can mast cell degranulation provide the drop in pH necessary to activate ASICs, the
mediators released from mast cells can also sensitize dural afferents leading to enhanced
responses to low pH. Together with the studies described above, these data demonstrate that
decreased meningeal pH can activate dural afferents via ASICs and produce behaviors
consistent with headache. They also suggest that efficacy of amiloride for migraine in
humans may also be due to actions on ASICs within the meninges.

4. The future of ASIC-based therapeutics for migraine

The studies described above provide a growing amount of evidence for a role of ASICs in
processes believed to contribute to migraine (see Figure 1 for a summary). The ability of
amiloride to inhibit CSD, the demonstration of ASICs on dural afferents, and the
contribution of dural ASICs to headache-related behaviors provides solid preclinical support
for a role of ASICs in migraine. The efficacy of amiloride against aura and headache in a
small population of treatment-resistant migraine patients is the most convincing rationale for
further investigation of ASICs as migraine targets in humans. Thus, the future of ASIC
blockers as novel migraine therapeutics seems bright.

Having said this, several important questions need to be resolved in future studies of ASICs
and migraine. First, the efficacy of amiloride in human migraine patients is clearly exciting,
but whether amiloride acts via ASICs or other targets (e.g. ENaCs, Na*/H* exchangers)
must be addressed. Unfortunately, this is not currently feasible, as no completely selective
blockers of ASICs exist for use in humans. The pharmacological tools for preclinical
studies, outside of natural toxins, are also lacking and even the toxins have limitations (for
example see [140]). But this is a general issue across the field of ASIC research and has
been a limitation in more fully documenting a role of these channels in many physiological/
pathological conditions. Ideally, studies such as the ones described here will encourage the
development of better tools (aided by recent crystal structures of ASICs [141]) so that a
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clear role for ASICs in migraine and other disorders can be examined. In the meantime,
larger-scale studies of amiloride for migraine should be conducted. Whether or not amiloride
works via an ASIC mechanism is important for future drug development. But amiloride may
still provide relief to many migraine patients who are without adequate therapy. Knowing
whether amiloride has efficacy for general migraine patients or only treatment-resistant
patients, whether it should be a first-line therapy, and whether it can be given along with
other agents (e.g. triptans) can still provide benefit without complete knowledge of
mechanism.

The second question relates to the most important site of action for ASICs in migraine.
Several nervous system locations have been discussed here, including the hypothalamus,
cortex, spinal cord, and meninges, and whether one or more of these sites must be accessed
for efficacy is important knowledge. For example, the dura is not protected by the blood-
brain barrier and if blockade of dural ASICs alone is sufficient for efficacy, peripherally-
restricted agents can be developed that may be devoid of CNS side effects. If CNS access of
ASIC blockers is required, what are the adverse effects, particularly given the proposed role
of ASICs in learning, memory, and fear circuitry?

Third, in which patient population does a pH change and subsequent ASIC activation
contribute to migraine e.g. with or without aura? And where do pH changes occur e.g.
hypothalamus, cortex, meninges? Assays focused on measuring changes in pH have
traditionally been performed in humans by collecting plasma, CSF, or using magnetic-
resonance spectroscopy or they could also be inferred from other markers e.g. lactate levels
[142-144]. But these may not be sensitive enough to detect the small, and potentially local
changes in pH that are necessary to activate ASICs. A modified MRI technique was used
recently to image small changes in pH in the brain of humans and the pH of the visual cortex
decreased in response to visual stimulation with a flashing checkerboard [145]. So in healthy
subjects, drops in cortical pH occur with relatively normal activity. This technique could be
instrumental in determining where and when pH changes occur in migraine patients in
relation to progression of attacks and whether the magnitude of those pH changes are greater
than in migraine-free patients. Addressing all of these questions may be difficult, but they
may also lead to new ASIC-based therapies for the most common of neurological disorders.
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Figure 1. Mechanisms and ASIC subtypes that may play a role in the various phases of migraine
Hypothalamic activity is thought to drive both premonitory symptoms and to modulate

incoming afferent activity from the meninges. Multiple ASIC subtypes and ASIC activity
are present throughout the hypothalamus. A role for ASIC1 has been demonstrated in CSD,
a process that may underlie aura, but can also lead to inflammatory events and afferent
activity in the meninges. Whether CSD can propagate into the hypothalamus and contribute
to migraine is not clear. ASIC3 can contribute to activation of meningeal afferents resulting
in headache. ASIC1 participates in pain signaling from peripheral tissues but has not yet
been linked to meningeal afferent activity.

Neuropharmacology. Author manuscript; available in PMC 2016 July 01.



