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Antiepileptic drugs and migraine

Michael A. Rogawski

Introduction

Antiepileptic drugs (AEDs) have broad utility in neurology and psychiatry. Apart from
epilepsy, they are commonly used for the treatment of pain syndromes, mood disorders,
and various neuromuscular conditions.! Among the pain syndromes for which AEDs are
used, migraine headache is a common application. In the USA, the AEDs approved for
use in the prophylaxis of migraine are divalproex sodium (valproate) and topiramate.
There is extensive evidence from randomized controlled clinical trials that valproate
is effective in preventing migraine attacks or reducing their frequency, severity, and
duration.?~° Various open-label observational studies and small randomized controlled
trials of topiramate and two large multicentre randomized controlled trials have estab-
lished the effectiveness of topiramate in migraine prevention.”8 The US Food and Drug
Administration approved valproate for migraine in 1996 and topiramate in 2004.
The British Association for the Study of Headache (BASH) considers valproate and
topiramate to be second-line prophylactic agents after the first-line beta-blockers and
amitriptyline. Evidence from double-blind randomized placebo-controlled studies also
support the effectiveness of gabapentin in migraine prophylaxis®!? and it is considered a
third-line agent by BASH. Less robust clinical studies have indicated that carba-
mazepine,'! lamotrigine,!?!> zonisamide,'®!7 and levetiracetam!® may also be effective
in the treatment of migraine. A meta-analysis by the Cochrane Collaboration confirmed
that as a class AEDs reduce migraine frequency and are relatively well tolerated.?

AEDs are generally useful for the treatment of disorders of excessive, synchronous
cellular excitability.!® They are broadly effective in suppressing excessive or ectopic activity
in neural cells and in some instances in muscle.! A key characteristic of AEDs is that they
are able to suppress pathological patterns of excitation with only minimal interference
with normal cellular activity. In this chapter, I describe current concepts in the patho-
physiology of migraine, which posit that a reduced threshold for activation in the
migraineur leads to excessive neural activity. This, in turn, induces cortical spreading
depression (CSD) that is the precursor to migraine pain. With this general theoretical
schema as a backdrop, I then consider how diverse AEDs useful in migraine prophylaxis
protect against the appearance of pathological neural discharges. Much of the informa-
tion on AED mechanisms is derived from studies aiming to define the action of the AEDs
in epilepsy. However, given the similarities between the triggering mechanisms in
epilepsy and migraine, the mechanistic studies are likely applicable to an understanding

.
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of migraine as well. Remarkably, each of the agents acts through a unique molecular
target and reduces hyperexcitability in a distinctive way. However, the end result is a
reduction in the frequency of migraine attacks.

Migraine as an episodic disorder

The syndromes for which AEDs are used are characteristically episodic in nature.
Episodic phenomena are common symptoms of disease.?%?! They include seizures,
headaches, cardiac arrhythmias, episodic movement disorders, and periodic paralyses.
Although they affect diverse organ systems and have different outward manifestation, the
disorders that exhibit episodic symptoms have a number of common features. They are
chronic disorders that often occur in otherwise normal individuals and the attacks may
be precipitated by factors such as stress, fatigue, or diet. Disorders exhibiting episodic
symptoms often have a genetic component and are first experienced in infancy, child-
hood, or adolescence. As the genetic bases of the syndromes have been identified, it has
become clear that many episodic disorders are due to defects in membrane ion channels,
or, more broadly, ion (or neurotransmitter) transport molecules. Disorders associated
with defects in ion channels have become known as ‘channelopathies.” As ion channels
are the principal mediators of cellular excitability properties, it can be presumed that the
underlying pathophysiological basis of diverse channelopathies is altered cellular
excitability. For some episodic disorders—for example, some genetic epilepsies, long QT
syndromes, and periodic paralyses—it has been possible to define the specific nature of
the change in cellular excitability that results from the mutations that cause the disorders.
Often this is a gain-of-function increase in excitability, but in some instances there may
be a reduction in excitability in a specific cell population (for example, in inhibitory
interneurons) that leads to a net increase in circuit excitability (as in severe myoclonic
epilepsy in infancy??). Additional evidence for a common pathophysiological basis
among the episodic disorders is that they may occur together. In particular, there is
strong evidence of comorbidity between migraine and epilepsy.?>?* As discussed by
Ottman and Lipton,? this comorbidity may not be due to a common genetic susceptibility.
Rather, it may be the case that a state of altered brain excitability from whatever cause—
environmental as well as genetic—might increase the risk of both migraine and epilepsy.
(Alternative explanations of comorbidity that were considered less likely given the avail-
able evidence are that migraine attacks or seizures cause brain injury leading to the other
disorder, or that there are shared environmental risk factors.)

Migraine is an episodic disorder that shares many clinical characteristics with other
episodic disorders known to be channelopathies. Importantly, migraine aggregates in
families, so that the risk of migraine is 50% greater in relatives of migraineurs than in
relatives of controls.?2” This suggests that complex genetic factors contribute to the risk
for migraine, as is the case for epilepsy.® Many epilepsy syndromes that are inherited in a
Mendelian fashion have been found to be due to mutations in ion channels and there is
reason to believe that epilepsy susceptibility may be broadly due, at least in part, to varia-
tions in ion channels that predispose to altered neuronal excitability. The commonality

.
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of migraine and epilepsy is supported by the identification of ion channel mutations in
some types of familial hemiplegic migraine (FHM), a subtype of migraine with aura.
These various considerations provide a basis to speculate that migraine generally, like
epilepsy, may be a disorder of excessive cellular excitability. If this is the case, it is not
surprising that AEDs have found utility in migraine treatment.

Familial hemiplegic migraine

FHM is a rare subtype of migraine with aura that is inherited in a Mendelian autosomal
dominant fashion. Three different genes cosegregate with FHM. The first to be described
was CACNAIA, which encodes the pore-forming subunit Ca,2.1 of neuronal P/Q-type
calcium channels.?’ Mutations in CACNAIA account for about one-half of all cases
of FHM. FHM mutations in CACNAIA cause an increase in the calcium flux of single
channels but there is paradoxically a decrease in the maximal Ca,2.1 current density in
neurons.?? Thus, precisely how the FHM mutations influence cellular excitability is
obscure. Interestingly, mutations in CACNAIA are also associated with the episodic
ataxia syndrome EA-2, the spinocerebellar ataxia syndrome SCA-6, and also idiopathic
generalized epilepsy.?! Moreover, mutations in homologues of the gene can cause
absence-like seizures in rodents.??

The second FHM gene to be described was ATP1A2, which encodes the o2 subunit
of Na*-K*-ATPase.?*> One family has been described in which a mutation in the
ATP1A2 gene was not only associated with FHM, but also with benign familial infantile
convulsions.?* Other allelic conditions include alternating hemiplegia of childhood,
basilar-type migraine, and migraine without aura.>> FHM mutations in ATP1A2 lead to
complete inactivation of the protein.3® Seizures can be produced by inhibition of
Na*-K*-ATPase,>”-3® presumably because neuronal resting membrane potential is less
well maintained at a hyperpolarized level so that neurons can be more easily brought to
threshold and excited. A similar increased excitability mechanism is likely to account for
the FHM attacks.

The third FHM gene is SCNIA, which encodes the pore-forming o.1-subunit of
neuronal voltage-gated sodium channel Na,1.1.3° Mutations in this gene have been
associated with generalized epilepsy with febrile seizures plus (GEFS+) and severe
myoclonic epilepsy of infancy (SMEI). The FHM mutation in SCNIA is believed to
accelerate recovery from sodium channel fast inactivation, which would be expected to
cause an increased tendency toward repetitive action potential firing.4® Many AEDs
reduce repetitive action potential firing and conversely sodium channel toxins that
promote repetitive action potential firing (such as pyrethroids and veratradine) induce
seizures. Therefore, it is believed that repetitive firing is critical to at least some types of
seizures, including those occurring in GEFS+.4! In the case of FHM associated with
SCNIA mutations, it can be presumed that enhanced repetitive spike firing may also
underlie the occurrence of migraine.

FHM is distinguished from typical migraine by its Mendelian inheritance and
association with hemiparesis. Nevertheless, there are sufficient similarities in headache

.
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characteristics and triggers to suggest that an understanding of the pathophysiological
basis of FHM can shed light on the underlying mechanisms of the far more frequently
encountered non-hemiplegic migraine syndromes. It is remarkable that mutations in
FHM genes can cause either migraine or epilepsy, or in some cases both, clearly demon-
strating a commonality between FHM and epilepsy, and supporting the notion that
migraine generally, like epilepsy, is a disorder of neuronal hyperexcitability. This concept
is supported by the observation that the known FHM genes encode protein complexes
that play a direct role in neuronal excitability mechanisms. Thus, they are either ion
channels, or in the case of ATPI1A2, a molecule that regulates the level of membrane
potential and thus indirectly influences ion channel gating and function.

Cortical spreading depression

CSD is becoming increasingly accepted as the basis for the aura in migraine and the
trigger for the subsequent headache pain. The phenomenon was first described by Leao*?
who found that weak electrical or mechanical stimulation of the exposed cerebral cortex
in the rabbit elicited a decrease in the spontaneous activity (depression of the EEG
signal) at the stimulated region that slowly spread in all directions at 3—5 mm/min.
Recovery of the initial pattern of spontaneous activity occurred over 5-10 min. Although
Ledo focused on the suppression of neuronal activity in CSD depression, Grafstein’s
subsequent work demonstrated that the depression is actually preceded by neural
activation?344, Recording from small isolated slabs of cortex in cerveau isolé (midbrain
transected) cats, Grafstein was able to confirm Ledo’s observation that spreading
depression is associated with a slow negative DC shift and depressed neural activity.
However, she observed that there is a brief (2-3 s) burst of action potential activity at the
initiation of the DC negativity and she hypothesized that the intense neuronal activity
caused potassium elevations in the interstitial space that led to the depolarization
and excitation of adjacent neurons, which in turn are ‘thrown into intense activity and
liberate more K*.” Spreading depression is thus a slowly propagating wave of neuronal
depolarization that travels across the cortex and is followed by long-lasting suppression
of neuronal activity.

The initial suggestion that spreading depression is responsible for the migraine aura
was based on a comparison between the rates of progression of the aura and of spreading
depression. Migraine aura is any transient neurological disturbance that appears shortly
before or during the development of a migraine headache. Most commonly, the aura
arises in the primary visual cortex and typically involves spreading scintillating scotom as
with a characteristic distribution of fortification figures. The disturbance usually
starts at the centre of the visual field and propagates to peripheral zones within
10-15 min. Function returns to normal within another 10-15 min.#> The rate of devel-
opment of the visual symptoms suggests that there is a front of hyperactivation in the
visual cortex that moves at a speed of approximately 3 mm/min. Milner4® noted that
the speed of propagation of the visual symptoms was the same as that of spreading
depression, leading to the hypothesis that spreading depression is the physiological basis
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for the aura. Interestingly, in subjects experiencing somatosensory symptoms, the rate of
spread of symptoms along the sensory homunculus occurs at a similar rate.

Numerous neuroimaging studies in humans have supported the concept that spread-
ing depression-like phenomena in neocortex occur with migraine aura.*”*8 In particular,
using functional magnetic resonance imaging, it has been possible to demonstrate slowly
propagating neurovascular changes in visual cortex that occur together with visual
symptoms of patients experiencing visual aura.

Given these various lines of evidence, there is general consensus that spreading depres-
sion accounts for migraine aura. However, as there are no pain fibres in the brain
parenchyma, it has been difficult to understand how the alterations in brain tissue
excitability of spreading depression induce the intense pain that follows. A recent study
of blood flow in the rat cortex following the induction of spreading depression has been
interpreted as providing the link.”® These studies have shown that CSD in the rat is asso-
ciated with changes in extracerebral cephalic blood flow as a result of vasodilation within
the middle meningeal artery. It is hypothesized that the intrinsic neurophysiological
events occurring in the brain during spreading depression irritate axon collateral noci-
ceptors in pia and dura mater leading to trigeminal and parasympathetic activation.
Trigeminal pain afferents originating in the meningeal vessels pass through the trigemi-
nal ganglion and synapse on second order neurons in the trigeminocervical complex.
These nociceptive neurons, in turn, project through the trigeminal nucleus, and after
decussating in the brainstem, form synapses with neurons in the thalamus. Hippocampal
spreading depression is also able to activate the trigeminal nucleus,’! but the role of the
hippocampus in migraine has not been well characterized. It is conceivable that spread-
ing depression in areas such as the hippocampus or other regions of the limbic system
could be a cause of migraine without aura, especially as these headaches can be associ-
ated with disturbances in memory, abnormal perceptual experiences (olfactory or gusta-
tory hallucinations and distortions of body image), or changes in mood.>?

Following on the work of Ledo and Grafstein, there have been numerous investigations
into the physiological basis of spreading depression. It has been found that in addition
to the classical triggers, the phenomenon can be induced by elevated extracellular
potassium, glutamate, and inhibition of Na*/K*-ATPase.>® Although Grafstein proposed
that intense neural activation and elevations in extracellular potassium are responsible
for the propagation of CSD, this has recently been questioned by Herraras,>* at least as
far as its central role in the spread of the depressed neural activity. Indeed, tetrodotoxin
blockade of neuron firing fails to interfere with spreading depression in some situations,
so intense neuronal activity does not seem to be required. Seconds before the neuronal
activity is recorded and millimetres ahead of it, subthreshold pacemaker field oscillations
can be detected that are resistant to synaptic transmission blockade. Thus, as an alterna-
tive to the potassium hypothesis, Herraras has suggested that neuronal synchronization
and field oscillations that precede the front of depolarization play a critical role in
extending the zone of depressed activity. The synchronization has been hypothesized to
be due to non-synaptic interactions between neurons possibly mediated by the excitatory
neurotransmitter glutamate or through gap junctional interactions. Recently, glia have
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been implicated as the source of glutamate.> These ideas are intriguing given the recent
demonstration that calcium signalling in astrocytes may lead to the induction of epilepti-
form hypersynchronous activity in adjacent neuronal networks as a result of glutamate
released from the astrocytes.® Several AEDs, including valproate and gabapentin, with
demonstrated activity in migraine prophylaxis, effectively suppress calcium signalling in
astrocytes. The activity of valproate and gabapentin is more robust than that of pheny-
toin, which has not been demonstrated to have activity in migraine. Thus, it seems plau-
sible that astrocytes are an important target for AEDs in migraine prophylaxis. However,
it is noteworthy that spreading depression can occur even when intracellular calcium
waves are eliminated.>” At present, the contribution of astrocytes to spreading depression
is incompletely defined; additional evidence is needed to characterize how and when they
play a part, if any. Therefore, notwithstanding the interesting possibility that astrocytes
could be a target for AEDs in migraine, in this chapter I focus on neurons where the
actions of these agents are much better understood. Even if neuronal hyperactivity is not
required for CSD, this does not eliminate the fact that such activity can trigger CSD and
very likely plays a part in migraine. It is probably too simplistic to presume that suppres-
sion of the high frequency firing noted by Grafstein*? to be associated with the onset of
spreading depression accounts for the activity of AEDs in protecting against migraine
attacks. Rather, those AEDs that are effective in migraine may suppress the synchronizing
mechanisms that Herraras has proposed are critical to CSD. Interference with synchro-
nizing mechanisms may similarly be responsible for the effectiveness of AEDs in epilepsy,
although how this might occur is still largely a matter of speculation.

Enhanced cortical responsiveness in migraine

As is the case for many episodic disorders, the precise trigger for the migraine attack is
enigmatic. Many clinical factors such as diet, alterations in sleep, or stress are known to
predispose to attacks. How these factors bring on a migraine attack is not known.
However, there is evidence for enhanced cortical responsiveness to diverse stimuli in
migraineurs.>®>° The techniques that have been used include psychophysical studies;
visual, auditory, and somatosensory evoked potentials; magnetoencephalography; and
transcranial magnetic stimulation (TMS) of the motor cortex. In all cases, there is
evidence of heightened reactivity between migraine attacks. Results from TMS of the
occipital (visual) cortex have been particularly compelling. Most but not all studies have
observed a reduced threshold for induction of phosphenes in migraineurs than in
controls. This phenomenon appears to be equally present in subjects that experience
migraine without aura as those with migraine with aura.

In the remainder of this chapter, I consider the current understanding of the mecha-
nisms of AEDs that are used for migraine prophylaxis or for which there is some
supportive clinical evidence of efficacy. While many AEDs have activity in migraine, it is
certainly not the case that all AEDs have such activity. Therefore, I close with some
selected examples of AEDs that are not likely to be effective in migraine. Consideration
of the mechanisms of these agents can be useful in narrowing the set of targets to be
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considered in the development of antimigraine therapies and may provide insight into
the neurobiological similarities and differences between migraine and epilepsy.

Cellular mechanism of antiepileptic drugs widely
used for migraine prophylaxis

Valproate

Valproate has many pharmacological actions, none of which by itself can completely
account for its clinical activity in epilepsy and the other conditions for which it is used,
including migraine.®? It has therefore been proposed that valproate acts through a
combination of actions. Among these various actions, Loscher®1-62 has concluded that
increases in GABA turnover that are produced in specific brain regions is of particular
importance in the ability of valproate to control seizure generation and propagation.
However, agents that act on GABA systems have not in general been found to influence
spreading depression or to be effective in the treatment of migraine. Therefore, it seems
likely that other known or unknown actions of valproate might account for the clinical
efficacy in migraine prophylaxis. There is limited evidence that valproate may inhibit N-
methyl-D-aspartate or kainate receptor-mediated synaptic transmission;®3-¢* whether
these actions could contribute to the efficacy of valproate in migraine prophylaxis is not
known. As noted previously, valproate seems to potently inhibit astrocytic calcium
signalling. It will be of interest to determine the underlying basis of this action and
whether it has relevance for the antimigraine activity of valproate.

Acute treatment with valproate has generally not been found to influence spreading
depression.®>% However, recently Ayata et al.%¢ found that prolonged treatment
with valproate along with many other drugs useful in migraine prophylaxis, including
beta-blockers, topiramate, methysergide, and amitriptyline, reduced the number of
potassium-induced CSD events and increased the electrical stimulation threshold for
CSD in rats. These results suggest that all of the effective drugs could be acting in a
common fashion to induce a plastic change in brain excitability mechanisms that lead to
resistance to spreading depression.

Topiramate

Several studies have shown that topiramate can suppress CSD in rats and cats at doses
comparable with those that protect against seizures.®®%7 In addition, topiramate is able to
inhibit evoked activity in dorsal horn neurons in the cervical spinal cord (C2) that are
believed to mediate headache pain.® Pain in migraine is hypothesized to be due to
activation of trigeminal nerve axons (presumably by CSD), which then release calcitonin
gene-related peptide (CGRP) and other peptide mediators from terminals near the
meningeal vessels to cause vasodilation. Whether or not the vasodilation is responsible
for the pain, it is a useful marker of activation of the trigeminal system. Topiramate
inhibited neurogenic dural vasodilation but did not inhibit vasodilation induced by
CGRP, leading to the conclusion that topiramate might act presynaptically on trigeminal
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nerve terminals to inhibit the release of CGRP.®® Thus, topiramate appears to have a dual
mechanism in migraine. The drug may inhibit activation of the attacks by raising the
threshold for CSD and could also specifically interfere with pain mechanisms through
effects on the trigeminovascular system.

Several cellular mechanisms have been proposed to underlie the therapeutic activity of
topiramate: (1) activity-dependent attenuation of voltage-dependent sodium currents;
(2) inhibition of high voltage-activated calcium channels; (3) potentiation of GABA,
receptor-mediated currents; (4) inhibition of AMPA/kainate receptors; (5) inhibition of
types Il and IV carbonic anhydrase isoenzymes; and (6) activation of a steady potassium
current.®070 The effects on sodium channels, high voltage-activated calcium channels,
and GABA, receptors are unlikely to contribute in a substantial way to the antimigraine
action because there is little evidence that drugs that target these mechanisms are effec-
tive in migraine prophylaxis.”! Similarly, the carbonic anhydrase inhibition is not likely
to be relevant to the antimigraine activity of topiramate.”> However, the report that topi-
ramate can activate a potassium current is intriguing inasmuch as potassium channel
openers with activity on KCNQ channels have shown modest activity in an experimental
model of spreading depression (see section on retigabine below). These openers, which
are analogues of the investigational AED retigabine, reduce the number of spreading
depression events induced in rat cortex by KCl. Additional studies are required to
confirm an effect of topiramate on potassium channels.

Among the diverse pharmacological actions of topiramate, the interaction with
ionotropic glutamate receptors is perhaps the most likely action to be relevant to its
antimigraine activity. Topiramate is not a simple receptor antagonist, although there is
considerable evidence that it can influence the functional activity of AMPA/kainate-type
glutamate receptors; there is no evidence that topiramate blocks N-methyl-D-aspartate
receptors.’? Thus, in cultured neurons, topiramate was found to inhibit responses to
kainate, an agonist of AMPA and kainate receptors.”> More recently, topiramate was
reported to be a more potent and efficacious inhibitor of GluR5 kainate receptor
currents in basolateral amygdala principal neurons than of AMPA receptor currents.”*
AMPA receptors are crucial for excitatory synaptic transmission throughout the central
nervous system, and drugs that substantially block AMPA receptors are expected to
produce dramatic neurobehavioural impairment. Thus, the finding that topiramate is
weak and has low efficacy as an AMPA receptor antagonist corresponds with the clinical
observation that the drug is reasonably well tolerated. Blockade of GluR5 kainate recep-
tors is not associated with the side-effects linked with the blockade of AMPA receptors
and, in fact, mice genetically engineered to lack GluR5 are grossly normal neurologically.
However, GluRS5 kainate receptors represent an interesting target for migraine therapy.
GluRS5 kainate receptors regulate pain transmission in the spinal cord’>7¢ and GluR5
kainate receptor subunits and functional GluR5 kainate receptors are expressed in
trigeminal neurons.”’ Moreover, GluR5 antagonists are active in migraine models’87°
and intravenous LY293558 (tezampanel), an antagonist of AMPA and GluRS5 kainate
receptors, was found to dramatically improve headache in a small controlled clinical trial

.
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in acute migraine.3% Although the response rate for LY293558 (69%) was somewhat less
than for subcutaneous sumatriptan (86%), LY293558 was better tolerated. In normal
volunteers, LY293558 was found to cause ‘hazy vision, a reversible side-effect that is
believed to be mechanism-related and due to effects in the retina.8! This concerning side-
effect was not spontaneously reported by the migraineurs, possibly because they had
already experienced various visual symptoms in the setting of the acute migraine attack.
The clinical trial results with LY293558 are compatible with the concept that GluR5
kainate receptors are an attractive target in migraine. However, because LY293558 is not
selective for AMPA receptors, additional studies with more selective antagonists are
required. An additional phase II clinical trial of subcutaneous LY293558 for the abortive
treatment of migraine is currently ongoing under the sponsorship of Torrey Pines
Therapeutics. An oral prodrug form of LY293558 is also under investigation for migraine.
The inhibitory action of topiramate on GluR5 kainate receptors develops slowly,
suggesting that it acts indirectly.”* The effects on ion channels are complex and are
unlikely to occur through direct effects on channel gating, but are more likely to be medi-
ated indirectly, possibly through inhibition of channel phosphorylation. Recently, it has
been found that topiramate inhibits phosphorylation of serine 845 of the AMPA receptor
GluR1 subunit,? suggesting that the effect of the drug on AMPA and perhaps also
kainate receptors could be due to an alteration in the phosphorylation state of the
protein. The ability of topiramate to functionally inhibit GluR5 kainate receptors in vivo
was confirmed in experiments in mice with selective glutamate receptor antagonists,
where anticonvulsant doses of topiramate blocked clonic seizures induced by a selective
GluR5 kainate receptor angonist but not by an agonist of AMPA receptors.?? Taken
together, the results with LY293558 and topiramate provide a compelling justification for
further studies to investigate GluR5 kainate receptors as targets for migraine therapy.

Antiepileptic drugs that are possibly effective for
migraine prophylaxis

Gabapentin and pregabalin

In the USA, gabapentin and its analogue pregabalin are not approved for use in migraine,
although gabapentin is indicated for postherpetic neuralgia and pregabalin is indicated
for this pain condition as well as for diabetic neuropathy. Gabapentin, the lipophilic
3-cycylohexyl analogue of GABA, was originally synthesized in an attempt to develop a
brain-penetrant GABA agonist. Although both gabapentin and pregabalin [(R)-3-
isobutyl-GABA] are based on a GABA backbone, bulky aliphatic substituents in the
molecules preclude binding to the GABA recognition site on GABA, receptors. The
drugs also do not interact with other sites on GABA, receptors, including the benzodi-
azepine recognition site.84 High-affinity binding sites for gabapentin and pregabalin in
brain have been identified as 025 proteins, which are believed to be auxiliary subunits of
voltage-activated calcium channels.?> The binding affinities of gabapentin, pregabalin,
and related structures to 028 subunits correlates in a stereoselective fashion with their

.
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analgesic activity.3¢ In addition, knock in of a mutation (R217A) in the 028-1 subunit
in mice, which results in markedly reduced binding of gabapentin and pregabalin,
eliminates their analgesic activity without influencing the analgesic activity of
morphine.’788 Thus, there is strong support for the notion that the analgesic activity of
gabapentin and pregabalin is mediated through the interaction with 028. Whether this
accounts for the prophylactic activity in migraine remains to be determined. In this
regard it is noteworthy that as yet there is no evidence that gabapentin or pregabalin can
influence the neural mechanisms that trigger migraine (spreading depression).

The 028 subunits are highly glycosylated proteins of molecular mass approximately
150 kDa (997-1150 amino acid residues). There are four homologous forms, but only
subtypes 1 and 2 bind gabapentin and pregabalin with high affinity.? 0¢28-1 and 026-2
subunits are believed to form complexes with many voltage-dependent calcium channel
types.®0 It is not yet clear which calcium channels are important for the therapeutic activ-
ity of gabapentin and pregabalin, nor is the functional role of the 028 subunit complex
fully understood. However, for some calcium channel types, 028 subunit complex has
been shown to allosterically enhance current amplitude and also promote channel
trafficking to the membrane.?> Functional studies of the effects of gabapentin on calcium
channel activity have yielded divergent results; however, there is a general consensus that
gabapentin and pregabalin reduce the release of neurotransmitters from neural tissue,
with effects on CGRP, substance P, and glutamate release being of particular relevance to
migraine prophylaxis.’1-%4 It is noteworthy that the effect of gabapentin and pregabalin
on these mediators is generally only observed in the presence of nerve injury associated
with inflammation and hyperalgesia. Thus, 023 ligands have minimal effects on physio-
logical transmitter release but significantly inhibit sensitized or abnormal release.
Although the mechanism underlying this selectivity is not understood, it may explain the
relatively benign side-effect profiles of gabapentin and pregabalin as release under
normal conditions is maintained.

Recent studies indicate that the ability of gabapentin and pregabalin to influence
release of neuroactive substances may not be dependent upon calcium entry through
voltage-sensitive calcium channels.?> Rather, .28 subunit proteins might influence
synaptic release directly, possibly through interactions with the release machinery that
are independent of the main pore-forming o1 calcium channel subunits. It has been
speculated that binding of the drugs to 028 subunits directly influences the release
machinery,® possibly by affecting physical interactions between presynaptic calcium
channels and proteins mediating exocytosis.”>

Gabapentin and pregabalin are absorbed in the gut and pass across the blood-brain
barrier via the system L transporter, which is specialized for the transport of large neutral
amino acids.?® The fact that these drugs are substrates for this transporter is essential to
their therapeutic activity because it allows them to gain access to the central nervous
system.”” However, because the transporter can be saturated, the ability to achieve high
blood and brain levels is limited. A gabapentin prodrug, XP13512 [(+)-1-([(o-
isobutanoyloxyethoxy)carbonyl] aminomethyl)-1-cyclohexane acetic acid], is under

.
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development that may avoid these problems.?® XP12512 is absorbed by high-capacity
nutrient transporters and then rapidly converted to gabapentin, so the rate limiting
absorption by the system L is circumvented.

Zonisamide

There is limited information, largely from open label clinical trials, suggesting that
zonisamide may be effective in migraine prophylaxis in adults and children.16:17:99-102
Taken together with the available base of information on zonisamide, a case can be made
that further study of the drug in controlled trials is warranted. Zonisamide has a unique
chemical structure consisting of an aromatic fused benzene-isoxazole ring and a
sulphonamide side chain. Topiramate also contains a sulphur atom in an O-sulphamate
moiety that is structurally similar to the sulphonamide in zonisamide. Thus, zonisamide
and topiramate are the only sulphur-containing AEDs. Carbonic anhydrase inhibitors
such as acetazolamide also have a sulphonamide side chain, and indeed, both AEDs
inhibit carbonic anhydrase.!%3 There are intriguing similarities between zonisamide and
topiramate in addition to their shared chemistry. Both drugs are associated with weight
loss rather than the weight gain commonly observed with AEDs, and both drugs have
been linked to nephrolithiasis and hypohidrosis, which could be due to their common
action as carbonic anhydrase inhibitors. As zonisamide has so many similarities to topi-
ramate, it would not be surprising if zonisamide, like topiramate, has efficacy in migraine
prophylaxis.

In animal seizure models, zonisamide has a profile of activity similar to that of sodium
channel modulating AEDs, such as phenytoin, carbamazepine, and lamotrigine®.
Indeed, there is evidence that zonisamide can interact with voltage-activated sodium
channels at low, therapeutically relevant concentrations and that the effect on sodium
channels is similar to that of other sodium channel modulating AEDs. However,
zonisamide has several additional pharmacological actions that could contribute to its
anticonvulsant activity including effects on T-type voltage-dependent calcium channels,
presynaptic effects to inhibit or facilitate neurotransmitter release, and effects on neuro-
transmitter turnover and metabolism. As noted, zonisamide is also an inhibitor of
carbonic anhydrase, although this alone is unlikely to be relevant to its putative efficacy
in migraine as there is no compelling evidence that more potent carbonic anhydrase
inhibitors such as acetazolamide have antimigraine activity. It is noteworthy that there is
pharmacological evidence that carbonic anhydrase inhibition is not responsible for the
anticonvulsant activity of zonisamide.

As is the case for other sodium channel modulating AEDs, the ability of zonisamide to
modulate voltage-dependent sodium channels is expected to reduce action potential
evoked release of glutamate through a presynaptic action. In fact, recordings from
hippocampal neurons in rat brain slices have confirmed this action.!%4 Studies with
microdialysis in freely moving rats have indicated that zonisamide has complex effects on
the release of various neurotransmitters including GABA, dopamine, serotonin, and
acetylcholine. How these effects could contribute to the activity of zonisamide in
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migraine is uncertain. Overall, the known pharmacological actions of zonisamide on
voltage-dependent ion channels and other well-characterized targets are unlikely to
explain the putative efficacy in migraine, raising the possibility that the drug could have
actions on one or more as yet undefined targets.

Levetiracetam

Limited information from retrospective and open label trials suggests that levetiracetam
may have utility in migraine prophylaxis.!8105-110 Tevetiracetam has been marketed
for epilepsy therapy since 2000, but its molecular target in brain was only recently
identified.!!! The discovery of this target—the synaptic vesicle protein SV2A—
represents a milestone in AED research for two reasons. First, because SV2 is a compo-
nent of the synaptic release machinery, it focuses attention on the presynaptic nerve
terminal as a site of action of AEDs. Second, the knowledge of the molecular target of
levetiracetam has made it possible to screen for follow-on compounds with improved
properties. Using this approach, two structural analogues of levetiracetam with 10-fold
greater SV2A binding activity have been identified and advanced to clinical trials. These
compounds are seletracetam (ucb 44212) and brivaracetam (ucb 34714); brivaracetam
has been studied in epilepsy and neuropathic pain and is entering phase III clinical trials
for epilepsy. The mechanism whereby binding to SV2A results in anticonvulsant activity
is unknown. SV2A is an abundant protein component of synaptic vesicles that is struc-
turally similar to 12-transmembrane domain transporters, although a transporter activity
for SV2A has not yet been identified. SV2A is not essential for synaptic transmission, but
mice in which the protein has been deleted by gene targeting exhibit seizures.!!2 It seems
reasonable that the SV2A ligands could protect against states of excessive cellular
excitability through effects on synaptic release mechanisms, although experimental
support has not as yet been forthcoming.

Antiepileptic drugs in development with potential utility
in migraine
Valproate-like agents

Valproate has a unique place in epilepsy therapy because of its broad spectrum of efficacy.
In addition valproate is useful in the treatment of acute mania and, of course, migraine.
However, valproate has several undesirable side-effects, including teratogenicity, weight
gain, and reproductive dysfunction, and it occasionally causes hepatic and pancreatic toxi-
city.!13114 Therefore, much attention has been focused on the development of agents that
have the same broad spectrum of clinical efficacy as valproate without these undesirable
characteristics. Because the precise mechanism of action of valproate is unknown, it is
difficult to predict—based on preclinical studies—whether an analogue will have
the same clinical efficacy. Nevertheless, several valproate-like compounds have
been demonstrated to have a valproate-like profile in animal seizure and other behav-
ioural models so that they have been advanced to clinical development.!!>116 In all cases,
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the compounds are amides, because it is believed that the acid forms predispose to terato-
genicity. Indeed, the amide form of valproate, valpromide, is more potent as an anticon-
vulsant than valproate and it is not teratogenic in mice susceptible to neural tube defects.
However, in humans valpromide is biotransformed to valproate, so it does not offer
advantages to valproate. The focus has been on obtaining compounds with reduced or no
conversion to valproate or the corresponding acid. It is unknown whether these
compounds have activity in preclinical models relevant to migraine. However, they do
appear to have activity in models of neuropathic pain, which in some cases is greater than
for valproate.!17-118

Three valproate-like compounds (two existing in more than one stereoisomeric form)
that were discovered or extensively studied in the laboratory of Meir Bialer at the Hebrew
University of Jerusalem are under active clinical development. The first to undergo
human clinical trials was valrocemide (valproyl glycinamide; SPD493), which is now
entering phase II development.!!® Valrocemide is more potent than valproate in animal
seizure models, possibly due to its increased accumulation in brain. In rats and dogs,
valrocemide is converted to minimal amounts of valproate, and embryotoxicity has not
been observed in rats and rabbits. However, in humans, biotransformation of valro-
cemide to valproate is substantial. Therefore, although valrocemide could be safer than
valproate, the risk of teratogenicity is not eliminated. Because of its relatively short
half-life, three times daily dosing will be required, unless a controlled release formulation
is developed.

The resolved isomers of valnoctamide (2-ethyl-3-methylpentanamide) and diiso-
propyl acetamide (PID) are also under active development. Like valrocemide, these
isomers exhibit greater anticonvulsant and valnoctamide has been shown to have greater
anti-allodynic potency than valproate.!1°-118 However, they are not converted to
valproate, which could be an advantage from the perspective of teratogenicity and the
other idiosyncratic toxicities of valproate. Valnoctamide has two stereogenic carbons, so
that the molecule exists in four stereoisomeric forms. Only small differences were found
between the anticonvulsant potencies and pharmacokinetic properties of the (25,3S) and
(2R,3S) isomers.!20 The mixture of all four isomers was at one time marketed as an
anxiolytic and sedative in Europe, but is not available at present. It appears that one or
more of the isomers will be taken through a full development programme for central
nervous system indications that could include migraine. Despite the fact that it was
marketed as a sedative, anecdotal evidence indicates that valnoctamide is well tolerated
and not strongly sedative.!!> Valnoctamide does not induce embryotoxicity in mice that
are susceptible to valproate-induced spina bifida aperta.!?! However, the validity of this
model as a predictor of risk for human spina bifida is uncertain.

PID, which is also expected to enter clinical development, has a single stereocentre.
As in the case of valnoctamide, only small differences were found in the relative anti-
convulsant potencies and pharmacokinetic properties of the enantiomers, with the
(R)-enantiomer possibly being slightly more potent.!22-124 PID was also free of
teratogenicity in susceptible mice.

.
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Isovaleramide (3-methylbutanamide; NPS-1776) has a similar profile of activity
to valproate in animal seizure models, but is weaker in potency.!?> Phase I clinical
trials indicated that the compound is safe and well tolerated, but it is not currently being
developed.

Retigabine

Retigabine [N-(2-amino-4-[fluorobenzylamino]-phenyl)carbamic acid; D-23129], the
desaza-analogue of flupirtine (a non-opiate analgesic approved in Europe for general
nocioceptive pain), is an effective inhibitor of CSD!2¢ and therefore has potential in
migraine therapy. Retigabine has activity in a broad spectrum of animal epilepsy
models.!?7-129 Clinical testing in several phase II clinical trials, largely in patients with
partial seizures with or without secondary generalization who were refractory to avail-
able therapies, suggested that the compound is efficacious for the treatment of epilepsy.
This has been confirmed in a recent multicentre, randomized, double-blind, placebo-
controlled trial as adjunctive therapy in patients with partial-onset seizures, where drug
treatment was associated with a dose-dependent reduction in seizure frequency.!30 As
yet, retigabine has not been evaluated in migraine.

There has been considerable interest in the molecular pharmacology of retigabine,
which is the first in a new class of KCNQ (Kv7) potassium channel openers. Retigabine
causes a specific enhancement of M-type potassium current, which is carried by KCNQ-
type potassium channels.!31-133 M-current is a slowly activating current whose threshold
is near resting potential. The principal action of retigabine is to shift the activation of
KCNQ channels underlying the M-current to more hyperpolarized membrane poten-
tials, and also to slow their deactivation and accelerate their activation.!3%135 The critical
action of the drug is to increase potassium current near resting potential, which reduces
the excitability of neurons that express KCNQ2-5 subunits (Kv7.2-7.5). The cardiac-
specific isoform KCNQ1 (KvLQT or Kv7.1) is not affected by retigabine. In addition to
their localization in brain regions relevant to epilepsy, KCNQ/M channels are also
present in elements of nociceptive sensory systems, including dorsal root ganglia
neurons, and retigabine inhibits responses in chronic pain models.!3¢ Retigabine could
therefore have efficacy in migraine as a result of its novel analgesic activity on sensory
systems in addition to the effects on CSD. Indeed, there is evidence that KCNQ2 channels
are expressed in the trigeminal ganglia and the trigeminal nucleus caudalis and it has
been proposed that sensitization of this pathway could be a factor in migraine.!26

Although most attention has been focused on the unique ability of retigabine to
activate KCNQ channels, the drug also acts as a positive modulator of GABA, recep-
tors.!37 Thus, retigabine enhances GABA-activated chloride current responses and
GABAergic IPSCs at concentrations that are only modestly higher than those that influ-
ence KCNQ channels.!38139 It has been suggested that the effects of retigabine on
GABA  receptors could contribute to its efficacy in epilepsy and also to side-effects.!!>
However, as GABA , receptor positive modulating activity is not associated with efficacy
in migraine prophylaxis, KCNQ openers that lack activity on GABA, receptors could

.
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potentially have better tolerability.40 Several novel compounds, including acrylamides,
have been identified to have KNCQ opening activity and to inhibit CSD.!41-144 Some of
these compounds are more than two orders of magnitude more potent than retigabine,
but equally efficacious. ICA-105665, a compound reported to have specific KCNQ
opening activity, has entered phase I trials for epilepsy but also may be developed for
neuropathic pain.

Lacosamide

Lacosamide [(R)-2-acetamido-N-benzyl-3-methoxypropionamide; SPM 927;
harkoseride], is a functionalized amino acid currently in phase III clinical trials for the
treatment of partial epilepsy and diabetic neuropathic pain. Additionally, lacosamide is
under investigation for migraine prophylaxis, fibromyalgia, and osteoarthritis.
Lacosamide has activity in a broad spectrum of acute seizure models, but is inactive in
the pentylenetetrazol model.!%> It also has demonstrated antihyperalgesic activity in
a variety of acute and chronic inflammatory pain and neuropathic pain models, but
does not have acute antinociceptive activity.'4® Its mechanism of action is not well
understood.!!> Recently, however, it has been proposed that two predominant actions
could contribute to therapeutic efficacy.!4> While lacosamide does appear to interact
with voltage-gated sodium channels it does not have actions on fast inactivation as do
conventional sodium channel modulating AEDs. Rather, it seems to selectively promote
slow inactivation, a distinct and less well-understood form of sodium channel inactiva-
tion that occurs on a time-scale of seconds to minutes, in contrast to fast inactivation,
which occurs on a millisecond time-scale. The enhancement of slow inactivation could
theoretically lead to selective inhibition of epileptiform activity, as epileptic depolariza-
tion of neurons is more prolonged than ordinary synaptic depolarization and is typically
of the order of tens of seconds, the time-scale where slow inactivation is pertinent. It is
not known whether this mechanism would similarly be relevant to neuropathic pain
or migraine. Lacosamide has also been found to bind to collapsin response mediator
protein-2 (CRMP-2), a cytosolic phosphoprotein mainly expressed in the nervous system
that promotes neurite extension and is involved in the signalling of growth inhibitory
cues. Whether and how the interaction with CRMP-2 relates to the therapeutic activity of
lacosamide remains to be determined.

Tonabersat

Tonabersat [SB-220453; cis-(—)-6-acetyl-4S-(3-chloro-4-fluorobenzoylamino)-
3, 4-dihydro-2,2-dimethyl-2H-1-benzopyran-3S-ol] is a benzopyran with anticonvulsant
properties that is a potent and effective blocker of CSD.!47-14° It has similar pharmacolog-
ical properties to carabersat (SB-204269), which demonstrated efficacy in a phase II
clinical trial for epilepsy, but whose development was not continued because of concerns
about the possible cardiotoxicity of a metabolite. Tonabersat was not effective as an
abortive agent in migraine (N. Upton, personal communication). However, a phase Ila
clinical trial in migraine prophylaxis demonstrated a significant reduction in migraine

.
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frequency and in rescue medication days, with good tolerability. Although the mechanism
of action of tonabersat in migraine is not known, the fact that it is an effective inhibitor of
CSD is intriguing. The clinical trial results with tonabersat may reflect the fact that inhibi-
tion of CSD can prevent migraine from being triggered, but once migraine is established
and downstream mechanisms come into play, CSD is no longer a factor. There is evidence
that tonabersat is a selective blocker of gap junctions (N. Upton, personal communica-
tion). The extent to which this action contributes to the effect on CSD is uncertain. While
gap junction inhibitors have been observed to modify spreading depression,'>® gap junc-
tion blockers do not eliminate CSD in all instances.!>1>152 Therefore, although it is clear
that tonabersat inhibits spreading depression, whether this is due to the effect of the drug
on gap junctions remains to be demonstrated. However, it does raise the intriguing possi-
bility that gap junctions could be drug targets for migraine therapy.

Antiepileptic drugs unlikely to be of utility in migraine
Carbamazepine and oxcarbazepine

Carbamazepine was the first AED studied in migraine, but there is only very limited
clinical evidence of efficacy.!1>1>3 Carbamazepine is active itself and also serves as a
prodrug for the active metabolite carbamazepine-10,11-epoxide. Oxcarbazepine, the
10-keto analogue of carbamazepine, also is biotransformed to active metabolites,
S(+)-licarbazepine and R(-)-licarbazepine. The parent and its metabolites probably act
mechanistically in a similar fashion to carbamazepine!®. Interestingly, there is essentially
no positive data in the literature on oxcarbazepine in migraine!®3, suggesting that
neither carbamazepine nor oxcarbazepine are clinically effective. Moreover, neither
drug seems to be effective in blocking CSD. Carbamazepine and oxcarbazepine are
believed to protect against seizures largely through effects on voltage-gated sodium
channels, which lead to the suppression of high-frequency repetitive action potential
firing. While this action confers protection against partial and primary generalized
tonic-clonic seizures, it is apparently not capable of preventing migraine. Clearly, not all
AEDs are effective in migraine prophylaxis. It is tempting to suggest that antimigraine
activity is a feature of ‘broad-spectrum’ AEDs (effective in partial and at least one type
of primary generalized seizures other than primary generalized tonic-clonic seizures).
This may be the case; however, gabapentin and pregabalin, which are not known to be
broad-spectrum agents, would seem to contradict the rule. (Perhaps the efficacy of
gabapentin and pregabalin relates to their analgesic activity rather than an ability to
influence the hyperexcitability that triggers migraine.) In any case, sodium channel
blockade is not likely to be a promising strategy for the development of migraine
prophylactic agents.

Carisbamate

Carisbamate (RWJ333369; S-2-O-carbamoyl-1-ochlorophenyl-ethanol) is a monocarba-
mate with a broad spectrum of activity in a wide range of rodent epilepsy models.
A phase IIb clinical trial for the treatment of partial onset seizures was recently completed
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demonstrating efficacy and good tolerability.'>* The compound is currently completing
a phase III clinical trial in partial seizures. A trial in migraine demonstrated that carisba-
mate does not have activity for migraine prophylaxis.

Ganaxolone

Ganaxolone (30-hydroxy-3p-methyl-50.-pregnan-20-one) is the 30.-methyl synthetic
analogue of the endogenous neurosteroid allopregnanolone (3a,50.-P), a metabolite
of progesterone. Ganaxolone, like 30,,50.-P, does not have classical steroid hormone
activity. Whereas it is believed that 3o,,50-P can be converted to metabolites with
hormonal activity, ganaxolone cannot. Ganaxolone is a powerful positive allosteric
modulator of GABA, receptors with potency and efficacy comparable with its endoge-
nous congener 3c,50-P.155 Neurosteroid actions on GABA , receptors occur at sites
distinct from the benzodiazepine modulatory site!® and neurosteroids fail to demon-
strate tolerance (at least with respect to anticonvulsant activity) that limits the clinical
utility of benzodiazepines.!>” Ganaxolone is currently undergoing clinical trials
for partial seizures in adults and infantile spasms in children aged 4-24 months.!>8 In
the 1990s, ganaxolone was extensively investigated as an abortive migraine therapy
in single dose studies but was never evaluated for migraine prophylaxis. The first
study (1042-0112) was a double-blind, placebo-controlled dose-ranging trial in
252 premenopausal women ages 18-55, 203 of whom received active drug within 8 h of
the onset of moderate or severe migraine with or without aura. There was a suggestion
that pain relief was correlated with plasma concentration. In the second study (1042-
0116), an open-label trial of eight men and 22 women (three of whom were included in
the 1042-0112 study) in which ganaxolone was also administered within 8 h of the onset
of moderate or severe migraine, there was minimal correlation of pain relief at 2 h with
ganaxolone plasma concentration. In the final study (1042-0117), the allowable time
from moderate to severe migraine headache onset to dosing was reduced to 2 h. Groups
of 163 subjects ages 18—65 (132 women and 31 men in each group) received active drug
or placebo. There was no statistically significant difference between treatment groups in
migraine pain relief at 2 or 4 h postdose. A subgroup analysis of the menstruating
women (25 receiving ganaxolone and 20 receiving placebo) demonstrated a statistically
significant reduction in migraine pain (P = 0.046) in the drug-treated subjects. Overall,
the clinical trials provided little evidence to support further studies of ganaxolone in
acute migraine therapy in an unselected population and development for this indication
has not progressed. The conclusion that ganaxolone lacks efficacy in migraine must be
tempered by the fact that dosing in all studies occurred after pain onset. It cannot be
concluded that the outcome would have been similarly unimpressive had the drug been
administered on a prophylactic basis. In any case, however, the conclusion that ganax-
olone lacks efficacy is consistent with the notion that the GABA, receptor is not an
appropriate target for migraine therapy. The suggestion of utility in hormonally depend-
ent migraine warrants attention. Given the potential of ganaxolone in the treatment of
hormonally-sensitive epilepsy,!°%1%0 the intriguing possibility exists that the drug would
be useful as a prophylactic agent specifically in menstrual migraine.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 170 $

170 ‘ ANTIEPILEPTIC DRUGS AND MIGRAINE

Acknowledgements

Portions of this chapter are based on the invited review ‘Common pathophysiological
mechanisms in migraine and epilepsy’.!6!

References

1. Rogawski MA, Loscher W (2004) The neurobiology of antiepileptic drugs for the treatment of
nonepileptic conditions. Nat Med 10, 685-92.

2. Rothrock JF (1997) Clinical studies of valproate for migraine prophylaxis. Cephalalgia 17, 81-3.

3. Hering R, Kuritzky A (1992) Sodium valproate in the prophylactic treatment of migraine: a double-
blind study versus placebo. Cephalalgia 12, 81-4.

4. Freitag FG, Collins SD, Carlson HA, Goldstein J, Saper J, Silberstein S, Mathew N, Winner PK,
Deaton R, Sommerville K; Depakote ER Migraine Study Group (2002) A randomized trial of
divalproex sodium extended-release tablets in migraine prophylaxis. Neurology 58, 1652-9.

5. Chronicle E, Mulleners W (2004) Anticonvulsant drugs for migraine prophylaxis. Cochrane
Database Syst Rev 3, CD003226.

6. Buchanan TM, Ramadan NM (2006) Prophylactic pharmacotherapy for migraine headaches.
Semin Neurol 26, 188—98.

7. Brandes JL, Saper JR, Diamond M, Couch JR, Lewis DW, Schmitt J, Neto W, Schwabe S, Jacobs D;
MIGR-002 Study Group (2004) Topiramate for migraine prevention: a randomized controlled trial.
JAMA 291, 965-73.

8. Silberstein SD, Neto W, Schmitt J, Jacobs D; MIGR-001 Study Group (2004) Topiramate in migraine
prevention: results of a large controlled trial. Arch Neurol 61, 490-5.

9. Di Trapani G, Mei D, Marra C, Mazza S, Capuano A (2000) Gabapentin in the prophylaxis of
migraine: a double-blind randomized placebo-controlled study. Clin Ter 151, 145-8.

10. Mathew NT, Rapoport A, Saper J, Magnus L, Klapper ], Ramadan N, Stacey B, Tepper S (2001)
Efficacy of gabapentin in migraine prophylaxis. Headache 41, 119-28.

11. Rompel H, Bauermeister PW (1970) Aetiology of migraine and prevention with carbamazepine
(Tegretol): results of a double-blind, cross-over study. South African Med ] 44, 75-80.

12. Steiner TJ, Findley L], Yuen AWC (1997) Lamotrigine versus placebo in the prophylaxis of migraine
with and without aura. Cephalalgia 17, 109-12.

13. D’Andrea G, Granella F, Cadaldini M, Manzoni GC (1999) Effectiveness of lamotrigine in the
prophylaxis of migraine with aura: an open pilot study. Cephalalgia 19, 64—6.

14. Lampl C, Katsarava Z, Diener HC, Limmroth V (2005) Lamotrigine reduces migraine aura and
migraine attacks in patients with migraine with aura. ] Neurol Neurosurg Psychiatry 76, 1730-2.

15. Gupta P, Singh S, Goyal V, Shukla G, Behari M (2007) Low-dose topiramate versus lamotrigine in
migraine prophylaxis (the lotolamp study). Headache 47, 402—12.

16. Drake ME Jr, Greathouse NI, Renner JB, Armentbright AD (2004) Open-label zonisamide for
refractory migraine. Clin Neuropharmacol 27, 278-80.

17. Pakalnis A, Kring D (2006) Zonisamide prophylaxis in refractory pediatric headache. Headache
46, 804-7.

18. Brighina E, Palermo A, Aloisio A, Francolini M, Giglia G, Fierro B (2006) Levetiracetam in the
prophylaxis of migraine with aura: a 6-month open-label study. Clin Neuropharmacol 29, 338—42.

19. Rogawski MA, Loscher W (2004) The neurobiology of antiepileptic drugs. Nat Rev
Neurosci 5, 553—64.

20. Ptdcek L] (1998) The place of migraine as a channelopathy. Curr Opin Neurol 11, 217-26.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 171 $

REFERENCES | 171

21. Haut SR, Bigal ME, Lipton RB (2006) Chronic disorders with episodic manifestations: focus on
epilepsy and migraine. Lancet Neurol 5, 148-57.

22. Yu FH, Mantegazza M, Westenbroek RE, Robbins CA, Kalume F, Burton KA, Spain W], McKnight GS,
Scheuer T, Catterall WA (2006) Reduced sodium current in GABAergic interneurons in a mouse
model of severe myoclonic epilepsy in infancy. Nat Neurosci 9, 1142-9.

23. Ottman R, Lipton RB (1994) Comorbidity of migraine and epilepsy. Neurology 44, 2105-10.

24. Ludvigsson P, Hesdorffer D, Olafsson E, Kjartansson O, Hauser WA (2006) Migraine with aura is a
risk factor for unprovoked seizures in children. Ann Neurol 59, 210-13.

25. Ottman R, Lipton RB (1996) Is the comorbidity of epilepsy and migraine due to a shared genetic
susceptibility? Neurology 47, 918-24.

26. Stewart WF, Staffa J, Lipton RB, Ottman R (1997) Familial risk of migraine: a population-based
study. Ann Neurol 41, 166-72.

27. Stewart WE, Bigal ME, Kolodner K, Dowson A, Liberman JN, Lipton RB (2006) Familial risk of
migraine: variation by proband age at onset and headache severity. Neurology 66, 344-8.

28. Ferraro TN, Buono RJ (2006) Polygenic epilepsy. Adv Neurol 97, 389-98.

29. Ophoff RA, Terwindt GM, Vergouwe MN, van Eijk R, Oefner PJ, Hoffman SM, Lamerdin JE,
Mohrenweiser HW, Bulman DE, Ferrari M, Haan J, Lindhout D, van Ommen GJ, Hofker MH,
Ferrari MD, Frants RR (1996) Familial hemiplegic migraine and episodic ataxia type-2 are caused
by mutations in the Ca2* channel gene CACNL1AA4. Cell 87, 543-52.

30. Tottene A, Fellin T, Pagnutti S, Luvisetto S, Striessnig ], Fletcher C, Pietrobon D (2002) Familial
hemiplegic migraine mutations increase Ca?* influx through single human Cay2.1 channels and
decrease maximal Cay2.1 current density in neurons. Proc Natl Acad Sci USA 99, 13284-9.

31. Chioza B, Wilkie H, Nashef L, Blower J, McCormick D, Sham P, Asherson P, Makoff AJ (2001)
Association between the o, calcium channel gene CACNA1A and idiopathic generalized epilepsy.
Neurology 56, 1245-6.

32. Tokuda S, Kuramoto T, Tanaka K, Kaneko S, Takeuchi IK, Sasa M, Serikawa T (2007) The ataxic
groggy rat has a missense mutation in the P/Q-type voltage-gated Ca?* channel act1A subunit gene
and exhibits absence seizures. Brain Res 1133, 168-77.

33. De Fusco M, Marconi R, Silvestri L, Atorino L, Rampoldi L, Morgante L, Ballabio A, Aridon P,
Casari G (2003) Haploinsufficiency of ATP1A2 encoding the Na*/K* pump o2 subunit associated
with familial hemiplegic migraine type 2. Nat Genet 33, 192-6.

34. Vanmolkot KR, Kors EE, Hottenga JJ, Terwindt GM, Haan ], Hoefnagels WA, Black DF, Sandkuijl LA,
Frants RR, Ferrari MD, van den Maagdenberg AM (2003) Novel mutations in the Na*,K*-ATPase
pump gene ATP1A2 associated with familial hemiplegic migraine and benign familial
infantile convulsions. Ann Neurol 54, 360—6.

35. De Vries B, Haan J, Frants RR, Van den Maagdenberg AM, Ferrari MD (2006) Genetic biomarkers
for migraine. Headache 46, 1059-68.

36. Koenderink JB, Zifarelli G, Qiu LY, Schwarz W, De Pont JJ, Bamberg E, Friedrich T (2005) Na,
K-ATPase mutations in familial hemiplegic migraine lead to functional inactivation. Biochim
Biophys Acta 1669, 61-8.

37. Pedley TA, Zuckermann EC, Glaser GH (1969) Epileptogenic effects of localized ventricular
perfusion of ouabain on dorsal hippocampus. Exp Neurol 25, 207-19.

38. Stone WE, Javid MJ (1982) Interactions of phenytoin with ouabain and other chemical convulsants.
Arch Int Pharmacodyn Ther 260, 28-35.

39. Dichgans M, Freilinger T, Eckstein G, Babini E, Lorenz-Depiereux B, Biskup S, Ferrari MD, Herzog J,
van den Maagdenberg AM, Pusch M, Strom TM (2005) Mutation in the neuronal voltage-gated
sodium channel SCN1A in familial hemiplegic migraine. Lancet 366, 371-7.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 172 $

172 | ANTIEPILEPTIC DRUGS AND MIGRAINE

40. Torkkeli PH, French AS (2002) Simulation of different firing patterns in paired spider mechanore-
ceptor neurons: the role of Nat channel inactivation. ] Neurophysiol 87, 1363-8.

41. Spampanato J, Aradi I, Soltesz I, Goldin AL (2004) Increased neuronal firing in computer simula-
tions of sodium channel mutations that cause generalized epilepsy with febrile seizures plus.

] Neurophysiol 91, 2040-50.

42. Leao AAP (1944) Spreading depression of activity in the cerebral cortex. ] Neurophysiol 7, 359-90.

43. Grafstein B (1956) Mechanism of spreading cortical depression. J Neurophysiol 19, 154-71.

44. Strong AJ (2005) Dr Bernice Grafstein’s paper on the mechanism of spreading depression.

] Neurophysiol 94, 5-7.

45. Lauritzen M (2001) Cortical spreading depression in migraine. Cephalalgia 21, 757-60.

46. Milner PM (1959) Note on a possible correspondence between the scotomas of migraine and
spreading depression of Ledo. Electroencephalogr Clin Neurophysiol 10, 705.

47. Olesen J, Larsen B, Lauritzen M (1981) Focal hyperemia followed by spreading oligemia and
impaired activation of rCBF in classic migraine. Ann Neurol 9, 344-52.

48. Olesen J, Friberg L, Skyhgj Olsen T, Iversen HK, Lassen NA, Andersen AR, Karle A (1990) Timing
and topography of cerebral blood flow aura, and headache during migraine attacks.

Ann Neurol 28, 791-8.

49. Hadjikhani N, Sanchez Del Rio M, Wu O, Schwartz D, Bakker D, Fischl B, Kwong KK, Cutrer FM,
Rosen BR, Tootell RB, Sorensen AG, Moskowitz MA (2001) Mechanisms of migraine aura revealed
by functional MRI in human visual cortex. Proc Natl Acad Sci USA 98, 4687-92.

50. Bolay H, Reuter U, Dunn AK, Huang Z, Boas DA, Moskowitz MA (2002) Intrinsic brain activity
triggers trigeminal meningeal afferents in a migraine model. Nat Med 8, 136—42.

51. Kunkler PE, Kraig RP (2003) Hippocampal spreading depression bilaterally activates the caudal
trigeminal nucleus in rodents. Hippocampus 13, 835—44.

52. Morrison DP (1990) Abnormal perceptual experiences in migraine. Cephalalgia 10, 273-7.

53. Sanchez-Del-Rio M, Reuter U, Moskowitz MA (2006) New insights into migraine pathophysiology.
Curr Opin Neurol 19, 294-8.

54. Herreras O (2005) Electrical prodromals of spreading depression void Grafstein’s potassium
hypothesis. ] Neurophysiol 94, 3656.

55. Larrosa B, Pastor ], Lopez-Aguado L, Herreras O (2006) A role for glutamate and glia in the fast
network oscillations preceding spreading depression. Neuroscience 141, 1057—68.

56. Tian GF, Azmi H, Takano T, Xu Q, Peng W, Lin J, Oberheim N, Lou N, Wang X, Zielke HR, Kang J,
Nedergaard M (2005) An astrocytic basis of epilepsy. Nature Med 11, 973-81.

57. Basarsky TA, Duffy SN, Andrew RD, MacVicar BA (1998) Imaging spreading depression and
associated intracellular calcium waves in brain slices. ] Neurosci 18, 7189-99.

58. Palmer JE, Chronicle EP, Rolan P, Mulleners (2000) Cortical hyperexcitability is cortical
under-inhibition: evidence from a novel functional test of migraine patients. Cephalalgia 20, 525-32.

59. Mulleners WM, Chronicle EP, Palmer JE, Koehler PJ, Vredeveld JW (2001) Visual cortex excitability
in migraine with and without aura. Headache 41, 565-72.

60. Macdonald RL, Rogawski MA (2008) Cellular effects of antiepileptic drugs. In: Engel J Jr, Pedley TA
(eds) Epilepsy A Comprehensive Textbook, 2nd edn, pp. 1433—45. Lippincott Williams & Wilkins,
Philadelphia, PA.

61. Loscher W (2002) Basic pharmacology of valproate: a review after 35 years of clinical use for the
treatment of epilepsy. CNS Drugs 16, 669-94.

62. Loscher W (2002) Valproic acid. Mechanisms of action. In: Levy RH, Mattson RH, Meldrum BS,
Perucca E (eds) Antiepileptic Drugs, pp. 768—79. Lippincott-Raven, Philadelphia, PA.

63. Gean PW, Huang CC, Hung CR, Tsai JJ (1994) Valproic acid suppresses the synaptic response
mediated by the NMDA receptors in rat amygdalar slices. Brain Res Bull 33, 333-6.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 173 $

REFERENCES | 173

64. Gobbi G, Janiri L (2006) Sodium- and magnesium-valproate in vivo modulate glutamatergic and
GABAergic synapses in the medial prefrontal cortex. Psychopharmacology (Berl) 185, 255-62.

65. Kaube H, Goadsby PJ (1994) Anti-migraine compounds fail to modulate the propagation of
cortical spreading depression in the cat. Eur Neurol 34, 30-5.

66. Ayata C, Jin H, Kudo C, Dalkara T, Moskowitz MA (2006) Suppression of cortical spreading
depression in migraine prophylaxis. Ann Neurol 59, 652-61.

67. Akerman S, Goadsby PJ (2005) Topiramate inhibits cortical spreading depression in rat and cat:
impact in migraine aura. Neuroreport 16, 1383-7.

68. Storer RJ, Goadsby PJ (2004) Topiramate inhibits trigeminovascular neurons in the cat. Cephalalgia
24, 1049-56.

69. Akerman S, Goadsby PJ (2005) Topiramate inhibits trigeminovascular activation: an intravital
microscopy study. Br ] Pharmacol 146, 7-14.

70. White HS (2005) Molecular pharmacology of topiramate: managing seizures and preventing
migraine. Headache 45 (Suppl. 1), S48-56.

71. Olesen J (1990) Calcium antagonists in migraine and vertigo. Possible mechanisms of action and
review of clinical trials. Eur Neurol 30 (Suppl. 2), 31-4; Discussion 39—41.

72. Vahedi K, Taupin P, Djomby R, El-Amrani M, Lutz G, Filipetti V, Landais P, Massiou H,

Bousser MG; DIAMIG investigators (2002) Efficacy and tolerability of acetazolamide in migraine
prophylaxis: a randomised placebo-controlled trial. J Neurol 249, 206-11.

73. Gibbs JW 3rd, Sombati S, DeLorenzo R], Coulter DA (2000) Cellular actions of topiramate:
blockade of kainate-evoked inward currents in cultured hippocampal neurons.
Epilepsia 41 (Suppl. 1), S10-16.

74. Gryder DS, Rogawski MA (2003) Selective antagonism of GluR5 kainate-receptor-mediated synap-
tic currents by topiramate in rat basolateral amygdala neurons. J Neurosci 23, 7069-74.

75. Li P, Wilding TJ, Kim SJ, Calejesan AA, Huettner JE, Zhuo M (1999) Kainate-receptor-mediated
sensory synaptic transmission in mammalian spinal cord. Nature 397, 161-4.

76. Xu H, Wu L], Zhao MG, Toyoda H, Vadakkan KI, Jia Y, Pinaud R, Zhuo M (2006) Presynaptic
regulation of the inhibitory transmission by GluR5-containing kainate receptors in spinal
substantia gelatinosa. Mol Pain 2, 29.

77. SaharaY, Noro N, Ilida Y, Soma K, Nakamura Y (1997) Glutamate receptor subunits GluR5 and
KA-2 are coexpressed in rat trigeminal ganglion neurons. J Neurosci 17, 6611-20.

78. Filla SA, Winter MA, Johnson KW, Bleakman D, Bell MG, Bleisch TJ, Castano AM,
Clemens-Smith A, del Prado M, Dieckman DK, Dominguez E, Escribano A, Ho KH, Hudziak KJ,
Katofiasc MA, Martinez-Perez JA, Mateo A, Mathes BM, Mattiuz EL, Ogden AM, Phebus LA,
Stack DR, Stratford RE, Ornstein PL (2002) Ethyl (3S,4aR,6S,8aR)-6-(4-ethoxycarbonylimidazol-
1-ylmethyl)decahydroiso-quinoline-3-carboxylic ester: a prodrug of a GluR5 kainate receptor
antagonist active in two animal models of acute migraine. ] Med Chem 45, 4383-6.

79. Weiss B, Alt A, Ogden AM, Gates M, Dieckman DK, Clemens-Smith A, Ho KH, Jarvie K, Rizkalla G,
Wright RA, Calligaro DO, Schoepp D, Mattiuz EL, Stratford RE, Johnson B, Salhoff C, Katofiasc M,
Phebus LA, Schenck K, Cohen M, Filla SA, Ornstein PL, Johnson KW, Bleakman D (2006)
Pharmacological characterization of the competitive GLUK5 receptor antagonist decahydroiso-
quinoline LY466195 in vitro and in vivo. ] Pharmacol Exp Ther 318, 772-81.

80. Sang CN, Ramadan NM, Wallihan RG, Chappell AS, Freitag FG, Smith TR, Silberstein SD,
Johnson KW, Phebus LA, Bleakman D, Ornstein PL, Arnold B, Tepper SJ, Vandenhende F (2004)
LY293558, a novel AMPA/GIuR5 antagonist, is efficacious and well-tolerated in acute migraine.
Cephalalgia 24, 596—602.

81. Sang CN, Hostetter MP, Gracely RH, Chappell AS, Schoepp DD, Lee G, Whitcup S, Caruso R,
Max MB (1998) AMPA/kainate antagonist LY293558 reduces capsaicin-evoked hyperalgesia but
not pain in normal skin in humans. Anesthesiology 89, 1060-7.

.



20-0Olesen-Chap20

6/18/08 1:06 PM Page 174 $

174 | ANTIEPILEPTIC DRUGS AND MIGRAINE

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Angehagen M, Ronnback L, Hansson E, Ben-Menachem E (2005) Topiramate reduces
AMPA-induced Ca?* transients and inhibits GluR1 subunit phosphorylation in astrocytes from
primary cultures. ] Neurochem 94, 1124-30.

Kaminski RM, Banerjee M, Rogawski MA (2004) Topiramate selectively protects against seizures
induced by ATPA, a GluR5 kainate receptor agonist. Neuropharmacology 46, 1097—104.
Suman-Chauhan N, Webdale L, Hill DR, Woodruff GN (1993) Characterisation of [*H]gabapentin
binding to a novel site in rat brain: homogenate binding studies. Eur ] Pharmacol 244, 293-301.
Dooley DJ, Taylor CP, Donevan S, Feltner D (2007) Ca?* channel 028 ligands: novel modulators of
neurotransmission. Trends Pharmacol Sci 28, 75-82.

Field MJ, Hughes J, Singh L (2000) Further evidence for the role of the 023 subunit of voltage
dependent calcium channels in models of neuropathic pain. Br ] Pharmacol 131, 282-6.

Field MJ, Cox PJ, Stott E, Melrose H, Offord J, Su TZ, Bramwell S, Corradini L, England S, Winks J,
Kinloch RA, Hendrich J, Dolphin AC, Webb T, Williams D (2006) Identification of the 02-8-1
subunit of voltage-dependent calcium channels as a molecular target for pain mediating the
analgesic actions of pregabalin. Proc Natl Acad Sci USA 103, 17537-42.

Rogawski MA, Taylor CP (2006) Calcium channel 02-8 subunit, a new antiepileptic drug target.
In: Loscher W, Schmidt D (eds). New horizons in the development of antiepileptic drugs:
innovative strategies. Epilepsy Res 69, 183-272.

Marais E, Klugbauer N, Hofmann F (2001) Calcium channel 028 subunits-structure and
Gabapentin binding. Mol Pharmacol 59, 1243-8.

Davies A, Hendrich J, Van Minh AT, Wratten J, Douglas L, Dolphin AC (2007) Functional biology
of the 028 subunits of voltage-gated calcium channels. Trends Pharmacol Sci 28, 220-8.

Dooley DJ, Mieske CA, Borosky SA (2000) Inhibition of K*-evoked glutamate release from rat
neocortical and hippocampal slices by gabapentin. Neurosci Lett 280, 107-10.

Patel MK, Gonzalez MI, Bramwell S, Pinnock RD, Lee K (2000) Gabapentin inhibits excitatory
synaptic transmission in the hyperalgesic spinal cord. Br J Pharmacol 130, 1731-4.

Fehrenbacher JC, Taylor CP, Vasko MR (2003) Pregabalin and gabapentin reduce release of
substance P and CGRP from rat spinal tissues only after inflammation or activation of protein
kinase C. Pain 105, 133—41.

Cunningham MO, Woodhall GL, Thompson SE, Dooley DJ, Jones RS (2004) Dual effects of
gabapentin and pregabalin on glutamate release at rat entorhinal synapses in vitro. Eur J Neurosci
20, 1566-76.

Spafford JD, Zamponi GW (2003) Functional interactions between presynaptic calcium channels
and the neurotransmitter release machinery. Curr Opin Neurobiol 13, 308—14.

Su TZ, Feng MR, Weber ML (2005) Mediation of highly concentrative uptake of pregabalin

by L-type amino acid transport in Chinese hamster ovary and Caco-2 cells. ] Pharmacol Exp Ther
313, 1406-15.

Belliotti TR, Capiris T, Ekhato IV, Kinsora JJ, Field MJ, Heffner TG, Meltzer LT, Schwarz JB,

Taylor CP, Thorpe AJ, Vartanian MG, Wise LD, Zhi-Su T, Weber ML, Wustrow DJ (2005)
Structure-activity relationships of pregabalin and analogues that target the 0.2-8 protein.

J Med Chem 48, 2294-307.

Cundy KC, Branch R, Chernov-Rogan T, Dias T, Estrada T, Hold K, Koller K, Liu X, Mann A,
Panuwat M, Raillard SP, Upadhyay S, Wu QQ, Xiang JN, Yan H, Zerangue N, Zhou CX, Barrett RW,
Gallop MA (2004) XP13512 [(£)-1-([(o-isobutanoyloxyethoxy)carbonyl] aminomethyl)-
1-cyclohexane acetic acid], a novel gabapentin prodrug: I. Design, synthesis, enzymatic conversion
to gabapentin, and transport by intestinal solute transporters. ] Pharmacol Exp Ther 311, 315-23.
Smith TR (2001) Treatment of refractory chronic daily headache with zonisamide: a case series.
Cephalalgia 21, 482.

Krusz JC (2001) Zonisamide in the treatment of headache disorders. Cephalalgia 21, 374-5.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 175 $

REFERENCES | 175

101. Bigal ME, Rapoport AM, Sheftell FD, Tepper SJ (2002) New migraine preventive options:
an update with pathophysiological considerations. Rev Hosp Clin Fac Med Sao Paulo 57,293-8.

102. Ashkenazi A, Benlifer A, Korenblit ], Silberstein SD (2006) Zonisamide for migraine prophylaxis in
refractory patients. Cephalalgia 26, 1199-202.

103. Nishimori I, Vullo D, Innocenti A, Scozzafava A, Mastrolorenzo A, Supuran CT (2005) Carbonic
anhydrase inhibitors: inhibition of the transmembrane isozyme XIV with sulfonamides. Bioorg
Med Chem Lett 15, 3828-33.

104. Rogawski MA (2002) Principles of antiepileptic drug action. In: Levy RH, Mattson RH,

Meldrum BS, Perucca E (eds) Antiepileptic Drugs, 5th edn, pp. 3—22. Lippincott Williams
& Wilkins, Philadelphia, PA.

105. Drake ME, Greathouse NI, Armentbright AD, Renner JB (2001) Levetiracetam for preventive
treatment of migraine. Cephalalgia 21, 373.

106. Krusz JC (2001) Levetiracetam as prophylaxis for resistant headaches. Cephalalgia 21, 373.

107. Cochran JW (2004) Levetiracetam as migraine prophylaxis. Clin ] Pain 20, 198-9.

108. Miller GS (2004) Efficacy and safety of levetiracetam in pediatric migraine. Headache 44, 238—43.

109. Rapoport AM, Sheftell FD, Tepper SJ, Bigal ME (2005) Levetiracetam in the preventive treatment
of transformed migraine. Curr Ther Res 66, 212-21.

110. Vaisleb I, Neft R, Schor N (2005) Role of Levetiracetam in prophylaxis of migraine headaches in
childhood. Neurology 64, 343.

111. Lynch BA, Lambeng N, Nocka K, Kensel-Hammes P, Bajjalieh SM, Matagne A, Fuks B (2004) The
synaptic vesicle protein SV2A is the binding site for the antiepileptic drug levetiracetam. Proc Natl
Acad Sci USA 101, 9861-6.

112. Janz R, Goda Y, Geppert M, Missler M, Sudhof TC (1999) SV2A and SV2B function as redundant
Ca?* regulators in neurotransmitter release. Neuron 24, 1003-16.

113. Jager-Roman E, Deichl A, Jakob S, Hartmann AM, Koch S, Rating D, Steldinger R, Nau H,

Helge H (1986) Fetal growth, major malformations, and minor anomalies in infants born to
women receiving valproic acid. J Pediatr 108, 997-1004.

114. Duncan S (2007) Teratogenesis of sodium valproate. Curr Opin Neurol 20, 175-80.

115. Rogawski MA (2006) Diverse mechanisms of antiepileptic drugs in the development pipeline.
Epilepsy Res 69, 273-94.

116. Bialer M (2006) New antiepileptic drugs that are second generation to existing antiepileptic drugs.
Expert Opin Investig Drugs 15, 637—47.

117. Winkler I, Blotnik S, Shimshoni J, Yagen B, Devor M, Bialer M (2005) Efficacy of antiepileptic
isomers of valproic acid and valpromide in a rat model of neuropathic pain. Br ] Pharmacol
146, 198-208.

118. Winkler I, Sobol E, Yagen B, Steinman A, Devor M, Bialer M (2005) Efficacy of antiepileptic
tetramethylcyclopropyl analogues of valproic acid amides in a rat model of neuropathic pain.
Neuropharmacology 49, 1110-20.

119. Isoherranen N, Woodhead JH, White HS, Bialer M (2001) Anticonvulsant profile of valrocemide
(TV1901): a new antiepileptic drug. Epilepsia 42, 831-6.

120. Isoherranen N, White HS, Klein BD, Roeder M, Woodhead JH, Schurig V, Yagen B, Bialer M (2003)
Pharmacokinetic-pharmacodynamic relationships of (2S,3S)-valnoctamide and its stereoisomer
(2R,3S)-valnoctamide in rodent models of epilepsy. Pharm Res 20, 1293-301.

121. Radatz M, Ehlers K, Yagen B, Bialer M, Nau H (1998) Valnoctamide, valpromide and valnoctic acid
are much less teratogenic in mice than valproic acid. Epilepsy Res 30, 41-8.

122. Spiegelstein O, Bialer M, Radatz M, Nau H, Yagen B (1999) Enantioselective synthesis and
teratogenicity of propylisopropyl acetamide, a CNS-active chiral amide analogue of valproic acid.
Chirality 11, 645-50.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 176 $

176 | ANTIEPILEPTIC DRUGS AND MIGRAINE

123. Spiegelstein O, Yagen B, Levy RH, Finnell RH, Bennett GD, Roeder M, Schurig V, Bialer M (1999)
Stereoselective pharmacokinetics and pharmacodynamics of propylisopropyl acetamide, a CNS-
active chiral amide analog of valproic acid. Pharm Res 16, 1582-8.

124. Isoherranen N, Yagen B, Woodhead JH, Spiegelstein O, Blotnik S, Wilcox KS, Finnell RH,
Bennett GD, White HS, Bialer M (2003) Characterization of the anticonvulsant profile and
enantioselective pharmacokinetics of the chiral valproylamide propylisopropyl acetamide
in rodents. Br ] Pharmacol 138, 602—13.

125. Bialer M, Johannessen SI, Kupferberg HJ, Levy RH, Loiseau P, Perucca E (2001) Progress report on
new antiepileptic drugs: a summary of the Fifth Eilat Conference (EILAT V) Epilepsy Res 43,
11-58.

126. Wu Y-J, Dworetzky SI (2005) Recent developments on KCNQ potassium channel openers.

Curr Med Chem 12, 453-60.

127. Tober C, Rostock A, Rundfeldt C, Bartsch R (1996) D-23129: a potent anticonvulsant in the
amygdala kindling model of complex partial seizures. Eur ] Pharmacol 303, 163-9.

128. Rostock A, Tober C, Rundfeldt C, Bartsch R, Engel ], Polymeropoulos EE, Kutscher B, Loscher W,
Honack D, White HS, Wolf HH (1996) D-23129: a new anticonvulsant with a broad spectrum
activity in animal models of epileptic seizures. Epilepsy Res 23, 211-23.

129. Blackburn-Munro G, Dalby-Brown W, Mirza NR, Mikkelsen JD, Blackburn-Munro RE (2005)
Retigabine: chemical synthesis to clinical application. CNS Drug Rev 11, 1-20.

130. Porter R]J, Partiot A, Sachdeo R, Nohria V, Alves WM; 205 Study Group (2007) Randomized,
multicenter, dose-ranging trial of retigabine for partial-onset seizures. Neurology 68, 1197-204.

131. Rundfeldt C, Netzer R (2000) The novel anticonvulsant retigabine activates M-currents in
Chinese hamster ovary-cells tranfected with human KCNQ2/3 subunits. Neurosci Lett
282,73-6.

132. Main M]J, Cryan JE, Dupere JR, Cox B, Clare JJ, Burbidge SA (2000) Modulation of
KCNQ2/3 potassium channels by the novel anticonvulsant retigabine. Mol Pharmacol
58,253-62.

133. Wickenden AD, Zou A, Wagoner PK, Jegla T (2001) Characterization of KCNQ5/Q3 potassium
channels expressed in mammalian cells. Br ] Pharmacol 132, 381-4.

134. Tatulian L, Delmas P, Abogadie FC, Brown DA (2001) Activation of expressed KCNQ potassium
currents and native neuronal M-type potassium currents by the anti-convulsant drug retigabine.
J Neurosci 21, 5535—45.

135. Tatulian L, Brown DA (2003) Effect of the KCNQ potassium channel opener retigabine on single
KCNQ2/3 channels expressed in CHO cells. J Physiol 549 (Pt 1), 57-63.

136. Passmore GM, Selyanko AA, Mistry M, Al-Qatari M, Marsh SJ, Matthews EA, Dickenson AH,
Brown TA, Burbidge SA, Main M, Brown DA (2003) KCNQ/M currents in sensory neurons:
significance for pain therapy. ] Neurosci 23, 7227-36.

137. van Rijn CM, Willems-van Bree E (2003) Synergy between retigabine and GABA in modulating
the convulsant site of the GABA, receptor complex. Eur | Pharmacol 464, 95-100.

138. Rundfeldt C, Netzer R (2000) Investigations into the mechanism of action of the new
anticonvulsant retigabine. Interaction with GABAergic and glutamatergic neurotransmission
and with voltage gated ion channels. Arzneimittelforschung 50, 1063—70.

139. Otto JF, Kimball MM, Wilcox KS (2002) Effects of the anticonvulsant retigabine on cultured
cortical neurons: changes in electroresponsive properties and synaptic transmission.

Mol Pharmacol 61, 921-7.

140. Wickenden AD, McNaughton-Smith G, Roeloffs R, London B, Clark S, Wilson WA, Rigdon GC,
Wagoner PK (2005) ICA-27243: A novel, potent, and selective KCNQ2/Q3 potassium channel
activator. Soc Neurosci Abst, Prog No. 153.13.

.



20-0Olesen-Chap20 6/18/08 1:06 PM Page 177 $

REFERENCES | 177

141. WuY-J, Boissard CG, Greco C, Gribkoff VK, Harden DG, He H, U'Heureux A, Kang SH, Kinney GG,
Knox RJ, Natale J, Newton AE, Lehtinen-Oboma S, Sinz MW, Sivarao DV, Starrett JE Jr,

Sun LQ, Tertyshnikova S, Thompson MW, Weaver D, Wong HS, Zhang L, Dworetzky SI (2003)
(S)-N-[1-(3-morpholin-4-ylphenyl)ethyl]-3-phenylacrylamide: an orally bioavailable KCNQ2
opener with significant activity in a cortical spreading depression model of migraine. ] Med
Chem 46, 3197-200.

142. Wu Y-J, Davis CD, Dworetzky S, Fitzpatrick WC, Harden D, He H, Knox R]J, Newton AE, Philip T,
Polson C, Sivarao DV, Sun LQ, Tertyshnikova S, Weaver D, Yeola S, Zoeckler M, Sinz MW (2003)
Fluorine substitution can block CYP3A4 metabolism-dependent inhibition: identification of
(S)-N-[1-(4-fluoro-3-morpholin-4-ylphenyl)ethyl]-3-(4-fluorophenyl)acrylamide as an orally
bioavailable KCNQ2 opener devoid of CYP3A4 metabolism-dependent inhibition. ] Med Chem
46, 3778-81.

143. Wu Y-J, He H, Sun LQ, UHeureux A, Chen J, Dextraze P, Starrett JE Jr, Boissard CG, Gribkoff VK,
Natale J, Dworetzky SI (2004) Synthesis and structure-activity relationship of acrylamides as
KCNQ2 potassium channel openers. ] Med Chem 47, 2887-96.

144. U'Heureux A, Martel A, He H, Chen J, Sun LQ, Starrett JE, Natale ], Dworetzky SI, Knox RJ,
Harden DG, Weaver D, Thompson MW, Wu Y-J (2005) (S,E)-N-[1-(3-heteroarylphenyl)ethyl]-
3-(2-fluorophenyl)acrylamides: synthesis and KCNQ2 potassium channel opener activity.

Bioorg Med Chem Lett 15, 363—6.

145. Beyreuther BK, Freitag J, Heers C, Krebsfanger N, Scharfenecker U, Stohr T (2007) Lacosamide:
a review of preclinical properties. CNS Drug Rev 13, 21-42.

146. Stohr T, Krause E, Selve N (2005) Lacosamide displays potent antinociceptive effects in animal
models for inflammatory pain. Eur J Pain 10, 241-9.

147. Smith MI, Read SJ], Chan WN, Thompson M, Hunter AJ, Upton N, Parsons AA (2000) Repetitive
cortical spreading depression in a gyrencephalic feline brain: inhibition by the novel
benzoylamino-benzopyran SB-220453. Cephalalgia 20, 546—53.

148. Read SJ, Hirst WD, Upton N, Parsons AA (2001) Cortical spreading depression produces increased
c¢GMP levels in cortex and brain stem that is inhibited by tonabersat (SB-220453) but not
sumatriptan. Brain Res 891, 69-77.

149. Bradley DP, Smith MI, Netsiri C, Smith JM, Bockhorst KH, Hall LD, Huang CL, Leslie RA,
Parsons AA, James MF (2001) Diffusion-weighted MRI used to detect in vivo modulation of
cortical spreading depression: comparison of sumatriptan and tonabersat. Exp Neurol
172, 342-53.

150. Theis M, Sohl G, Eiberger J, Willecke K (2005) Emerging complexities in identity and function of
glial connexins. Trends Neurosci 28, 188-95.

151. Vildgi I, Klapka N, Luhmann HJ (2001) Optical recording of spreading depression in rat
neocortical slices. Brain Res 898, 288-96.

152. Peters O, Schipke CG, Hashimoto Y, Kettenmann H (2003) Different mechanisms promote
astrocyte Ca?* waves and spreading depression in the mouse neocortex. ] Neurosci 23, 9888-96.

153. Frediani F (2004) Anticonvulsant drugs in primary headaches prophylaxis. Neurol Sci 25
(Suppl. 3), S161-6.

154. Novak GP, Kelley M, Zannikos P, Klein B (2007) Carisbamate (RWJ-333369). Neurotherapeutics
4,106-9.

155. Carter RB, Wood PL, Wieland S, Hawkinson JE, Belelli D, Lambert JJ, White HS, Wolf HH,
Mirsadeghi S, Tahir SH, Bolger MB, Lan NC, Gee KW (1997) Characterization of the anticonvul-
sant properties of ganaxolone (CCD 1042; 30-hydroxy-3[-methyl-50-pregnan-20-one),

a selective, high-affinity, steroid modulator of the gamma-aminobutyric acid, receptor.
J Pharmacol Exp Ther 280, 1284-95.

.



20-0Olesen-Chap20

6/18/08 1:06 PM Page 178 $

178 | ANTIEPILEPTIC DRUGS AND MIGRAINE

156.

157.

158.

159.

160.

161.

Hosie AM, Wilkins ME, Smart TG (2007) Neurosteroid binding sites on GABA 4 receptors.
Pharmacol Ther 116, 7-19.

Reddy DS, Rogawski MA (2000) Chronic treatment with the neuroactive steroid ganaxolone

in the rat induces anticonvulsant tolerance to diazepam but not to itself. ] Pharmacol Exp Ther
295, 1241-8.

Nohria V, Giller E (2007) Ganaxolone. Neurotherapeutics 4, 102-5.

Monaghan EP, McAuley JW, Data JL (1999) Ganaxolone: a novel positive allosteric modulator of
the GABA , receptor complex for the treatment of epilepsy. Expert Opin Investig Drugs 8, 1663—71.
Reddy DS, Rogawski MA (2000) Enhanced anticonvulsant activity of ganaxolone after neuros-
teroid withdrawal in a rat model of catamenial epilepsy. ] Pharmacol Exp Ther 294, 909-15.
Rogawski MA (2008) Common pathophysiological mechanisms in migraine and epilepsy.

Arch Neurol, in press.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Symbol
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF0045006c0073006500760069006500720020005000720065007300730020005000440046002000530070006500630073002000560065007200730069006f006e0020004100630072006f00620061007400200036000d0052006f0062002000760061006e002000460075006300680074002c0020005300510053002c00200045006c007300650076006900650072002000420056>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


