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Summary: Neurologic channelopathies are rare, inherited par-
oxysmal disorders of muscle (e.g., the periodic paralyses and
nondystrophic myotonias) and brain (e.g., episodic ataxias, id-
iopathic epilepsies, and familial hemiplegic migraine). Muta-
tion is necessary but not sufficient for phenotypic expression
and there are no simple phenotype-genotype relationships. At-
tacks may be spontaneous or triggered, with affected individ-
uals often asymptomatic and neurologically normal between
attacks. Performance of daily activities may be affected by the
unpredictable nature; often late-onset degenerative changes
cause permanent disability; for example, muscle atrophy and
fixed weakness in periodic paralysis and cerebellar atrophy and
progressive ataxia in the episodic ataxias. Currently, the natural
history of these disorders is being defined. Clearly, the estab-

lished methodologies for randomized controlled clinical trials
are not feasible for rare diseases and innovative trial design is
essential. There is a requirement for clinically relevant outcome
measures for episodic disorders. Increasing our knowledge of
the pathophysiology will help in targeting and designing ration-
al therapeutic approaches. We will use the current understand-
ing of the neurological channelopathies to illustrate some of the
opportunities, challenges, and strategies in bringing safe and
effective treatments to patients. There are reasons for optimism
that new partnerships between clinical investigators, govern-
ment, patient advocacy groups, and industry will prevent symp-
toms and progression of the neurological channelopathies. Key
Words: Neurological channelopathies, trial design, outcome
measures, rare diseases, n-of-1 studies.

INTRODUCTION

Neurologic channelopathies, caused by mutations in
voltage-gated and ligand-gated ion channel genes, are
rare paroxysmal disorders affecting excitable cells of the
nervous system from skeletal muscle to brain (Table 1).
Importantly, mutations in these channel genes are nec-
essary but not sufficient for phenotypic expression, and
affected individuals are often asymptomatic and neuro-
logically normal between attacks. These channel disor-
ders share common features, including the episodic na-
ture of attacks that are often triggered (for example, by
stress, exercise, hormones) and an onset in childhood or
adolescence. Performance at school, home, and work
may be affected by unpredictable episodes. Additionally,
there may be late-onset degenerative changes resulting in
permanent disability; for example, muscle atrophy and

Address correspondence and reprint requests reprints to: Shannon L.
Venance, MD, PhD, Department of Clinical Neurological Sciences,
London Health Sciences Centre, 339 Windermere Road, C7-131, Lon-
don, ON N6A 5A5, Canada. E-mail: svenanc2@uwo.ca.

fixed proximal weakness in periodic paralysis (PP) or
cerebellar atrophy, and progressive ataxia in the episodic
ataxias (EA). Could the cumulative attacks cause pro-
gressive injury to affected tissues over time (the brain in
epilepsy; the cerebellum in EA; muscle in PP and the
nondystrophic myotonias)? Will prevention of attacks
prevent the development of permanent deficits?'> While
it is clear that treatment is important, should treatment
efforts be directed at the molecular lesion, the precipi-
tating factors, or both?

The breakthroughs on the electrophysiological char-
acterization of ion channel function® and the molecu-
lar genetics of the neurological channelopathies* offer
exciting opportunities for accurate diagnosis and ra-
tional, perhaps even individually-tailored therapy
based on genotype and pathophysiology. Do we need
to temper our optimism in the face of challenges in
carrying out clinical trials? We will use our current
understanding of the neurological channelopathies to
illustrate some of the opportunities, challenges, and
strategies that lie ahead in bringing safe and effective
treatments to our patients.
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Table 1. Examples of Neurological Channelopathies

Phenotype Gene Channel

Skeletal Muscle

HypoPP1 CACNAIS Calcium, o subunit

HypoPP2 SCN4A Sodium, o subunit

HyperPP SCN4A Sodium, « subunit

PMC SCN4A Sodium, « subunit

PAM SCN4A Sodium, « subunit

ATS KCNJ2 Potassium

MC CLCNI Chloride

CMS CHRNA Nicotinic Ach receptor, o subunit

CMS CHRNB Nicotinic Ach receptor, 3 subunit

CMS CHRNE Nicotinic Ach receptor, € subunit
CMS SCN4A Sodium, « subunit
Peripheral Nerve

FPE SCN9A Sodium, « subunit
Central Nervous System

Hyperekplexia GLRAI Glycine receptor

EAl KCNAI Potassium

EA2 CACNAIA Calcium, « subunit

FHM1 CACNAIA Calcium, « subunit

FHM2 ATPIA2 Na-K-ATPase

FHM3 SCNIA Sodium, « subunit

SCA 6 CACNAIA Calcium, « subunit

BNFC KCNQ2 Potassium

BNFC KCNQ3 Potassium

ADNFLE CHRNA4 Nicotinic Ach receptor, oy,

subunit
ADNFLE CHRNB?2 Nicotinic Ach receptor, 3,
subunit

GEFS+ SCNIB Sodium, 3, subunit

GEFS+/BFNC SCN2A Sodium, o, subunit

GEFS +/ICEGTC/SMEI SCNIA Sodium, «;, subunit

GEFS+/FS/CAE GABRG?2 GABA, receptor, 7, subunit

ADJME GABRAI GABA 4 receptor, o, subunit

GEPD KCNMAI BK potassium

CAE/JAE/IME CLCN2 Chloride

ADJME, autosomal dominant juvenile myoclonic epilepsy; ADNFLE, autosomal dominant nocturnal frontal lobe epilepsy; ATS, Andersen—
Tawil syndrome; BNFC, benign neonatal familial convulsions; CAE, childhood absence epilepsy; CMS. congenital myasthenic syndrome;
EA, episodic ataxia; FHM, familial hemiplegic migraine; FPE, familial primary erythermalgia; FS, febrile seizures; GEFS+, generalized
epilepsy with febrile seizures+; GEPD, generalized epilepsy with paroxysmal dyskinesias; HyperPP, hyperkalemic periodic paralysis;
HypoPP, hypokalemic periodic paralysis; ICEGTC, intractable childhood epilepsy with frequent generalized tonic-clonic seizures; JAE,
juvenile absence epilepsy; JME, juvenile myoclonic epilepsy; MC, myotonia congenita; PAM, potassium aggravated myotonia; PMC,
paramyotonia congenita; SCA6, spinocerebellar ataxia; SMEI, severe myoclonic epilepsy of infancy.

PHILOSOPHICAL CONSIDERATIONS

The design and conduct of clinical trials is a major un-
dertaking even in common diseases that affect large num-
bers of individuals. In the genomic era, some common
diseases could be considered rare, given the spectrum of
mutations; conducting therapeutic trials in rare hereditary
disorders adds yet another level of complexity. For exam-
ple, Duchenne dystrophy (DD) is a common and well char-
acterized clinical disease, and yet so far there are no cur-
rently approved therapies for DD despite a number of well
designed clinical trials.’ Identification of the molecular le-
sion in DD caused much anticipation for targeted therapeu-
tic strategies. However, it has become apparent that there
are many different, often private, mutations occurring
within a large number of exons in the dystrophin gene; from
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a therapeutic perspective, DD could be considered many
somewhat different diseases. Neurological channelopathies,
like the majority of rare diseases, are primarily genetic in
nature. Pursuing experimental therapeutics in the mono-
genic channelopathies will continue to provide insight into
normal physiology and will further our understanding of
more common channel diseases such as migraine, epilepsy,
and myotonic dystrophy.

ON CLINICAL TRIAL DESIGN IN GENERAL

There are many established clinical trial methodologies.
Many trials require costly, multicenter collaborative efforts
in order to accumulate sufficient numbers of subjects to
detect significant treatment effects in common diseases.
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Given the same requirement to demonstrate safety and ef-
ficacy in an ethical manner in any rare disease, the chal-
lenge of conducting randomized, double-blind, controlled
clinical trials (RCT) may seem insurmountable. Depending
on the power calculation, the recruitment phase may be
problematic and enrollment protracted over years (if not
decades) for the treatment effect to reach significance and
change clinical practice.’

Furthermore, there has been little incentive for pharma-
ceutical companies to become engaged in rare disease clin-
ical research because little financial gain would be expected
with a limited market. However, concerted efforts by pa-
tient advocacy groups to increase awareness of rare diseases
were instrumental in pushing forward legislation such as the
U.S. Orphan Drug Act of 1982° and the European Orphan
Drug Regulation,” which provide government incentives
(such as tax credits and periods of market exclusivity) to
encourage industry to invest in developing and marketing
therapies for rare diseases such as the neurological chan-
nelopathies. Importantly, orphan drug status can apply not
only to new drug development (which remains expensive) but
also to establishing a novel indication for a currently (or pre-
viously) marketed drug, such as the carbonic anhydrase inhib-
itors in periodic paralysis® and mexiletine in myotonia.’

Proposed alternatives to parallel group RCTs for rare
diseases include blinded crossover designs, placebo-con-
trolled n-of-1 studies, or natural history controlled trials. In
crossover studies, each participant acts as his or her own
control and receives the study treatments sequentially in a
randomly determined order. This design reduces the sample
size needed for adequate power compared with a parallel
group design, provided close attention is paid to potential
period and carryover effects, blinding, and dropouts during
the design phase of the trial.'®

N-of-1 trials may have direct appeal to patients. They are
directly applicable to the participant; they avoid the heter-
ogeneity of effect in the larger RCT, and they permit pa-
tients to be actively involved in decisions of benefit versus
adverse reaction.” An n-of-1 clinical trial uses randomiza-
tion, blinding, and reliable endpoints, but the outcome (ben-
eficial or not) is specific to that individual.'" In other words,
an n-of-1 trial is an RCT for one individual. The study
treatment—intervention and placebo—comparator are admin-
istered in a randomized order with the outcome(s) assessed
in a blinded manner. The trial will consist of repeated paired
treatment cycles (each cycle a separate randomization of the
allocation order for intervention and placebo) until it be-
comes evident whether the intervention is or is not effec-
tive.'""'? Multiple n-of-1 clinical trials may be combined to
estimate population effects, similar to a crossover trial.'?

While these alternatives to parallel group RCT are attrac-
tive, careful trial design remains necessary as potential pit-
falls exist for conducting therapeutic trials in neurological
channelopathies. For example, it is important to ensure a
sufficient washout interval between periods in crossover

and n-of-1 trials to avoid carryover effects from the inter-
vention in the initial period that may bias the results in the
following period. The duration of the treatment periods
must be appropriate to detect a change in the outcome
variable (e.g., number of episodes) in the participants as it is
well recognized that the frequency of attacks (periodic pa-
ralysis) or seizures (epilepsy) may be highly variable (rang-
ing from daily to annually). Natural history controlled stud-
ies are not currently feasible for the neurological channel
disorders; there are no prospectively collected, standardized
databases available (see below). Potential challenges in using
historical controls for future channelopathy trials include clin-
ical variability and selection bias, in particular if data collection
and diagnostic standards are not standardized.

As previously mentioned, another challenge to over-
come is the need for detailed natural history data.® Nat-
ural history data will allow investigators to calculate
sample size, to identify meaningful outcome variables
for clinical trials and, perhaps more importantly, to un-
derstand what may represent clinically important change.
Fortunately, clinical research networks in North America
and Europe have come together for the specific purpose
of studying rare diseases in a standardized manner (Rare
Diseases Clinical Research Network [RDCRN]:
www.rarediseasesnetwork.org and European Clinical
Research Infrastructures Network [ECRIN]: www.
ecrin.org). The neurological channel disorders being
studied under the RDCRN umbrella include the episodic
ataxias, the nondystrophic myotonias, and the Andersen—
Tawil syndrome.

Patient advocacy groups are integral members of these
clinical networks, as it remains vital to seek out what is
important to patients when considering what constitutes
significant change. There are a number of validated in-
struments assessing patient satisfaction with treatments,
as well as generic and specific instruments for measuring
health-related quality of life (HRQOL). Generic instru-
ments allow comparisons across disease groups whereas
specific instruments target a particular group, disease, or
intervention. It has been shown, at least for RCT in
which a therapeutic effect was demonstrated, that spe-
cific instruments are more responsive than generic tools,
supporting the idea that a combination of specific and
generic instruments are useful.'®> While there are specific
HRQOL instruments for several neurological diseases
(e.g., epilepsy, migraine, and neuromuscular disorders),
none specifically address function during an episode of
illness (J. Langfitt, personal communication).

ISSUES IN CLINICAL TRIALS FOR
NEUROLOGICAL CHANNEL DISORDERS

Current treatments
Many of the channel disorders have treatments that are
believed to be effective. These observations principally
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arose from clinicians treating individual patients and ob-
serving their response. Anecdotal evidence and small
clinical series support the use of acetazolamide in peri-
odic paralysis or episodic ataxia and mexiletine in myo-
tonia. Few treatments have been rigorously studied in a
randomized, double-blind fashion with the exception of
dichlorphenamide in periodic paralysis.'*

Phenotype and genotype

It is becoming clear that simple phenotype—genotype
relationships are the exception; phenotypes are increas-
ingly viewed as complex evolving properties influenced
by dynamically changing environments and are not eas-
ily predicted.'”> Andersen-Tawil syndrome,'®!” episodic
ataxia,'®?° and the inherited epilepsies*** demonstrate
marked intra- and interfamilial phenotypic variability;
mutations do not predict phenotype. For example, the
monogenic epilepsies cannot be distinguished by clinical
features from the more common and polygenic epilep-
sies” and we cannot predict recessive or dominant in-
heritance in the nondystrophic myotonias based on the
location or type of mutation in CLCN1.>* This variability
strongly suggests that additional modifying factors, en-
vironmental or genetic, have yet to be identified. Pro-
spective, standardized natural history data such as demo-
graphics, including gender, response to treatment, and
electrophysiology, may identify unique or unusual fea-
tures that may help direct future research.

Many of the channel disorders display locus heteroge-
neity (see Table 1) despite clinically indistinguishable
phenotypes; for example, hypokalemic periodic paralysis
(hypoPP) due to mutations in CACNAIS and SCN4A,
autosomal dominant nocturnal frontal lobe epilepsy
caused by mutations in CHRNA4 and CHRNB2, and
familial hemiplegic migraine caused by mutations in
CACNAIA, SCNIA, and ATP1A2. Moreover, mutations
in a single gene cause clinically distinct allelic disorders
(SCN4A mutations causing hyperkalemic periodic paral-
ysis [hyperPP], hypoPP, paramyotonia congenita, potas-
sium aggravated myotonia, and congenital myasthenic
syndrome, or CACNAIA causing EA2, familial hemiple-
gic migraine and spinocerebellar ataxia 6). Unfortu-
nately, genetic testing on a clinical basis is not yet widely
available for the channel disorders, and in particular for
large genes with primarily private mutations (for exam-
ple CLCNI mutations in myotonia congenita).

Accurate genotyping is of critical importance to permit
precise classification of affected individuals in natural
history studies, to stratify participants for therapeutic
trials, and to understand response to treatments in future
trials. For instance, there is well described variable re-
sponsiveness to acetazolamide treatment in patients with
EA.'® Patients with hypoPP and mutation in SCN4A
were excluded from the dichlorphenamide clinical trial
because of individual reports of worsening with another

Neurotherapeutics, Vol. 4, No. 2, 2007

carbonic anhydrase inhibitor, acetazolamide (ACZ).'*
There are, however, case reports of patients with SCN4A
mutations that respond well to ACZ.*>-*® Congenital my-
asthenic syndromes (CMS) are caused by loss-of-func-
tion of presynaptic, synaptic, and postsynaptic proteins at
the neuromuscular junction®’” with implications for treat-
ment.”® For example, some individuals with a postsyn-
aptic slow channel CMS syndrome did not respond to
acetylcholinesterase inhibition but were reported to re-
spond to fluoxetine.*

Outcome measures

While each of the neurological channelopathies has a
distinct clinical presentation (stiffness, weakness, headache,
incoordination, seizure), there are common features as well
as overlap. Discrete episodes may be spontaneous or trig-
gered in all (stress, exercise, rest after exercise, hormones,
etc). If we can understand how the triggers precipitate at-
tacks, we may find opportunity for intervention. One of the
challenges in clinical trial design with episodic disorders is
selecting relevant outcome measures in the absence of stan-
dardized historical databases, and as noted above, where
none of the HRQOL instruments specifically addresses the
paroxysmal nature of these disorders.

Attack frequency, duration, and severity are outcome
variables that rely on self-report. If attack frequency is
selected, then only individuals with a “minimum” number
of episodes sufficient to allow detection of a change over
the duration of the trial would be eligible. How do we
capture the data comprehensively and reliably? Paper dia-
ries were used successfully in the DCP trial in periodic
paralysis;14 however, the diaries were often not received in
a timely manner and were sometimes difficult to read.*
Potential drawbacks to paper diaries have been recognized
in other studies, and have recently led to the development of
electronic methods.*'-*

A study that measured compliance of patients with
chronic pain, using paper or electronic diaries, showed sub-
jects completed 90% of the diaries. Participants in the study
were asked to make three entries daily at set times in either
paper or electronic diaries. The paper diaries were designed
to monitor the date of entries, but the subjects did not know
this. Subjects knew that the electronic diaries were time-
stamped. Seventy percent of the paper data was filled in
retrospectively (termed “data hoarding”). Some diaries
were even completed prospectively (“data predicting”). In
contrast, there was 94% compliance with the electronic
diaries.*® Pain studies also indicate that clinical data that are
self-reported retrospectively are biased by the severity of
current symptoms.>* Therefore, timely capture is important.
Electronic diaries have been successfully used in recent
Federal Drug Administration approved indications for new
drugs for treatment of asthma, attention deficit hyperactivity
disorder, and daytime sleepiness (P. Eisenmann, PHT Cor-
poration, personal communication).
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Data can be electronically captured through hand-held
computers or through interactive voice response (IVR) us-
ing the telephone. IVR is currently being tested in the
RDCRN.* A planned National Institutes of Health trial of
acetazolamide and dichlorphenamide in the periodic paral-
yses uses a hand-held commercial electronic device that
transmits the data each night via the subject’s phone line
and is compliant with all international clinical trial regula-
tions.*® Technology alone cannot achieve accurate self-re-
port. Frequent interaction between subjects and investiga-
tors is necessary to educate the subjects in the study
definition of “attack” or “episode” and to maintain the par-
ticipants’ motivation to make timely and complete reports
of episode intensity and duration. This training is critical.
For example, prior to training, a highly educated patient
may report having had no episodes in a month, and only
with direct questioning reveal that there had been problems
arising in the morning and that sometimes one limb felt
weak.

A relatively recent opportunity is using electrodiagnostic
evaluation of muscle membrane excitability as a surrogate
measure in the skeletal muscle channelopathies.*® Standard-
ized short and long exercise protocols, in addition to routine
nerve conduction studies and needle electromyography,
were studied in patients with chloride, calcium, and sodium
channelopathies.’”* The protocols helped to define dis-
crete electromyographic patterns that correlated with chan-
nel mutations and may be valuable as clinical outcomes in
therapeutic trials, although further research is needed to
define responsiveness to treatment.

PATHOPHYSIOLOGY

A lengthy, demanding, and expensive process exists for
drug development when seeking regulatory approval and
involves in vitro and preclinical animal studies in addition
to the human clinical trials.® Partnerships between clinical
investigators, industry, government, and patient advocacy
groups are in place and are necessary to advance experi-
mental therapeutics in channelopathies, whether targeting a
disease mechanism or an individual genomic profile. Un-
derstanding the molecular biology and pathophysiology of
the disease process hopefully leads to the rational targeting
of therapeutics. An illustration of this concept is the report
of response to 4-aminopyridine (5 mg three times a day) in
three patients with EA-2.>° Treatment was based on the
hypothesis that reduced calcium current in EA-2 leads to
disinhibition of cerebellar Purkinje cells and that potassium
channel blockers may increase Purkinje cell inhibitory in-
fluences. A prospective clinical trial is currently in the plan-
ning stages to confirm this observation.

However, this orderly sequence of events (identification
of a molecular defect, unraveling the pathophysiology,
completion of preclinical studies, and implementation of
clinical trials) rarely holds true. Fortunately, the process

need not be completed in sequential fashion. The potassium
or M-current conductance through KCNQ2 and KCNQ3
channels has an important inhibitory role in regulation of
the firing rate of neurons; relatively small reductions in the
M-current predispose to neuronal hyperexcitability.'>*° Re-
tigabine (currently in phase II trials for refractory partial
epilepsy) was known to activate potassium current in vitro
and have anticonvulsant properties in animal models well
before it was recognized as specific for the KCNQ M-type
potassium current, which is reduced in benign neonatal
familial convulsions.*!

In the CNS, the ion channels identified to date suggest
molecular targets for therapeutic trials; however, we still
lack complete understanding of pathophysiology. Why mu-
tations in the nicotinic acetylcholine receptor, widely ex-
pressed in the brain, should cause focal onset epilepsy orig-
inating in the frontal lobe remains obscure.?* The 3, subunit
of the sodium channel is ubiquitously expressed in the
electrically excitable tissues of brain, heart, and skeletal
muscle, yet mutations in SNCIB cause generalized epilepsy
with febrile seizures+ without paroxysmal symptoms in
heart or muscle.** The difficulty lies in the absence of
explanations as to how interruption of a particular channel
affects complex neuronal circuitry. In vitro and animal
models will be essential as seizure semiology may be com-
mon to several different ion channel mutations and interictal
electroencephalogram changes are nonspecific.”!

On the other hand, the skeletal muscle channelopathies
provide accessible and relatively well understood electro-
physiology. Yet, even here there is work to be done. For
example, the pathophysiology of hyperkalemic periodic pa-
ralysis is reasonably clear but not so with hypoPP,** and yet
ACZ is an effective therapy for many individuals affected
with either hyperPP or hypoPP.® Similarly, dichlorphena-
mide, another carbonic anhydrase inhibitor, reduced attack
frequency and severity in both of the periodic paralyses.'*
Why carbonic anhydrase inhibitors should be effective in
periodic paralysis has been a subject of research and debate.
In vitro studies have suggested activation of calcium-acti-
vated potassium channels rather than carbonic anhydrase
inhibition.**> More recently, it has been proposed that ACZ
modulates chloride channel function via intracellular acid-
ification, enhancing chloride conductance at the membrane
resting potential, which would oppose the pathologic depo-
larizing currents seen in the PP.*

CONCLUSIONS

The future remains bright for experimental therapeu-
tics in neurological channel diseases. Despite the chal-
lenges that lie ahead, there are many exciting opportu-
nities. New partnerships among clinical investigators,
industry, government, and patient advocacy groups are
moving the rare disease field forward. Geographically
dispersed clinical research networks will characterize
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natural history, identify relevant outcome measures, and
move ahead with innovative trial designs for therapeutic
trials in neurological channel disorders.
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