Office of Research and Development

Field Conference Call Notes

Monday, May 16, 2016
1. Welcome – David Atkins, MD, MPH.
2. Harmonized Budget Submission Process for ORD – 
Karen Lohmann Siegel, PT, MA

New budget instructions were introduced in the January revision of the SF424 and 
VA-ORD Service RFAs . If applications were missing the new required Summary Budget Worksheet (SBW), investigators were given the opportunity to submit the SBW for inclusion with their application. Investigators and Stations are commended for their successful implementation of the new instructions. A Helpful Hints document has been created based on the most common errors noted in the submitted budget forms to assist PIs in developing future applications. Additional information is posted on the ORD intranet, including the instructions, templates, examples, and an archived version of cyberseminar training, available at http://vaww.research.va.gov/funding/electronic-submission.cfm 
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3.
Service Updates:

· RR&D Update – Patricia A. Dorn, Ph.D.
Precision Medicine Discoveries in Pain Research
RR&D’s Center for the Restoration of Nervous System Function has published two seminal papers that exemplify the President’s Precision Medicine initiative.  One article is in JAMA – Neurology and the other in Science Translational Medicine (please see attached).
Dr. Stephen Waxman, Director of the Center, and his team of investigators at the West Haven, VAMC have demonstrated that sodium channels are involved in inherited erythromelalgia, or “burning man syndrome”, a painful condition affecting the lower and upper extremities.  In one study (Cao et al.) cells obtained from erythromelalgia patients were transformed into induced pluripotent stem cells and into sensory neurons, or “mini-me in a dish”.  These cells were then assayed for the presence of sodium channel 1.7 mutations and sensitivity to novel, specific sodium channel 1.7 blocker.  After confirmation using “mini-me in a dish” studies, the sodium channel 1.7 blocker was used in a clinical trial on the patients and alleviated the chronic pain.  In the second study, the team used the anti-convulsant, carbamazepine, also a sodium channel inhibitor on erythromelalgia patients.  This study used functional MRI testing to demonstrate changes in brain activity before and after treatment with carbamazepine.  Carbamazepine shifted the brain activity pattern in erythromelalgia patients from “pain” to “touch” upon skin stimulation concomitant with pain relief.
These studies are the first to demonstrate a “tailored” personalized medicine treatment approach for chronic pain, and gives hope that pain management will be guided by a genomic approach.
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APTA Honors Two RR&D Research Career Scientists
The American Physical Therapy Association (APTA) has announced the recipients of their 2016 national awards recognizing outstanding contributions to the physical therapy profession. RR&D Research Career Scientists Carolynn Patten, PT, PhD, FAPTA and Linda Resnik, PT, PhD, MS, FAPTA were named APTA Catherine Worthingham Fellows, the highest honor bestowed by the association.
The purpose of the FAPTA designation is to honor Dr. Catherine Worthingham, a visionary who demonstrated leadership across the domains of advocacy, education, practice, and research, and to inspire all physical therapists to attain a high level of professional excellence and impact in terms of advancing the profession she exemplified.
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Dr. Patten is at the RR&D Brain Rehabilitation Research Center at the Gainesville VAMC.  Dr. Patten’s primary research interests involve neurophysiological and biomechanical approaches to understand the neural control of movement, mechanisms of disordered motor control in neuropathological conditions, and the capacity for motor recovery in adults following central nervous system injury. Her translational neuroscience research program uses a combination of techniques including transcranial magnetic stimulation (TMS), neurophysiological methods (EMG, motor unit recordings, reflex probes), neuroimaging and human performance.
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Dr. Resnik is at the RR&D Center for Neurorestoration and Neurotechnology at Providence VAMC. She is the lead for - Restoration of Motor function: Translating advanced arm prosthetics for limb loss. This involves rehabilitation outcomes related to amputation (both lower limb and upper limb) and the optimization of revolutionary new prosthetic limbs to achieve functional utility; the research also develops new outcome measures that are useful for research and clinical practice, including a measure of community reintegration for service members (CRIS), and a new measure of functional performance for upper limb amputees which is currently evaluated in the DEKA Arm studies.

Recipients will be recognized at the Honors and Awards Ceremony on Thursday, June 9, during the 2016 APTA NEXT Conference and Exposition in Nashville, TN. 

RR&D Review Information
Spring 2016 SPiRE Update: 
Scores and Summary Statements will be released today, Monday, May 16 with intent-to-fund decisions shared by mid-June.

Timeline for Summer 2016 Merit, Career Development and Research Career Scientist Submissions: 
Letter of Intent:

An email communication with a list of LOIs received by the submission deadline was sent to the ACOS/R&D and AO last week. This communication serves in lieu of a letter. If any issue(s) arise with the LOI, a Scientific Program Manager (SPM) will contact the station to attempt to resolve the issue(s). If the issue(s) cannot be resolved, then the LOI will be disapproved and an email to that effect will be sent. Contact to the station will be made no later than May 23.
Application:
RR&D has issued new RFAs (http://vaww.research.va.gov/funding/rfa.cfm). This means that previous application packages cannot be re-used – all applications will need a new application package. Note, beginning this review cycle, RCS applications will be submitted electronically via Grants.gov and eRA. Refer to the RCS RFA.
Applications must be accepted and verified in eRA by June 15, making the last possible submission date June 10 [changed/corrected applications cannot be submitted after this date].  We strongly encourage early submission so that the PI and Signing Official can take advantage of the 2-day examination period to ensure that any of the problems that might arise at several steps along the way can be corrected. Applications that miss the verification deadline will not be accepted for review.  
VERY Important Note: All applications must be self-contained (i.e., without use of URLs/hyperlinks) within specified page limits. URLs may only be placed in the biographical sketch. RR&D encourages you to take the time necessary to carefully review the final e-applications for inclusion of URLs prior to application submission. Any future submission with URLs placed anywhere else except the biographical sketch will be withdrawn from review.

2017 Paul B. Magnuson Award
Nominations are being accepted through September 1. Please refer to VHA Handbook 1203.06 and the instructions for compiling and submitting a nomination packet available on the RR&D website at http://www.rehab.research.va.gov/award/magnuson.html. Nominations should be submitted to rrdreviews@va.gov.

· BLR&D and CSR&D Update – Christopher T. Bever, Jr., MD 
BL/CS received 546 applications for the Spring 2016 review cycle and 30 were administratively withdrawn. The reasons for withdrawal were as follows:

· 16 for inclusion of URLs

· 6 for exceeding the budget cap

· 4 for not having required active LOIs

· 1 for missing the submission deadline

· 1 for expired eligibility

· 1 for being submitted as new but not significantly different from an unfunded A2

· 1 for being outside the purview of BL and CS

We are starting panel meetings for the Spring 2016 review cycle. We remind the stations that contacts with ORD regarding the outcome of review should not occur until after the margin meeting which is scheduled for July 14, 2016. Other questions should be directed to the BL/CS review mailbox: vhacoblcsrdrev@va.gov.

We also remind stations that applicants and station personnel should not contact study section members before, during or after panel meetings about the review. 

LOIs for CDAs have been reviewed and feedback will be available shortly. Common reasons for rejection included:

· The topic was not under BL or CS purview

· The CDA candidate was not eligible

· The CDA candidates project is not distinct from the mentor’s research

LOIs for clinical trials have been reviewed and feedback will be provided to the stations shortly. Common reasons for rejection included:

· The clinical trial proposal was not different from currently funded ongoing trials

· The clinical trial proposal was not significantly different from completed trials

Stations should note that the following have June 1 deadlines:

· Applications for non-clinician eligibility

· Requests to exceed the budget cap

· Requests for off-site waivers

· Letters of Intent for Epidemiology proposals

· HSR&D Update – Martin Charns, DB
SMRB Program Updates
· SMRB took place on March 1-3, 2016 in Alexandria, VA.

· 182 proposals in response to 6 RFA’s were reviewed.

· Scores have been released.

· Summary statements were released April 4th.

· Notification of Review Outcome letters were sent out in April.

· The ITS window for August 2016 SMRB closed on May 2nd.

· The Down to the Wire Submission Deadline will be June 8th. The Last Possible Submission Date will be June 10th. 

· RFA’s for the upcoming round are posted on the website. Major RFA revisions occurred. 

Please make sure to adhere to them and the revised SF424 when preparing applications. Note that there is a major change to the budget component of the application. We encourage people to visit the HSR&D website for the latest information.

· Please refer questions regarding SMRB to vhacoscirev@va.gov.


Other HSR&D Updates 
· HSR&D is working to fill three vacant scientific program manager positions. We apologize for delays in response time while the office is understaffed.  We also encourage submitters of requests, including project modifications, to make every effort to submit accurate paperwork; this will avoid additional work and time delays.

· HSR&D has made a selection of a deputy director and is awaiting completion of the HR process.

CIDER UPDATES – Dr. Rani Elwy:

SGIM Conference Awards:

Lisa Rubenstein, MD, MSPH, received the John M. Eisenberg National Award for Career Achievement in Research at the Society of General Internal Medicine 2016 annual conference last week.
SGIM created this award in 2001 to recognize a senior member whose innovative research has changed the way we care for patients; the way we conduct research, or the way we educate our students. 

The award is named for its first recipient, the late John M. Eisenberg, MD, MBA, because of his unique role as a researcher, mentor, and Director of the Agency for Healthcare Research and Quality. SGIM member contributions and the Hess Foundation support this award. Rod Hayward, MD, chairs this year’s selection committee.

Martha Gerrity, MD, MPH, PhD, a physician at the Portland VA who has had ties to the Portland VA HSR&D Center, received the Elnora M. Rhodes SGIM Service Award at the Society of General Internal Medicine 2016 annual conference last week.
This award was established in 1997 to honor Elnora Rhodes’ tremendous contributions to the Society during her ten years as Executive Director. The award has been given to individuals for outstanding service to SGIM and its mission of promoting patient care, research, and education in general internal medicine. Monica Lypson, MD, MHPE, chairs this year’s award selection committee.

VA HSR&D supported 3 workshop presentations and VA OAA supported 2 workshop presentations at the Society of General Internal Medicine meeting last week. This is an example of cross-collaboration between HSR&D, OAA and SGIM.


QUERI Program Updates:  Amy M. Kilbourne, PhD, MPH:

· The next round of QUERI partnered evaluation initiatives will be reviewed during HSRD SMRB on August 25, 2016, with funding decisions to be made by September.

· Since QUERI programs/partnered evaluations are technically considered non-research, investigators are not required to submit a Data Management Access Plan (DMAP), but should follow appropriate data use agreements with their VHA national operations partners where applicable.

· Please remind QUERI investigators to carefully track their funding, notify QUERI leadership if they do not expect to spend all of their funds by the end of the FY (QUERI funds cannot be carried over unlike research appropriated funds).
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Pharmacotherapy for Pain in a Family With Inherited

Erythromelalgia Guided by Genomic Analysis

and Functional Profiling

Paul Geha, MD; Yang Yang, PhD; Mark Estacion, PhD; Betsy R. Schulman, PhD; Hajime Tokuno, MD;
A. Vania Apkarian, PhD; Sulayman D. Dib-Hajj, PhD; Stephen G. Waxman, MD, PhD

IMPORTANCE There is a need for more effective pharmacotherapy for chronic pain, including
pain in inherited erythromelalgia (IEM) in which gain-of-function mutations of sodium
channel Na, /1.7 make dorsal root ganglion (DRG) neurons hyperexcitable.

OBJECTIVE To determine whether pain in IEM can be attenuated via pharmacotherapy
guided by genomic analysis and functional profiling.

DESIGN, SETTING, AND PARTICIPANTS Pain in 2 patients with IEM due to the Na,/1.7 S241T
mutation, predicted by structural modeling and functional analysis to be responsive to
carbamazepine, was assessed in a double-blind, placebo-controlled study conducted from
September 2014 to April 21, 2015. Functional magnetic resonance imaging assessed patterns
of brain activity associated with pain during treatment with placebo or carbamazepine.
Multielectrode array technology was used to assess the effect of carbamazepine on firing of
DRG neurons carrying S241T mutant channels.

MAIN OUTCOMES AND MEASURES Behavioral assessment of pain; functional magnetic
resonance imaging; and assessment of firing in DRG neurons carrying S241T mutant channels.

RESULTS This study included 2 patients from the same family with IEM and the S241T Na, 1.7
mutation. We showed that, as predicted by molecular modeling, thermodynamic analysis, and
functional profiling, carbamazepine attenuated pain in patients with IEM due to the S241T
Na, 1.7 mutation. Patient 1 reported a reduction in mean time in pain (TIP) per day during the
15-day maintenance period, from 424 minutes while taking placebo to 231.9 minutes while
taking carbamazepine (400 mg/day), and a reduction in total TIP over the 15-day maintenance
period, from 6360 minutes while taking placebo to 3015 minutes while taking carbamazepine.
Patient 2 reported a reduction in mean TIP per day during the maintenance period, from 61
minutes while taking placebo to 9.1 minutes while taking carbamazepine (400 mg then 200
mg/day), and a reduction in total TIP, from 915 minutes while taking placebo over the 15-day
maintenance period to 136 minutes while taking carbamazepine. Patient 1reported a
reduction of mean episode duration, from 615 minutes while taking placebo to 274.1 minutes
while taking carbamazepine, while patient 2 reported a reduction of the mean episode
duration from 91.5 minutes while taking placebo to 45.3 minutes while taking carbamazepine.
Patient 1, who had a history of night awakenings from pain, reported 101 awakenings owing to
pain while taking placebo during the maintenance period and 32 awakenings while taking
carbamazepine. Attenuation of pain was paralleled by a shift in brain activity from valuation
and pain areas to primary and secondary somatosensory, motor, and parietal attention areas.
Firing of DRG neurons expressing the S241T Na, 1.7 mutant channel in response to
physiologically relevant thermal stimuli was reduced by carbamazepine.

CONCLUSIONS AND RELEVANCE Our results demonstrate that pharmacotherapy guided by
genomic analysis, molecular modeling, and functional profiling can attenuate neuropathic

pain in patients carrying the S241T mutation.

JAMA Neurol. doi:10.1001/jamaneurol.2016.0389
Published online April 18, 2016.
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nherited erythromelalgia (IEM) is an autosomal dominant
disorder characterized by severe burning pain in the distal
extremities, triggered by warmth and relieved by cooling,
caused by gain-of-function mutations of the Na,1.7 sodium
channel, which is encoded by the SCN9A gene.! Nay 1.7 is pref-
erentially expressed within peripheral sensory dorsal root gan-
glion (DRG) and sympathetic ganglion neurons,>* where it
activates at relatively hyperpolarized potentials below the
threshold for action potential generation. Nay1.7 amplifies small
stimuli, thereby setting the gain for firing.2 In general, the Na, 1.7
mutations that cause IEM shift channel activation in a hyper-
polarizing direction, making it easier to open the channel; when
expressed within DRG neurons, these mutations produce
hyperexcitability.?> Most patients with IEM experience lim-
ited relief, if any, with available medications, and patients clas-
sically resort to cooling of the affected limbs, in some cases with
prolonged ice baths that ultimately lead to tissue breakdown.!
While most patients with IEM do not respond to pharma-
cotherapy, a family with IEM, responsive to treatment with the
sodium channel inhibitor carbamazepine, has been reported.®
The mutation in this family, V400M, hyperpolarizes activa-
tion, similar to other Na,1.7 mutations that cause IEM. Nota-
bly, carbamazepine at clinically relevant concentrations has a
specific action on V400M mutant channels in which it nor-
malizes activation.® Yang et al® used this carbamazepine-
responsive V400OM mutation as a “seed” for atomic-level struc-
tural modeling and showed that another rare Na,1.7 mutation
(S241T) identified in patients with IEM, 159 amino acids dis-
tant from V400M within the linear channel sequence, is lo-
cated less than 2.8A from V400M within the folded channel
protein; they used thermodynamic analysis to demonstrate en-
ergetic coupling of the S241and V400 amino acids during chan-
nel activation. As predicted by the atomic proximity and en-
ergetic coupling to a carbamazepine-responsive mutation,
carbamazepine had a specific effect, not seen in other IEM mu-
tant channels, on S241T where it normalizes activation.®
In this article, we translate our in silico and in vitro analy-
ses of the S241T mutation to a family with IEM carrying this
channel variant. We hypothesized that treatment with carba-
mazepine would attenuate pain in patients with IEM carrying
the S241T mutation and that, compared with placebo, attenu-
ation of pain would be paralleled by a decrease in brain activ-
ity, measured with functional brain imaging (fMRI), in valua-
tion and pain areas previously implicated in chronic pain and
modulated by treatment.”'*

Methods

Human Participants

The patients were 2 adults with IEM carrying the S241T mu-
tation. Patient 1 reported onset in his teens with severe burn-
ing pain in his feet, triggered by mild warmth and relieved by
cooling, followed by similar pain in his hands, knees, elbows,
shoulders, and ears. He described up to 30 episodes per month,
each lasting hours to days. He described his typical IEM pain
episode as severe, at a 9 on the pain numerical rating scale
(NRS). Venlafaxine and gabapentin did not provide relief, and

JAMA Neurology Published online April 18, 2016

Pharmacotherapy for Pain in Inherited Erythromelalgia

Key Points

Question Is genomically guided pharmacotherapy feasible in a
genetic model of pain?

Findings In this study of 2 patients with inherited erythromelalgia
due to the Na, 1.7 S241T mutation, a double-blind cross-over study
showed that carbamazepine attenuated pain, as predicted by
genomic/molecular analysis and functional profiling. Pain relief
was paralleled by a shift in brain activity from valuation and pain
areas to primary and secondary somatosensory, motor, and
parietal attention areas.

Meaning Pharmacotherapy guided by genomic analysis,
molecular modeling, and functional profiling reduces pain in
patients with inherited erythromelalgia due to the S241T mutation.
As more channel variants are linked to pain, structural and
functional analyses may provide additional opportunities for
genomically guided pharmacotherapy.

lidocaine patches provided minimal relief. He reported that his
IEM prevented him from sleeping through the night and that
it limited physical activity. Patient 2 reported onset of burn-
ing pain in both feet, triggered by mild warmth and relieved
by cooling, which began in her teens, subsequently involving
her knees and ears. She rated her pain as severe, at 8 and 9 on
the NRS pain scale. Aspirin did not provide relief.

Study Design

The Human Investigations Committees at Yale University and
West Haven VAMC approved this study (NCT02214615), which
was conducted from September 2014 to April 21, 2015, and
written informed consent was obtained from both patients. In
this double-blind crossover study, each of the 2 patients with
IEM, carrying the S241T mutation, were assessed during a series
of 7 hospital visits, which included 5 fMRI scans (eFigure 1in
the Supplement). Details of visits, scans, drug ramp-up,
maintenance, and taper-down periods are given in the
eAppendix in the Supplement.

Carbamazepine Treatment and Monitoring

At each scanning visit, blood was obtained to monitor com-
plete blood cell count and carbamazepine levels. Carbamaz-
epine or placebo were started at 200 mg daily. Patients re-
ported pain levels every 4 days using the NRS (O = no pain to
10 = worst imaginable pain); if pain intensity had not im-
proved by 2 NRS units and adverse effects were not experi-
enced, the dose was increased by 200 mg until pain intensity
improved. If pain intensity had improved, the carbamaze-
pine dose was maintained.

Prescan Testing

Pain in IEM is triggered by warmth.? We used a calibrated
warming boot to reliably elicit pain as described in the eAp-
pendix in the Supplement.

Continuous Pain Rating

For continuous pain intensity ratings (Figure 1 pa-
tients continuously indicated their level of pain during test ses-
sions through a linear potentiometer device attached to the

) 7,8,11,15
>
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Pharmacotherapy for Pain in Inherited Erythromelalgia

Figure 1. Inherited Erythromelalgia Pain Rating
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An example of rating of pain fluctuations after an episode is elicited with the
thermal boot. The rating shown here was recorded after the thermal stimulus
was switched off. gLMS indicates generalized Labeled Magnitude Scale.

dominant thumb and index finger, with voltage output dis-
played by a computer that indicated the extent of their finger-
span, providing visual feedback. Maximum thumb-finger-
span was used to indicate “worst imaginable pain intensity”
and thumb-and-finger touching to indicate “no pain” on the
generalized labeled magnitude scale. Details are provided in
the eAppendix in the Supplement.

Pain Rating and Visual Magnitude Rating Tasks During fMRI
Patients were scanned while (1) rating their pain in response
to thermal stimuli, (2) rating ongoing pain (no stimulation) af-
ter an episode was elicited, and (3) rating the magnitude of a
moving bar using the finger-span device. The first thermal
stimulation run invariably elicited an IEM episode described
at session debriefing to be similar to episodes experienced dur-
ing daily life. Because we were assessing the response to treat-
ment, we titrated the thermal stimulation until the pain in-
tensity rating reached a predetermined level during all scans
(visits 2, 3, 4, 6, and 7; eFigure 1 in the Supplement). During
the subsequent 2 pain runs, patients rated spontaneous fluc-
tuations of their pain collected without thermal stimulation.
A visual magnitude rating was performed last as a control for
visuospatial and attention components inherent in our pain
rating tasks (eAppendix in the Supplement).

fMRI Data Acquisition and Analysis

Imaging data were acquired with a Siemens 3T Trio scanner
at Yale University Magnetic Resonance Research Center. Blood
oxygen level-dependent images were acquired with para-
meters specified in the eAppendix in the Supplement. Image
analysis was performed on each patient’s data using FMRIB Ex-
pert Analysis Tool (http://www.fmrib.ox.ac.uk/fsl) (eAppendix
in the Supplement).

Assessment of DRG Neuron Excitability

We previously showed that carbamazepine attenuates firing
induced by electrical stimuli in DRG neurons expressing
S241T mutant channels in experiments carried out at room
temperature.® However, pain in IEM is triggered by warmth.
To mimic the condition in human patients, we assessed the
effect of carbamazepine on firing of DRG neurons expressing
S241T at graded physiological temperatures (33°C, 37°C, and
40°C). Recording methods are described in the eAppendix in
the Supplement.

jamaneurology.com
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Statistical Analysis
Multielectrode array data are expressed as mean (SEM). Sta-
tistical significance was determined by ¢ test.

. |
Results

Carbamazepine and Pain Attenuation in Patients

Carrying the S241T Mutation

The effect of carbamazepine on S241T mutant channels® sug-
gested that carbamazepine might attenuate pain in patients
with IEM carrying this mutation. Both patients in this study
were blinded and asked to report duration and intensity of their
IEM pain and the number of pain-induced awakenings from
sleep on a daily basis (Figure 2).

Patient 1 reported a reduction in mean time in pain (TIP)
per day during the 15-day maintenance period of the study (at
400 mg/day of carbamazepine), from 424 minutes while tak-
ing placebo to 231.9 minutes while taking carbamazepine, and
a reduction in total TIP over the 15-day maintenance period,
from 6360 minutes while taking placebo to 3015 minutes while
taking carbamazepine (Figure 2A). Patient 2 reported a reduc-
tion in mean TIP per day during the maintenance period (at
400 and then 200 mg/day of carbamazepine), from 61 min-
utes while taking placebo to 9.1 minutes while taking carba-
mazepine, and a reduction in total TIP, from 915 minutes while
taking placebo over the 15-day maintenance period to 136 min-
utes while taking carbamazepine (Figure 2A). Patient 1 re-
ported a reduction of mean episode duration from 615 min-
utes while taking placebo to 274.1 minutes while taking
carbamazepine, while patient 2 reported a reduction of the
mean episode duration from 91.5 minutes while taking pla-
cebo to 45.3 minutes while taking carbamazepine (Figure 2B).
Patient 1, who had a history of night awakenings from pain,
reported 101 awakenings while taking placebo during the 15-
day maintenance period and 32 awakenings while taking car-
bamazepine (Figure 2C). Patient 2 reported 1 night awaken-
ing while taking placebo during the maintenance period and
none while taking carbamazepine (Figure 2C). Carbamaze-
pine blood levels were in the therapeutic range (3.6-6.0 g/L)
when patients were receiving carbamazepine (eTable 1in the
Supplement).

Neither patient reported significant pain at arrival for
hospital visits. Pain was provoked using a heating boot on the
right foot with circulating water maintained at controlled
temperatures. The empirically determined thermal stimulus
in each patient invariably elicited a pain episode, which was
described at session debriefing to be similar to episodes dur-
ing daily life. Once pain was provoked, the thermal stimulus
was terminated. Pain intensity ratings were continuously col-
lected (Figure 1; eFigure 2 in the Supplement) as reported
previously.”!11%15 To investigate long-term effects of carba-
mazepine vs placebo, we compared baseline fMRI scans of
chronic (4-week) carbamazepine vs placebo treatment with a
triple-paired t test implemented in FMRIB toolbox across the
2 patients. We previously demonstrated that brain activity
maps obtained while patients with chronic pain rate intensity
of their ongoing (stimulus-free) pain are more specific to the
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Figure 2. Pain Characteristics in Patients 1and 2
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clinical condition under study compared with brain maps
obtained during application of an external stimulus.”'* This
approach dissociates disease-specific ongoing fluctuations of
pain, which in time shift away from sensory regions to
engage valuation circuitry from acute thermal pain percep-
tion.”!1314 The analysis reported here used scans where our
patients rated their pain after the stimulus was terminated.
Pain ratings collected during all scans and used to derive IEM
pain maps are shown for both participants in eFigure 2 in the
Supplement.

Association Between Carbamazepine and Brain Activity

Carbamazepine treatment (carbamazepine scan < baseline;
corrected for a visual control task) was associated with
decreased activity in valuation areas'*'¢ including the ventral
striatum (nucleus accumbens), ventral pallidum, rostral ante-
rior cingulate (rACC; Brodmann Area [BA] 32), and posterior
cingulate cortex (PCC), in addition to the ventral putamen,
bilateral anterior insula, right thalamus, and hypothalamus
(Figure 3A; eFigure 3 and eTable 2 in the Supplement). By
contrast, treatment was associated with increased activity
(carbamazepine scan > baseline) in bilateral primary and sec-
ondary somatosensory-motor areas including the medial wall
foot area according to the Jiielich Histological Atlas,'” bilateral
parietal dorsal attention areas, supplementary motor area BA
6, and ventromedial prefrontal cortex (BA 11) compared with
the baseline scan (Figure 3B; eFigure 3 and eTable 2 in the
Supplement; paired t test; fixed effects; n =2, Z > 2.3; P <.05
corrected for multiple comparisons). However, treatment
with placebo did not affect activity in the ventral striatum and

JAMA Neurology Published online April 18, 2016

had an effect opposite that of carbamazepine within the PCC,
motor, and parietal areas. Placebo (baseline > placebo)
decreased activity in the right dorsolateral prefrontal cortex
(DLPFC) (BA 44/48), right posterior insula, and left parietal
and bilateral visual areas. On the other hand, it increased
activity (placebo > baseline) in the medial prefrontal cortex
(BA 10), right inferior frontal gyrus (BA 45/47), bilateral central
opercular areas (BA 48), PCC, bilateral hippocampi, midbrain,
and pons (Figure 4A; eFigure 4 in the Supplement). Similar to
the contrast of carbamazepine and baseline, the contrast of
carbamazepine vs placebo showed a shift in activity from
valuation areas to primary sensory motor and attention areas
with carbamazepine (Figure 4B; eFigure 5 in the Supple-
ment). To confirm the latter result, we collapsed placebo and
baseline sessions together; paired t test with the carbamaze-
pine treatment scans demonstrated an increase in sensory
motor/attention areas with a concomitant decrease in
valuation/reward areas after carbamazepine treatment (eFig-
ure 6 in the Supplement).

Next, we asked how pain intensity modulates brain activ-
ity to compare the effects of carbamazepine and placebo. We
averaged pain intensity ratings within each scanning run and
regressed them against brain activity across all visits. The re-
gression results were similar to the effects of carbamazepine
and opposite to placebo treatment. Activity within valuation
areas, left nucleus accumbens and rACC, in addition to the left
insula, right thalamus, hypothalamus, and midbrain covar-
ied positively with pain intensity, whereas activity within pri-
mary and secondary sensory-motor cortices and dorsal pari-
etal and DLPFC areas covaried negatively with pain intensity
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Figure 3. Brain Activity Modulation With Carbamazepine (CBZ)
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Treatment effects of CBZ vs baseline.
A, Brain activity obtained when
contrasting baseline to
carbamazepine (baseline > CBZ)
(paired t test; n = 2; fixed effects;

P < .05, corrected for multiple
comparisons). The bar plot shows
mean (SEM) brain activity in zscores
during pain rating (blue) and visual
tracking (white) within the left (L)
nucleus accumbens (NAc) (blue
arrowhead) plotted for baseline
(BL, left), chronic CBZ treatment
(CBZ, middle), and chronic placebo
(PL, right) treatment, respectively.
B, Brain activity when contrasting
CBZ > baseline; the bar plot depicts
mean activity within primary
somatosensory area (SI) (red

-1 arrowhead). Ml indicates primary
motor cortex; PCC, posterior
cingulate cortex; PC, parietal cortex;
R, right; rACC, rostral anterior
cingulate cortex; and SI, primary
somatosensory cortex.
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Figure 4. Brain Activity Modulation by Placebo
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similar to those shown in Figure 3 for
carbamazepine and baseline.

(Figure 5A; eFigure 7 and eTable 3 in the Supplement). Addi-
tionally, activity in the left hippocampus was negatively cor-
related with pain intensity. Regression analysis that excluded
visits when patients received carbamazepine confirmed that
pain intensity covaries positively with valuation areas and
negatively with primary somatosensory, motor, and parietal
areas (eFigure 8 in the Supplement). Hence, treatment with car-
bamazepine was associated with a shift of brain activity to-
ward a pattern associated with decreased pain intensity. Using
a similar analysis, we found that brain activity only in the left
hippocampus, parietal cortex, and DLPFC were inversely cor-
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related with TIP as reported in patients’ diaries (Figure 5B), sug-
gesting that there was increased activity in brain areas asso-
ciated with less TIP during treatment with carbamazepine.

Carbamazepine and Warmth-Induced Firing of DRG Neurons
Expressing S241T Mutant Channels

We showed previously that carbamazepine attenuates firing
of DRG neurons expressing S241T mutant channels in re-
sponse to graded electrical stimuli using current-clamp assays.®
However, pain in patients with IEM, including the patients we
studied, is triggered by warmth. To determine whether car-
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Figure 5. Brain Activity Associated With Decreased Pain
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[ scanning. B, Regression of brain
activity against time in pain as
reported in patients’ diaries after
masking with results shown in panel
A. Areas in red to yellow represent
positive correlations, whereas areas
in blue to green represent negative
correlations.
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Figure 6. Carbamazepine Attenuation of Warmth-Evoked Firing in Dorsal Root Ganglion Neurons Expressing Nav1.7 S241T Mutant Channels

[A] 33°C 37°C

40°C

Without
Carbamazepine

With
Carbamazepine

A-C, Heat maps of a representative multielectrode array recording of dorsal root
ganglion neurons expressing Na, 1.7 S241T before carbamazepine treatment
(upper panels). The firing frequency of each active electrode is color coded with
white/red representing high firing frequency and blue/black representing low
firing frequency. Each circle corresponds to an active electrode withinan 8 x 8
electrode array. There is only 1active electrode in the heat map at 33°C (A). The
number of active electrodes and firing frequency increase at 37°C (B) and 40°C
(C). D-F, Heat maps of the same multielectrode array recording well after

(30-pM) carbamazepine treatment (upper panels). The number of active
electrodes and firing frequency of neurons are both markedly reduced at all 3
temperatures: 33°C (D), 37°C (E), and 40°C (F). White arrowheads indicate
silent neurons after carbamazepine treatment. In the lower panels in A-F,
recordings from a representative neuron in the heat map indicated by yellow
arrowheads are shown. Note increased firing as temperature increased in the
absence of carbamazepine (A-C) and attenuation of firing by carbamazepine
(D-F).

bamazepine had an effect on the firing of DRG neurons ex-
pressing Nay 1.7 S241T channels in response to this naturally
occurring stimulus, we assayed the firing of intact cultured DRG
neurons using multielectrode arrays at normal skin tempera-
ture (33°C), core body temperature (37°C), and nonnoxious
warmth (40°C). Firing of adult DRG neurons expressing Nay1.7
S241T was evoked in a temperature-dependent manner, as re-
flected by a heat map (Figure 6A-C), increasing from a mean

E6 JAMA Neurology Published online April 18, 2016

(SEM) frequency of 0.18 (0.03) Hz at 33°C (3 cultures using a
total of 6 rats, 66 active electrodes/neurons) to 0.36 (0.04) Hz
at 37°C (83 active electrodes/neurons) and to 0.56 (0.03) Hz
at40°C (98 active electrodes/neurons) (Figure 7). Elevated tem-
perature increased both the mean firing frequency and num-
ber of DRG neurons firing action potentials.

Carbamazepine at a clinically relevant concentration (30
1M)>® markedly attenuated firing of DRG neurons express-
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Figure 7. Firing Frequency
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Mean firing frequency of neurons (n = 98) expressing Nay 1.7 5241T before and
after carbamazepine treatment at all 3 temperatures.

ing S241T mutant channels (Figure 6D-F). In the presence of
carbamazepine, the mean (SEM) firing frequency of neurons
expressing S241T at 33°C was 0.024 (0.003) Hz (P < .05 com-
pared with neurons before carbamazepine treatment) with 52
active electrodes/neurons, at 37°C was 0.026 (0.011) Hz (P < .01)
with 48 active electrodes/neurons, and at 40°C was 0.089
(0.026) Hz (P < .01) with 44 active electrodes (Figure 7). These
data indicate that carbamazepine at a clinically relevant con-
centration inhibits warmth-evoked firing of DRG neurons ex-
pressing Nay1.7 S241T across a physiological temperature range.

|
Discussion

Inherited erythromelalgia is caused by gain-of-function mu-
tations of Nay 1.7 and is characterized clinically by severe pain,
triggered by mild warmth.'> Most patients with IEM do not re-
spond to pharmacotherapy and resort to cooling, in some cases
with ice oriced water that causes gangrene, to alleviate pain.’2
On the basis of atomic-level structural modeling and func-
tional analysis, we predicted that carbamazepine would at-
tenuate pain in patients with IEM due to the S241T mutation.
We previously showed that within the folded channel pro-
tein, the S241 residue is located within 2.8A of the carbamaz-
epine-responsive V400M mutation.® That study demon-
strated that S241T and V400M are energetically coupled during
activation, a finding that predicted that carbamazepine should
have a specific effect on the abnormal activation of S241T mu-
tant channels; voltage- and current-clamp analyses showed
that, indeed, carbamazepine has a specific effect, not seen in
other IEM mutant channels, on S241T where it restores essen-
tially normal activation, thereby reducing electrically in-
duced firing of DRG neurons expressing S241T channels.® In
the present study using double-blind, placebo-controlled as-
sessment, we demonstrated that carbamazepine attenuated
pain induced by warmth in patients carrying the S241T muta-
tion and showed a shift in brain activity from valuation and
pain areas toward primary and secondary somatosensory-
motor and parietal attention areas, a pattern of brain activity
that has been associated with a shift from chronic to acute pain
states.!®>!® We also showed that warmth within a physiologi-
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cal range triggers abnormal firing in DRG neurons carrying
S241T mutant channels, recapitulating in vitro the clinical pic-
ture of sensitivity to mild increases in temperature displayed
by patients with [EM, and we demonstrated that carbamaze-
pine inhibits warmth-induced hyperactivity of DRG neurons
carrying S241T mutant channels.

There were some limitations to this study. We stress that
this study was based on a small number of patients and the
long-term effects of carbamazepine were not assessed. More-
over, we emphasize that our results, based on study of pa-
tients with the S241T mutation, do not imply that patients with
erythromelalgia due to other Nay1.7 mutations will experi-
ence pain relief from carbamazepine. Rather, our results pro-
vide proof of principle, based on the S241T mutation, that ge-
nomic analysis together with molecular modeling and
functional profiling can guide pain pharmacotherapy.

Carbamazepine acts on multiple sodium-channel
subtypes, including Nay1.7,2° and thus we cannot exclude a
contribution of sodium-channel blockade within the central
nervous system to the effects of carbamazepine that we
observed with behavioral and fMRI measurements. While
some evidence suggests an inverse association between car-
bamazepine levels and blood oxygen level-dependent brain
activity,?! treatment with carbamazepine was associated with
increased activity in sensory/motor/attention areas, together
with decreased activity in valuation areas. This shift of activ-
ity cannot be accounted for by a generalized dampening of
blood oxygen level-dependent signal by carbamazepine.
Importantly, the in vitro recordings in the current study dem-
onstrated a strong attenuation of physiologically relevant
warmth-induced firing of DRG neurons expressing S241T
mutant channels by a clinically relevant concentration of car-
bamazepine. Taken together with the specific action of carba-
mazepine on S241T mutant channels,® our observations sup-
port the idea that pain in IEM reflects abnormal hyperactivity
of DRG neurons carrying gain-of-function mutant Nay1.7
channels®322 and suggest that carbamazepine relieves pain in
human patients carrying the S241T mutation at least in part
via an action on the mutant Na,/1.7 channel in DRG neurons.

Functional MRI revealed that brain activity shifted during
carbamazepine treatment from valuation (ventral striatum,
rACC, and PCC)'*1® and pain (thalamus and insula) areas'®23
toward primary somatosensory-motor and parietal attention
areas including the medial sensory-motor cortical wall with af-
ferent and efferent fibers to the foot. This shift in brain activ-
ity was observed during carbamazepine treatment despite the
decades-long history of severe pain in these patients. Previ-
ous fMRI and clinical studies showed that placebo can reduce
pain in some patient populations while concurrently modu-
lating activity in valuation and pain areas.'®>428 However, in
our study, carbamazepine treatment achieved this change,
whereas placebo did not.

The drop in brain activity within valuation and pain areas
with carbamazepine was consistent with previous work show-
ing decreases in the ventral striatum, rACC, and insula activ-
ity, as well as changes in their functional connectivity with suc-
cessful treatment of chronic pain.'+2°> Baliki et al® suggested
that nucleus accumbens activity tracks the value of pain re-
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lief in chronic pain, while the ventral striatum and rACC are
activated by pain and pain predictive cues.®2° It has also been
reported that the valuation circuitry mediates reward-
related decision making.!*'® We observed a concomitant in-
crease in activity of areas mediating somatosensory, motor, and
attention tasks.3° This observation suggests that attenuation
of pain with carbamazepine may allow patients to shift brain
resources from areas mediating emotional decision making and
pain to sensory-motor, attention, and executive function areas
mediating accurate movements and sensory perception while
rating their pain experience, consistent with the suggestion that
persistence of pain shifts brain activity from sensory-motor re-
gions to emotional decision-making circuitry.’® Activity in the
parietal and DLPFC areas were particularly inversely associ-
ated with TIP as reported in patients’ diaries, suggesting that
theincrease in activity in these areas with carbamazepine might
have positive effects on attention and executive function.>!
Whether this shift is associated with improved functioning on
a daily basis remains to be determined.

Segerdahl et al*2 reported cerebral blood flow differences
between states of acute thermal heating and cooling in a study
that used arterial spin labeling to assess 1 patient with IEM.
While some of the areas affected by carbamazepine treat-
ment overlap with their report, mainly rACC, insula, and thala-

Pharmacotherapy for Pain in Inherited Erythromelalgia

mus, methodological differences preclude direct compari-
sons between the 2 studies. Unlike in the study by Segerdahl
et al,>? our patients rated the intensity of pain after a provo-
catory thermal stimulus was terminated. Our approach al-
lows the identification of brain maps specific to different clini-
cal pain conditions without the added component of ongoing
stimulation,'® which could mask differences between pa-
tients and healthy control individuals.”

. |
Conclusions

In this study, genomic analysis, molecular modeling, and func-
tional profiling provided a basis for reduction of neuropathic
pain with carbamazepine in patients with IEM carrying the
S241T mutation in sodium-channel Nay1.7. Functional brain
imaging demonstrated a change in brain activity within the pain,
valuation, and somatosensory/motor/attention circuitry in pa-
tients carrying this variant, providing a potential correlate
within the brain for the report of an effect of carbamazepine
on pain in their home environment. As the number of sodium-
channel variants linked to pain grows,>? structural and func-
tional analysis of other mutations may provide additional op-
portunities for genomically guided pain pharmacotherapy.
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PAIN

Pharmacological reversal of a pain phenotype in iPSC-derived
sensory neurons and patients with inherited erythromelalgia

Lishuang Cao,'* Aoibhinn McDonnell,’* Anja Nitzsche,'* Aristos Alexandrou,’

Pierre-Philippe Saintot,’ Alexandre J.C. Loucif,’ Adam R. Brown,' Gareth Young,'

Malgorzata Mis,> Andrew Randall,® Stephen G. Waxman,* Philip Stanley,’ Simon Kirby,'

Sanela Tarabar,® Alex Gutteridge,’ Richard Butt,” Ruth M. McKernan,' Paul Whiting," Zahid Ali,"*
James Bilsland,'™* Edward B. Stevens''*

In common with other chronic pain conditions, there is an unmet clinical need in the treatment of inherited eryth-
romelalgia (IEM). The SCN9A gene encoding the sodium channel Nav1.7 expressed in the peripheral nervous system
plays a critical role in IEM. A gain-of-function mutation in this sodium channel leads to aberrant sensory neuronal
activity and extreme pain, particularly in response to heat. Five patients with IEM were treated with a new potent
and selective compound that blocked the Nav1.7 sodium channel resulting in a decrease in heat-induced pain in
most of the patients. We derived induced pluripotent stem cell (iPSC) lines from four of five subjects and produced
sensory neurons that emulated the clinical phenotype of hyperexcitability and aberrant responses to heat stimuli.
When we compared the severity of the clinical phenotype with the hyperexcitability of the iPSC-derived sensory
neurons, we saw a trend toward a correlation for individual mutations. The in vitro IEM phenotype was sensitive to
Nav1.7 blockers, including the clinical test agent. Given the importance of peripherally expressed sodium channels
in many pain conditions, our approach may have broader utility for a wide range of pain and sensory conditions.

INTRODUCTION

Individual SCN9A mutations leading to a loss of channel function have
been associated with congenital insensitivity to pain, whereas gain-of-
function mutations in the SCN9A gene have been associated with
chronic painful conditions including inherited erythromelalgia (IEM),
paroxysmal extreme pain disorder, and idiopathic small fiber neurop-
athy. IEM is a chronic, extreme pain condition that results in burning
pain sensations and erythema, particularly in the distal extremities (1-4).
The pain is often episodic and mild heat or a body temperature increase
is a common major trigger for attacks of pain in IEM (4).

The development of selective Nav1.7 blockers, in common with oth-
er new analgesic drug targets, has been hampered by the lack of robust
preclinical to clinical translation. In particular, a complete understand-
ing of the role of Nav1.7 in action potential firing in human sensory
neurons has been limited by the reliance of electrophysiological studies
on heterologous expression of the channel. For example, all reported
IEM Navl.7 mutations are associated with a hyperpolarized voltage
dependence of activation and/or voltage dependence of fast inactivation
after heterologous expression in mammalian cell lines (5-11). However,
the absolute value and magnitude of changes in gating parameters for
individual IEM mutations vary between different laboratories and may
not directly translate to native Nav1.7 in human sensory neurons (5, 6, 10).

Overexpression of [IEM Nav1.7 mutations in mouse dorsal root gan-
glion neurons has been used to understand the contribution of the
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changes in channel gating to action potential firing properties (12).
The interpretation is, however, compromised by the expression level
of human Navl.7 relative to rodent tetrodotoxin-sensitive sodium
channels and appropriate processing and assembly of the human iso-
form in a rodent neuronal background. Human pluripotent stem cell
(PSC)-derived sensory neurons (13, 14) provide an improved physio-
logically relevant model to investigate the relationship between a human
ion channel in its native environment and neuronal excitability.

Induced PSC (iPSC) technology allows generation of cells from pa-
tients, which retain the genetic identity of the donor and can recapitu-
late disease pathology in differentiated progeny. This has the potential
to enable new therapeutics to be tested on both individual patients and
their cognate iPSC-derived cells to further understand both clinical ef-
ficacy and effects on the underlying cellular phenotype. However, to
date, it is unclear to what extent the response of a therapeutic agent
in an iPSC disease model translates to the clinic.

Here, we investigated the effect of a new selective Nav1.7 blocker,
PF-05089771, on the inhibition of heat-evoked pain in five [EM human
subjects carrying four different SCN9A mutations. Simultaneously, we
generated iPSC-derived sensory neurons (iPSC-SNs) from four of five
IEM subjects to characterize the neuronal phenotype associated with
individual mutations and the effects of selectively blocking Nav1.7
channels on action potential generation.

RESULTS

Differentiating iPSCs from IEM patients into functional
sensory neurons

Five IEM subjects (three males and two females; average age of 40.2 years)
(Table 1) provided informed consent to participate in a double-blind,
placebo-controlled clinical study. Extensive clinical phenotyping had
previously been performed in these subjects (4). Four of five subjects
additionally consented to donate blood for iPSC generation (Table 1).
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Table 1. Clinical phenotype of IEM subjects.

Subject ID SCN9A mutation Gender Age at onset of IEM (year) Pain attack trigger Consent’ to donate blood for iPSC
EM1 S241T F 17 Heat, exercise Yes
EM2 1848T M 4 Heat, exercise Yes
EM3 V400M M >10 Heat, exercise, standing Yes
EM4 V400M M 4 Heat, exercise No
EM5 F1449v F <2 Heat, exercise, standing Yes

*Consent to donate blood for iPSC generation was optional for subjects in the clinical study.

Peripheral blood mononuclear cells were extracted from donated blood
samples. The erythroid progenitor populations of the peripheral blood
cells were reprogrammed into iPSCs, and up to three clonal iPSC lines
per subject were established. Individual heterozygous mutations in the
iPSCs were confirmed through Sanger sequencing (Fig. 1A). We also
generated iPSCs from four independent non-IEM donors who were
used as a control group in which no mutations in Nav1.7 associated
with paroxysmal extreme pain disorder, IEM, or congenital insensitivity
to pain were identified. All iPSC clonal cell lines showed typical mor-
phology for pluripotent cell colonies and expressed the pluripotency
marker Oct4 (Fig. 1B). Array comparative genomic hybridization
(CGH) analysis revealed a normal karyotype and comparable number
or size of copy number variants between non-IEM donor and IEM sub-
ject iPSCs for most iPSC clones (fig. S1, A and B).

We differentiated iPSCs into sensory neurons using a small molecule—
based protocol as described previously (13, 14). One week after addition
of neural growth factors, the differentiated cells exhibited a neuronal
morphology and stained positive for the sensory neuron markers Brn3a,
Isletl, and peripherin, with no obvious morphological difference be-
tween donor- and study subject-derived neurons (Fig. 1C). Neurons
were further matured for another 8 weeks before electrophysiological
recordings were obtained. The sensory neurons derived from non-
IEM and IEM clonal iPSC lines all expressed SCN9A and other sodium
channel subtypes as determined by quantitative polymerase chain re-
action (qPCR) (fig. S1C). To characterize the functional role of the
Nav1.7 channel in iPSC-SNs using a whole-cell patch-clamp technique,
two selective Nav1.7 blockers were exploited: the clinical compound PF-
05089771 and an in vitro tool PF-05153462 (fig. S2, A to C). In compar-
ison to the slow kinetics of inhibition for PF-05089771, PF-05153462
displayed fast rates of blockade and was fully reversible within 10 min,
enabling multiple concentrations to be applied to each cell and therefore
allowing a more extensive and robust investigation of the contribution
of Nav1.7 to sensory neuron excitability.

Application of PF-05153462 reversibly inhibited the peak sodium
current of iPSC-SNs, confirming the functional expression of Nav1.7.
Comparison of the Nav1.7 current densities (as defined using inhibition
by 100 nM PF-05153462) across iPSC-SN clones revealed no significant
differences between the individual clones or between the IEM and non-
IEM groups [example traces, Fig. 1D; quantification, Fig. 1E; non-
parametric analysis of variance (ANOVA), P > 0.05]. In addition, there
was no significant difference in the percentage of total sodium current
(fig. S3A; nonparametric ANOVA, P > 0.05) or current carried by
Navl.7 (fig. S3B; nonparametric ANOVA, P > 0.05) across iPSC-SN
clones. These data suggested robust and equivalent expression of
Nav1.7 channels in iPSC-SNs, irrespective of the donor from which they
were generated.

iPSC-SNs derived from IEM subjects show

elevated excitability

We observed spontaneous action potential firing from a subpopulation
of iPSC-SNs at resting membrane potential (Fig. 2A, right). On average,
the iPSC-SNs from IEM donors showed a significantly higher propor-
tion of spontaneously firing cells compared to those from non-IEM
donors (P < 0.05, linear logistic model), suggesting higher excitability
(Fig. 2B).

Notwithstanding this, iPSC-SNs from subject EM1 (with the S241T
mutation) and non-IEM donor D1 showed similar degrees of sponta-
neous firing, which was only moderately enhanced compared to the
other non-IEM donors, suggesting some intrinsic heterogeneity among
the iPSC-SNs from both the IEM and non-IEM donors (Fig. 2B). There
was a small but statistically significant depolarization of resting
membrane potential in the IEM subject cells (-57.4 + 0.4 mV; n =
272 with all IEM subjects pooled together) compared to non-IEM do-
nor cells (—60 + 0.4mV; n = 158 for all non-IEM subjects) (fig. S3C; P <
0.05, ANOVA), which could have contributed to the observed increase
in spontaneous activity.

Next, we studied rheobase, the minimal current injection required to
evoke an action potential, as a measure of subthreshold contributions to
excitability (Fig. 2C). On average, the rheobase was lower in the iPSC-
SN from IEM donors (122 + 10 pA; n = 270) when compared to neu-
rons from non-IEM donors (361 + 20 pA; n = 148) (Fig. 2D; P < 0.05,
nonparametric ANOVA). These data suggest that iPSC-SNs from IEM
subjects have increased excitability.

We also measured evoked firing frequency in response to increasing
amplitude of injected current (Fig. 2E). Although IEM iPSC-SNs gave
rise to a higher number of action potentials at low levels of current
injection compared to non-IEM cells (Fig. 2F), there was considerable
variability in the firing frequency between cells for each iPSC clone;
thus, this was not considered a reliable end point for statistical analysis.
Therefore, we focused on spontaneous firing and rheobase to determine
pharmacological effects of Nav1.7 blockers.

Nav1.7 blockers reduce elevated excitability of IEM iPSC-SNs
We further tested the effects of the selective Nav1.7 blocker PF-05153462
on spontaneously firing iPSC-SNs (Fig. 3A). As shown in Fig. 3B, the
spontaneous firing of iPSC-SNs from subjects EM2 (I848T mutation) and
EM3 (V400M mutation) was reduced by PF-05153462 in a concentration-
dependent manner. iPSC-SNs from EM1 (S241T mutation) rarely ex-
hibited spontaneous firing (Fig. 2B); therefore, PF-05153462 was not
tested. The spontaneous firing in iPSC-SNs from EM5 (F1449V muta-
tion) was not sustained for sufficient duration to generate a concen-
tration-response curve; therefore, a single concentration of PF-05153462
(100 nM) was tested and found to completely inhibit spontaneous firing
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A EM1
(S241T)
TCA (S)>>ACA (T)

Fig. 1. iPSCs from IEM subjects and non-
IEM donors differentiate into sensory
neurons with comparable Nav1.7 activi-
ty. (A) Sanger sequencing of IEM subject-
derived iPSCs. The black arrow highlights
the heterozygous point mutation in the
pherogram. (B) Bright-field images of repre-
sentative examples of IEM subject—derived
and non-IEM donor-derived iPSCs with typ-
ical pluripotent-like morphology. Scale
bars, 1000 um. Panels below show immu-
nostaining for nuclear Hoechst stain (blue)
and expression of the Oct4 pluripotency
marker (green). Scale bars, 100 um. DAPI,
4',6-diamidino-2-phenylindole. (C) Bright-
field images of representative examples of
IEM subject-derived and non-lEM donor-
derived iPSCs after differentiation into sen-
sory neurons (iPSC-SNs). Scale bars, 1000 um.
Panels below show immunostaining for ex-
pression of the sensory neuron marker
Brn3a (blue), Islet1 (red), and peripherin
(green). Scale bars, 200 um. (D) Example so-
dium current traces measured in the iPSC-
SNs derived from the non-IEM donor (D4)
and IEM subject EM5 (carrying the F1449V
mutation) showing subtracted currents
sensitive to the Nav1.7 blocker. iPSC-SNs
were held at —110 mV and stepped to 0 mV
to evoke voltage-gated currents, which
were partially blocked by 100 nM PF-
05153462. (E) Summary of Nav1.7 current
density in the non-lEM donor-derived and
IEM subject-derived iPSC-SNs. No significant
difference was observed among all the
clones (n = 13 to 40).

DAPI

Oct4

(n=5). PF-05089771, the Nav1.7 blocker evaluated in IEM subjects, was
also tested on iPSC-SNs from subject EM2, where spontaneous firing
was completely blocked at a concentration of 60 nM (Fig. 3C). These
data indicate that the gain-of-function mutations present in [IEM
Nav1.7 channels contribute to the higher incidence of spontaneous
firing in iPSC-SNs from IEM subjects.

Next, we investigated the contribution of wild-type and IEM mutant
Navl.7 channels to rheobase of the action potential using PF-05089771
(Fig. 3D). Voltage-clamp recordings of human embryonic kidney 293
cells stably expressing mutant Nav1.7 resulted in similar half-maximal
inhibitory concentration (ICs) values, ranging from 11 to 36 nM (fig. S2D).
Whereas PF-05089771 increased the rheobase in a concentration-
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dependent manner for iPSC-SNs from both IEM subjects and non-
IEM donors (suggesting a clear role of Nav1.7 in setting threshold),
the magnitude of this effect was significantly greater in iPSC-SNs
derived from IEM subjects at all three concentrations (Fig. 3E; P < 0.05,
ANOVA; n = 6 to 10 for each concentration). Similar results were ob-
tained from the selective Nav1.7 blocker PF-05153462 at concentrations
greater than 10 nM (Fig. 3F; P < 0.05, ANOVA; 1 = 6 to 10 for each con-
centration). The greater contribution of Nav1.7 to rheobase in sensory
neurons from IEM subjects compared to non-IEM donors most likely re-
flects enhanced channel activity as a result of gating shifts associated with
the S241T, I848T, V400M, and F1449V mutations. Together, these studies
using Nav1.7 blockers strongly suggest that these Nav1.7 gain-of-function
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Fig. 2. Excitability of iPSC-SNs from IEM A
and non-lIEM subjects. (A) Representative
traces of spontaneous firing in sensory neu-
rons derived from iPSCs from IEM subject
EM3 (V400M mutation) and non-IEM con-
trol subject D3.(B) Quantification of the
number of spontaneous firing iPSC-SNs ver-
sus nonspontaneous firing iPSC-SNs from
non-lEM and IEM subjects (n = 19 to 98;
P < 0.05, linear logistic model). (C) Repre-
sentative current-clamp traces showing
subthreshold responses and subsequent
action potentials evoked until reaching cur-
rent thresholds (rheobase) of 544 pA for
non-lIEM subject D3 iPSC-SNs and 120 pA
for IEM subject EM5 (F1449V mutation)

D3

B
D2

0pA 500 pA

EM3
50 mV ‘
1s 0pA 50 pA
EM1 EM2 EM3 EMS

iPSC-SNs. (D) Quantification of action po- Total=80 Total= Total=19 Total= Total=62 Total=98 Total=88 Total=
tential rheobase comparing healthy control
donor iPSC-SNs and [EM subject iPSC-SNs (n = u Nonspontaneous N Spontaneous
16 to 86; P < 0.05, nonparametric ANOVA).
(E) Representative traces showing train  C D
of action potentials evoked in non-IEM . D2 15004
control subject D1 and IEM subject EM1 30 544 pA P <0.05
(S241T mutation) iPSC-SNs after inducing Z o I |
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IEM mutations underpin the increased excitability of iPSC-SNs from
IEM subjects.

Selective Nav1.7 blocker reverses the elevated sensitivity to
heat in IEM iPSC-SNs

Action potential rheobase was tracked when the temperature was raised
from 35° to 40°C (Fig. 4, A and B). In contrast to iPSC-SNs from the non-
IEM donor group, the iPSC-SNs from the IEM subject group exhibited a
significant decrease in rheobase in response to the modest temperature

Current injection (pA)

increase (P < 0.01, ANOVA; n = 13 to 34), indicating higher excitability
of the IEM neurons upon heat stimulation. EM1 appeared to be an out-
lier with similar temperature sensitivity to healthy donor clones. These
data suggested that the gain-of-function Nav1.7 mutations in the iPSC-
SNs from IEM subjects conferred an increase in excitability in response
to heating at innocuous temperatures. As shown in Fig. 4 (C and D),
100 nM PF-0515462 was able to reverse the effect of increasing tem-
perature on the rheobase in iPSC-SNs from subjects EM2 (I1848T muta-
tion), EM3 (V400M mutation), and EM5 (F1449V mutation) (P < 0.05,
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A EM3 control

(A

10 nM PF-05153462

Fig. 3. Nav1.7 channel blockers reduce
spontaneous firing and increase action
potential rheobase in iPSC-SNs. (A) Rep-
resentative traces of spontaneous action
potentials in IEM subject EM3 (VA00M mu-
tation) iPSC-SNs blocked by increasing
concentrations of the Nav1.7 blocker PF-
05153462. (B) Concentration-dependent
effect of PF-05153462 on spontaneous ac-
tion potential (AP) firing with a half-maximal
inhibitory concentration (ICso) of 2 nM for
iPSC-SNs from IEM subjects EM2 (1848T
mutation) and EM3 (V400M mutation).
(C) Representative traces of spontaneous c
firing blocked by treatment of iPSC-SNs

from IEM subject EM2 with 60 nM PF-
05089771. (D) Representative current-

clamp traces in iPSC-SNs from non-IEM

control subject D2 and IEM subject EM2

(1848T mutation) showing an increase in
rheobase after application of PF-05089771

in a concentration-dependent manner.

(E) Quantification of the effect of PF- D
05089771 on rheobase for iPSC-SNs from
non-IEM control subjects and [EM subjects 60
(n =6 to 10; P < 0.05, ANOVA). (F) Quan-
tification of the effect of PF-05153462 on
rheobase for iPSC-SNs from non-IEM con-
trol subjects and |IEM subjects (n = 6 to 10;
P < 0.05, ANOVA; comparison at each con-
centration greater than 10 nM).
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paired ¢t test; n = 6 to 11) in cells with a positive rheobase response
(>50 pA) to PF-05153462 at 35°C (an indication of the functional ex-
pression of Nav1.7). These data suggest that mutations in Navl1.7
underlie the temperature sensitivity of IEM iPSC-SNs.

The change in temperature sensitivity after compound application
was plotted against the effect of compound on rheobase at 35°C (Fig. 5),
and a positive correlation was observed in iPSC-SNs from all EM sub-
jects (Pearson’s r = 0.22, 0.88, 0.82, and 0.77 for EM1, EM2, EM3, and
EMS5, respectively). The regression coefficients were significantly differ-
ent from zero for iPSC-SNs from subjects EM2 (I1848T mutation), EM3

B
Effect on rheobase (pA)

T T T T
200 3 10 30 100 300
PF-05153462 concentration (nM)

(V400M mutation), and EM5 (F1449V mutation), suggesting that the
amplitude of rheobase changes in response to heat was a function of avail-
able Nav1.7 conductance. This effect was not evident in iPSC-SNs from
subject EM1. Wild-type Navl.7 channels were also sensitive to changes
in temperature (fig. S4). Together, this analysis suggests that Nav1.7
channels contribute to the elevated heat sensitivity of IEM iPSC-SN.

Clinical efficacy of the selective Nav1.7 blocker PF-05089771
IEM subjects were randomized to participate in two independent treat-
ment sessions (each consisting of two study periods) and to receive a
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Fig. 4. Nav1.7 channel blocker reverses A D3

the elevated heat sensitivity of iPSC-  _ «-35°C
derived sensory neurons from IEM o] 330 pa
subjects. (A) Representative traces of e Jk
evoked action potentials showing a small T ;
increase in rheobase when iPSC-SNs from Tirme (ims)

non-lEM control subject D3 were incubated
with extracellular recording solution at an
elevated temperature of 40°C (control tem-
perature was 35°C). The rheobase for iPSC-
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SNs for [EM subject EM5 (F1449V mutation)
was decreased relative to the D3 control.
Far right panels show an example time
course for rheobase changes of iPSC-SNs ¢
from non-IEM subject D3 and IEM subject
EM5 (F1449V mutation) upon heating of
the incubation solution. (B) Quantification
of the effect of heating on rheobase for
non-IEM and [EM iPSC-SNs. The heating ef-
fect was calculated as the change in the
rheobase at 40°C versus 35°C (n = 13 to
34; P < 0.01, comparing non-lEM and IEM
iPSC-SNs using ANOVA). (C) Representative
traces of rheobase showing the effect of
heating on rheobase before and after the
application of the Nav1.7 channel blocker
PF-05153462. The heat sensitivity of rheo-
base was reversed by PF-05153462 on iPSC-
SNs from [EM subject EM5, but no effect was
seen on iPSC-SN from |IEM subject EM1.
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(D) Quantification of the effect of PF-05153462 on heat sensitivity of iPSC-SNs from IEM subjects EM1 (S241T mutation), EM2 (I1848T mutation), EM3
(V400M mutation), and EM5 (F1449V mutation) (n =6 to 10; P < 0.05 for EM1, EM2, and EM5 and P < 0.01 for EM3; paired t test). Only iPSC-SNs demonstrating
a positive response to PF-05153462 (where the rheobase showed sensitivity greater than 50 pA at 35°C) were included, and the number of iPSC-SNs excluded
was 3 of 12 iPSC-SNs for [EM subject EM1, 2 of 10 iPSC-SNs for [EM subject EM2, 1 of 8 iPSC-SNs for [EM subject EM3, and 1 of 11 iPSC-SNs for IEM subject EM5.

single oral dose of either the Nav1.7 blocker PF-05089771 or matched
placebo in a crossover manner during each session. Evoked pain attacks
were induced in subjects using a controlled heat stimulus applied to the
extremities immediately before dosing and at intervals up to 24 hours
after dosing in each study period (Fig. 6A). Blood samples collected
from subjects for pharmacokinetic analysis showed that peak plasma
concentrations of PF-05089771 were obtained at 4 to 6 hours after dos-
ing (fig. S5). Mean unbound plasma concentrations of PF-05089771 at 4
and 6 hours after dosing were 166 and 161 nM, respectively.

Subjects rated their pain using a pain intensity numerical rating scale
(PI-NRS) where 0 indicates no pain and 10 indicates the worst pain pos-
sible. A pain attack with a PI-NRS score of at least 5 was evoked before
dosing with PF-05089771 or placebo. Efficacy end points included the
average and maximum pain scores in response to evoked heat at 0 to 4, 4
to 5,8 to 9, and 24 to 25 hours after dosing.

Individual subject maximum pain scores and change from baseline
pain scores after dosing are shown in Fig. 6 (B and C). Maximum pain
score results after dosing (Fig. 6D) were similar, irrespective of whether
cooling rescue therapy [used by subjects EM2 (I848T mutation) and
EM4 (V400M mutation)] was administered in the interval before evok-
ing a pain attack. There was statistical significance for PF-05089771 ver-
sus placebo at the 10% level at the 4- to 5- and 8- to 9-hour time points
after dosing. The P values for the comparison of PF-05089771 versus
placebo were P = 0.04 at 4 to 5 hours and P = 0.08 at 8 to 9 hours when
subjects who used cooling as a rescue therapy were excluded. When
subjects who used cooling as a rescue therapy were included, the

corresponding P values were 0.06 and 0.03. There was no statistically
significant treatment effect for PF-05089771 versus placebo at the 0- to
4-hour time point. PF-05089771 was well tolerated in all subjects, with all
treatment-related adverse events classified as mild. The most common
treatment-related adverse events were perioral paresthesia, facial
flushing, and dizziness (table S1).

DISCUSSION

Human iPSC-derived disease models can be used for the identification
or validation of drugs to treat specific disease phenotypes (15, 16), yet
the degree of translation of drug efficacy to the clinical disease state
remains unexplored. Here, we show translation of a human pain phe-
notype and clinical effects of a new selective Nav1.7 blocker to the pre-
clinical iPSC-based disease model from a small cohort of IEM subjects
harboring different mutations in the SCN9A gene.

The IEM subject cohort had four different mutations in SCN9A and
exhibited pain with multiple characteristics, making it an ideal popula-
tion for a qualitative, proof-of-concept translational study to assess both
phenotype and its reversal through selective Nav1.7 blockade. The
Navl.7 blocker used, PF-05089771, shows greater selectivity for Nav1.7
over all other sodium channel isoforms compared to other sodium
channel blockers such as carbamazepine (17) and XEN402 (18, 19). A
well-controlled heat stimulus triggered pain attacks in the IEM subject
cohort and reproduced many of the features of a natural heat-evoked
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Fig. 5. Nav1.7 contributes to the elevated heat sensitivity of iPSC-SNs
from IEM subjects. Correlation of the heat sensitivity changes to rheobase
changes at 35°C induced by PF-05153462 (Pearson’s r = 0.22, 0.88, 0.82, and
0.77 for IEM subjects EM1, EM2, EM3, and EM5, respectively). The regression
coefficients were significantly different from zero for IEM subjects EM2, EM3,
and EM5. In contrast to Fig. 4D, iPSC-SNs demonstrating a positive response
to PF-05153462 (rheobase changes at 35°C greater than 50 pA, indicating
clear Nav1.7 expression) and iPSC-SNs demonstrating a negative response
to PF-05153462 (rheobase changes at 35°C less than 50 pA, indicating low or
no Nav1.7 expression) were included.

pain attack (4). The magnitude of heat-induced pain attacks at 4 to 5
and 8 to 9 hours after dosing was reduced in most of the five subjects dur-
ing at least one of the treatment sessions when dosed with PF-05089771
compared to subjects who received placebo, confirming efficacy in this
proof-of-concept study for the treatment of IEM with a selective Nav1.7
blocker. The shorter duration of the evoked pain attacks [usually less than
1 hour compared to the longer duration recorded in the natural history
study (4)] and the time of maximum concentration (T},,,) of PF-
05089771 after dosing may account for the lack of treatment response
at the 0- to 4- and 24- to 25-hour time points. There appeared to be a
degree of variability in response across subjects and between treat-
ment sessions. These observations may be accounted for by the limita-
tion of a single-dose study. iPSCs derived from these subjects provided
a unique means to directly evaluate the efficacy of PF-05089771 block-
ade on the phenotypes of these channel mutations in human sensory
neurons.

The increased excitability of iPSC-SNs from IEM subjects was not
associated with increased expression of Nav1.7 sodium channels; how-
ever, the mean resting membrane potential of iPSC-SNs from IEM
subjects was moderately depolarized compared to neurons from the
non-IEM donor group. This elevated excitability is likely to be due
to an increase in Nav1.7 subthreshold current as modeled by Vasylyev
et al. (20). Overexpression of the F1449V, V400M, 1848T, and S241T
Navl.7 mutations in rodent dorsal root ganglion neurons has also been
reported to reduce current threshold and increase the frequency of
firing of dorsal root ganglion neurons in response to graded stimuli
(21-23). The pathophysiological consequence of IEM on neuronal ex-
citability has been examined in clinical microneurography studies
(24, 25). One subject with the 1848T mutation demonstrated increased
C-fiber nociceptor excitability (26). The microneurography recordings
from human nerves and the excitability measurements in iPSC-SNs
from patients carrying the same Nav1.7 mutation (I848T) support a role
for sensory neuron hyperexcitability underlying the symptoms of IEM.

Direct proof for a role of Nav1.7 in hyperexcitability of sensory neu-
rons from IEM subjects was provided by two Nav1.7 blockers. Both of
these compounds have a greater effect on the rheobase of iPSC-SNs
from the IEM subject group compared to the non-IEM donor group,
and both compounds reduced spontaneous activity of iPSC-SNs from
IEM subjects. These data demonstrate using native human Navl.7
channels in human-derived sensory neurons that Nav1.7 mutations as-
sociated with IEM lead to a gain-of-function phenotype.

Of particular interest is subject EM1 (5241T mutation). The iPSC-
SNs from this subject were less excitable than other iPSC-SNs from the
other IEM subjects in the study, yet the effect of the Nav1.7 blockers on
rheobase was equivalent across all IEM iPSC-SNs, confirming the
Navl.7 gain-of-function phenotype. Furthermore, although most
IEM patient-derived neurons were more excitable in response to heat
in accordance with the clinical phenotype, PF-05153462 only blocked
the heat-evoked response in EM2 (I848T mutation)-, EM3 (V400M
mutation)-, and EM5 (F1449V mutation)-derived sensory neurons,
demonstrating that these Nav1.7 mutations contribute to enhanced
temperature sensitivity. In contrast, there was no effect of temperature
on EM1 (S241T mutation). It is possible that the lack of response of
heat-evoked pain in EM1 (S241T mutation) to PF-05089771 in the clin-
ical study was related to the lack of Navl.7 temperature dependence at
the temperatures tested in iPSC-SNs. Age of IEM onset was delayed
(17 years old) in subject EM1 (S241T mutation) compared to the
other IEM subjects. Previously published studies also report that
for the S241T mutation, the age of onset was between 8 and 10 years
old [for four of six affected family members (27)] in comparison to early
onset (from infancy until 6 years old) with mutations V400M, F1449V,
and I848T (17, 21). IEM mutations in patients with delayed onset are
associated with smaller shifts in channel gating and reduced hyper-
excitability compared to mutations associated with onset in early child-
hood (22).

The lower excitability of sensory neurons derived from iPSCs from
subject EM1 carrying the S241T mutation may reflect the delayed onset
of IEM, either due to differences in Nav1.7 biophysics or different pro-
cessing of Nav1.7 during cell maturation relative to the other [IEM mu-
tant Nav1.7 channels. It is not appropriate to draw a clear cause and
effect relationship between the complex individual subject clinical phe-
notype and the phenotype of the cognate iPSC-SNs; nevertheless, it is
interesting to note that subject EM1 (S241T mutation) had the mildest
clinical phenotype, and the iPSC-SNs derived from this patient were the
least excitable of the IEM-derived cell lines. In contrast, subject EM2
(I848T mutation) had a more severe clinical phenotype and their
iPSC-SNs were highly excitable. With this apparent translation of phe-
notype and treatment response from clinical study subject to the cog-
nate iPSC disease model, it will be interesting to further decipher
underlying mechanisms of this variability. It is also interesting to note
the range of excitability within the iPSC-SNs from the four non-IEM
donors. Further studies are required to determine the degree of varia-
tion in excitability of sensory neurons across the normal human popu-
lation and its biological basis.

Our data demonstrate the utility of Nav1.7 blockers for the treatment
of pain caused by IEM and the utility of iPSC-SNis for recapitulation of
sensory nerve fiber dysfunction in vitro. Our results also highlight dif-
ferences in the effect of the clinical compound in cells derived from non-
IEM donors relative to IEM subjects. Thus, iPSC-SNs may further assist
in the understanding of certain pain conditions and potential pharma-
coresponsiveness of individuals to established and new treatments.
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Fig. 6. Clinical study design over-
view and maximum pain scores af-
ter dosing. (A) Each treatment session
consisted of two study periods sepa-
rated by at least a 72-hour washout
period. Subjects received either a
single oral dose of the Nav1.7 channel
blocker PF-05089771 or placebo in a
crossover manner in each study peri-
od. Pain scores were recorded every
15 min up to 10 hours after dosing.
Core body temperature was measured
regularly throughout the study period.
The cooling paradigm (C1 to C4) was
used before evoking pain (EP1 to EP4)
at specific time points during the
study period. Pharmacokinetic (PK)
samples were collected before dosing
and at 0.5, 2, 6, and 24 hours after
dosing. (B) Maximum pain scores re-
corded by subjects using the PI-NRS
after dosing with either the Nav1.7
channel blocker PF-05089771 or pla-
cebo in TS1 and TS2. Individual sub-
ject results for maximum pain scores
included subjects who used non-
pharmacological cooling therapy
to alleviate pain. IEM subject EM1
(S241T mutation) did not show any
notable difference in pain scores
after PF-05089771 treatment com-
pared to placebo between TS1 and
TS2. [EM subject EM2 (I1848T muta-
tion) had a reduction in pain scores
in TS2 after PF-05089771 treatment
compared to placebo at the 4- to
5-hour postdose time point. IEM
subject EM4 (V400M mutation) had
a reduction in pain score at the 4-
to 5-and 8- to 10-hour postdose time
pointin TS1, but no difference in pain
scores between drug and placebo in
TS2. [EM subjects EM3 (V400M muta-
tion) and EM5 (F1449V mutation)
had a reduction in pain scores after
a single dose of PF-05089771 at the
4- to 5-hour time point and the 8- to
10-hour postdose time point in both
TS1 and TS2. (€C) Change from
baseline in maximum pain scores
(PI-NRS) after PF-05089771 treat-
ment versus placebo in individual
IEM subjects. (D) Differences in max-
imum pain scores after dosing with
PF-05089771 including and exclud-
ing IEM subjects who used cooling
as "rescue” therapy.
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There are, however, some limitations to this work. IEM is a rare disease;
as a result, the number of eligible subjects in the clinical study was small,
representing four different mutations. Because the study involved a
single dose of compound, it was not possible to generate dose-response
information. The free plasma concentrations of PF-05089771 in the
clinical study reached magnitudes that would have been expected to ful-
ly inhibit Nav1.7 activity. Given the selectivity profile of the compound,
there may also have been limited activity at other peripherally expressed
sodium channels, such as Nav1.6. Prior to use in clinical practice, these
results may need to be extended to additional IEM subjects, particularly
those with SCN9A gain-of-function mutations that have not been char-
acterized in the current study. Future studies may also look to extend
these results to other SCN9A-associated pain conditions such as parox-
ysmal extreme pain disorder and idiopathic small fiber neuropathy. In
addition, it may be possible to extend these results to more general
chronic pain conditions in which SCN9A mutations associated with a
gain of function of the Nav1.7 channel may contribute to the pain in
subgroups of subjects.

In summary, this study demonstrates the utility of iPSC technology
to bridge the gap between clinical and preclinical studies, enabling an
understanding of both the disease and the response to a therapeutic agent.

MATERIALS AND METHODS

Study design

The clinical study was a two-part, randomized, double-blind, third-
party open, placebo-controlled exploratory crossover study conducted
at a single study site. Eligible subjects were adult males or females
with clinically and genetically characterized IEM. Subjects were random-
ized to receive a single oral dose of either PF-05089771 or placebo in a
1:1 ratio during each study period. PF-05089771 and placebo doses
were closely matched to maintain the blindedness of the study. All
subjects provided informed consent in accordance with ethical princi-
ples originating or derived from the Declaration of Helsinki 2008
before undergoing study-related procedures. This study was reviewed
and approved by an Independent Ethics Review Board. Because of the
rarity of IEM, sample sizing for the study was originally based on en-
rollment of up to 14 subjects. The study was powered such that there
was an 80% chance of meeting the decision criteria if the true dif-
ference in average 0- to 4-hour pain scores was 1.4. The decision cri-
terion was a Bayesian probability of at least 0.75 of the true difference
greater than 0.6.

Clinical study
Subjects were excluded from the clinical study if they had other clini-
cally significant illnesses or were unable to wash out of and refrain
from using concomitant pain medications during the study such as
carbamazepine, lamotrigine, oxcarbazepine, mexiletine and amitripty-
line, capsaicin patches and local anesthetic patches, and oral/injectable
corticosteroids. All subjects washed out of their concomitant pain
medications before taking part in the study. To manage pain due
to their IEM during the study, subjects were permitted to use non-
pharmacological therapy such as cooling the extremities or acetamin-
ophen (up to a maximum of 3000 mg/day).

The five subjects enrolled in this study had participated in a previous
nondrug clinical phenotyping study in which the triggers for pain
attacks and the duration, intensity, and frequency of pain attacks and

ongoing pain between attacks (if any) were recorded by subjects in a
pain diary on a daily basis over a 3-month period. Pain attacks occurred
primarily in the feet and hands, and the principal triggers for evoking
pain attacks were warmth or heat, exercise, and environmental factors
(usually hot and/or humid weather) (4).

The primary objective of the drug study was to evaluate the overall
pain intensity over 4 hours after a single 1600-mg oral dose of PF-
05089771 against placebo in subjects experiencing either experimentally
evoked (heat stimulation) pain or spontaneous pain due to IEM. The
secondary objectives of the study were to evaluate the overall duration,
maximum pain intensity, and duration of pain intensity (evoked or spon-
taneous pain) in subjects at 4 to 5, 8 to 9, and 24 to 25 hours after dosing,
Use of and time to use of pharmacological therapy such as acetamino-
phen or nonpharmacological therapy such as cooling the extremities to
relieve IEM pain during the study (“rescue therapy”) were also recorded.

Part A, the first part of the study, was conducted over 1 to 2 days as
an in-clinic stay to establish clinical reproducibility and reliability of
evoking pain in each subject before entering part B, an extended in-
clinic stay in which a single oral dose of study drug or matched placebo
was administered. Subjects were randomized into part B of the study
provided that they satisfied all subject selection criteria and had a
self-reported spontaneous or evoked pain score of >5 on the PI-NRS
(where 0 indicates no pain and 10 indicates worst pain possible)
before dosing. Treatment session 1 (TS1) and TS2 could be run consec-
utively, with a minimum 72-hour washout period between the last study
treatment in TS1 and the first study treatment in TS2, and a maximum
period of up to 6 months between TS1 and TS2 to facilitate enrollment.

The Medi-Therm III MTA 7900 (Stryker) device was used as a heat-
ing device to evoke pain, as a cooling device for the cooling paradigm
part of the study, and as means to deliver nonpharmacological cooling
of the extremities as rescue therapy. The Medi-Therm device supplied
cold or warm water at operator-determined temperatures through the
use of water-circulating thermo-regulated blankets applied to the feet
and/or hands or body wraps, which were applied to the trunk. The
hands and feet, including toes, were completely enclosed in the thermal
blankets, which were applied in a consistent manner to each subject.
Subjects rated their baseline pain score using the PI-NRS. If the subject
reported any ongoing pain, attempts were made to reduce the subject’s
pain score to <3 on the PI-NRS using a cooling paradigm. Thermal
blankets were applied to the subject’s extremities (feet and/or hands),
and the Medi-Therm blankets cooled to 20°C (cooling paradigm) for
at least 5 min (maximum of 60 min) until the subject’s pain score
was <3 on the NRS. After cooling, the thermal blankets were heated
to 33°C, the starting temperature for all subjects, and the temperature
was increased incrementally in 1° to 2°C steps at 10- to 15-min intervals
to the device maximum of 42°C. This temperature was used for a max-
imum duration of 30 min, until a pain attack with a PI-NRS score of >5
was induced. This methodology was repeated at least one to two times
in part A of the study to establish individual, standardized time and
temperature parameters for evoking pain in each subject for part B,
the drug phase of the study. Subjects recorded pain scores every 15 min
for up to 4 hours after a pain attack was evoked.

Part B of the study had two treatment sessions (TS1 and TS2) with
each treatment session consisting of two study periods (Fig. 6A).
Subjects received a single dose of either PF-05089771 or placebo in each
study period. Treatment sessions could be carried out consecutively,
with a minimum washout period of at least 72 hours between study treat-
ments, or separated by up to 6 months. In part B, subjects’ extremities
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were cooled (C1 to C4; Fig. 6A) to reduce pain score to <3 on the NRS,
followed by heat stimulation to evoke a pain attack (EP1 to EP4). Once
the subject reported a pain score of >5 on the PI-NRS, as a result of the
Medi-Therm device heat stimulus, they were randomized to one of two
double-blind treatment sequences [PF-05089771/placebo or placebo
/PF-05089771, each given as a single oral dose during each of the treat-
ment sessions (TS1 and TS2)]. To maintain blinding, PF-05089771 and
placebo oral doses were matched in appearance and volume. Postdose
pain attacks were evoked, using individual standardized parameters
established in part A with the Medi-Therm device, at 4 to 5, 8 to 9,
and 24 to 25 hours after dosing. Subjects were asked to refrain from
taking acetaminophen or nonpharmacological treatments (for example,
Medi-Therm cooling function, ice buckets, cold water, and cool air fans)
to manage pain until at least 90 min after dosing. If acetaminophen or
cold therapy were requested by the subject to manage pain, the time,
dose (where applicable), duration, and frequency of use were recorded.
Pain scores were recorded every 5 min for the first hour after dosing and
then every 15 min until 10 hours after dosing. Blood samples were
collected for pharmacokinetic and safety laboratory evaluations at pre-
specified time points after dosing. Blood and urine samples for labora-
tory assessments (hematology, serum chemistry, and urinalysis) were
collected 2 days before dosing, at 2 to 4 hours before dosing, and at
24 hours after dosing in each study period. Vital signs were checked
2 days before dosing, at 2 to 4 hours before dosing, and at 6 and 24 hours
after dosing. Electrocardiograms were performed 2 days before dosing,
at 2 to 4 hours before dosing, and at 8 and 24 hours after dosing. Ad-
verse events were recorded at the time of occurrence from screening
until follow-up (28 days after the last dose of study drug).

Collection of blood for generation of iPSCs

Four of five subjects (EM1, EM2, EM3, and EMS5) consented to an op-
tional procedure to donate blood for generation of iPSCs. About 60 ml
of blood was collected per subject and aliquoted into six 8-ml Ficoll CPT
tubes with sodium heparin (Becton Dickinson). The samples were cen-
trifuged at room temperature, and mononuclear cells (lymphocytes and
neutrophils) were harvested and further centrifuged. The centrifuged
cells were aspirated and counted using a hemocytometer. Trypan blue
was used to identify nonviable cells. Viable cells were resuspended in
freezing solution (human AB serum plus 10% dimethyl sulfoxide) to
give a final cell density of not more than 50 million cells/ml. Samples were
frozen at —80°C.

Clinical statistical methods

The primary end point, the average heat-evoked pain score from 0
to 4 hours after dosing was analyzed using a linear mixed model with
terms for baseline, treatment period time after dosing, baseline by time
after dosing interaction, treatment by time after dosing interaction,
and period by time after dosing interaction. Subject was included as
a random effect in this model. The secondary end points of maximum
pain score following pain provocation at 4, 8, 10, and 24 hours after
dosing were analyzed using a linear fixed effects model with additive
terms for subject, period, and treatment. The results are summarized as
estimates of treatment effects (PF-05089771 minus placebo) together
with 90% confidence intervals. Maximum pain scores obtained after
pain provocation following previous use of rescue therapy were in-
cluded in the analyses because the rescue medication was nonphar-
macological cooling, which was also used in the study design to cool
subjects if necessary before pain provocation.

Generation and maintenance of iPSCs derived from

IEM subjects

Blood samples from non-IEM donors were obtained from the National
Health Service Blood and Transplant (NHSBT). Samples from IEM
clinical trial subjects were obtained after informed consent.

Peripheral blood mononuclear cells were purified using the standard
Ficoll-Paque procedure. Cells were expanded into erythroid progenitor
cells and transduced with Sendai virus expressing Yamanaka factors
OKSM (Life Technologies). iPSC colonies were further expanded to
virus-free clonal lines that were cultured and maintained on Matrigel
(BD) in TeSR1 (STEMCELL Technologies) and passaged every 6 to
7 days using dispase (Life Technologies).

Genomic DNA isolation, Sanger sequencing, and array CGH
Genomic DNA of IEM subject material and iPSC clones was extracted
using Qiagen RNA/DNA isolation kit. Segments containing respective
mutations were PCR amplified and sequenced for mutation analysis.
Primer sequences [IDT (Integrated DNA Technologies)] used were
as follows: S241T forward, 5-CATGACTTTCTAGGAAAGCTTGTGT-
3’; S241T reverse, 5'-GTCCAATTAGTGCAAACACACTCA-3;
I848T forward, 5'-ATCATTCAGACTGCTCCGAGTCTT-3'; 1848T
reverse, 5'-TTGCAGACACATTCTTTGTAGCTC-3'; S449N for-
ward, 5-GGGTTTCCTAGGATTTGGAAATGAC-3'; S449N re-
verse, 5'-CTGATGCTGTCCTCTGATTCTGAT-3'; V400M forward,
5-ATTTCCATTTTTCCCTAGACGCTG-3'; V400M reverse, 5'-
TACCTCAGCTTCTTCTTGCTCTTT-3'; F1449V forward, 5'-
TTATAGGTAGACAAGCAGCCCAAA-3'; F1449V reverse, 5'-CCTA-
AATCATAAGTTAGCCAGAACC-3'. Array CGH analysis was
performed with genomic DNA of iPSC clones and corresponding
subject material using CytoSure ISCA v2 4 x 180k microarrays and
analyzed using CytoSure software (Oxford Gene Technology).

RNA isolation, complementary DNA synthesis, and qPCR
Total RNA of cells was isolated using the RNeasy Mini Kit (Qiagen)
and reverse-transcribed using SuperScript III complementary DNA
synthesis kit (Life Technologies) according to the manufacturer’s
protocol. gPCR was performed using the TagMan Gene Expres-
sion system (Applied Biosystems). The TagMan probes (Life Tech-
nologies) used were SCN1A, Hs00374696_m1; SCN2A, Hs00221379_m];
SCN3A, Hs00366902_m1; SCN4A, Hs01109480_m1; SCNSA,
Hs00274075_m1; SCN9A, Hs0161567_m1; SCN10A, Hs01045149_ml;
SCN11A, Hs00204222_#ml; GAPDH, Hs02758991_#gl; and HPRT,
Hs02800695_m1.

Immunocytochemistry

iPSC clones or sensory neurons were fixed in 4% paraformaldehyde for
20 min at room temperature, permeabilized in 0.3% Triton X-100 in
phosphate-buffered saline (PBS), and blocked with 5% donkey serum/
PBS-0.1% Triton X-100 (PBS-T). iPSC clonal lines were stained with
primary antibodies anti-Oct4 (sc-8628, Santa Cruz Biotechnology)
and anti-Nanog (ab62734, Abcam) overnight. Sensory-like neurons
were stained with anti-peripherin, anti-Brn3a, and anti-Isletl (sc-
7604, Santa Cruz Biotechnology; ab5945 and ab86501, Abcam)
overnight. Cells were incubated with Alexa fluorophore secondary anti-
bodies (Life Technologies) in PBS-T for 1 hour with intermediate
washes. Nuclei were stained with Hoechst (Life Technologies). Images
were acquired on the Zeiss Observer ZI with AxioVision software
(Zeiss) or ImageXpress platform (Molecular Devices).
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Differentiation of iPSCs into sensory neurons

Differentiation into sensory neurons was performed as described
previously (13, 14). Differentiated neurons were maintained for
8 weeks in neural growth factor medium containing Dulbecco’s
modified Eagle’s medium/F12 (1:1) supplemented with 10% fetal bo-
vine serum (Life Technologies) and nerve growth factor (10 ng/ml),
brain-derived neurotrophic factor (BDNF), glial cell line-derived
neurotrophic factor (GDNEF), neurotrophin-3 (NT-3) (PeproTech),
and ascorbic acid (Sigma-Aldrich). Medium was changed twice
weekly.

Electrophysiology

iPSC-SNs (typically 8 weeks after growth factor addition) were
dissociated and replated as described by Chambers et al. (13). Patch-
clamp experiments were performed in whole-cell configuration using
a patch-clamp amplifier (200B) for voltage clamp and MultiClamp
(700A or 700B) for current clamp controlled by pPCLAMP 10 software
(Molecular Devices). Voltage-clamp experiments were performed at
room temperature, whereas current-clamp experiments were per-
formed at 35° or 40°C using a CL-100 in-line solution heating system
(Warner Instruments).

Temperature was calibrated at the outlet of the in-line heater before
each experiment. Patch pipettes had resistances between 1.5 and 2 megohms.
Basic extracellular solution contained 135 mM NaCl, 4.7 mM KCI,
1 mM CaCl,, 1 mM MgCl,, 10 mM Hepes, and 10 mM glucose
(pH was adjusted to 7.4 with NaOH). The intracellular (pipette) solu-
tion for voltage clamp contained 100 mM CsF, 45 mM CsCl, 10 mM
NaCl, 1 mM MgCl,, 10 mM Hepes, and 5 mM EGTA (pH was adjusted
to 7.3 with CsOH). For current-clamp experiments, the intracellular (pi-
pette) solution contained 130 mM KCl, 1 mM MgCl,, 5 mM MgATP,
10 mM Hepes, and 5 mM EGTA (pH was adjusted to 7.3 with KOH).
The osmolarity of solutions was adjusted to 320 mosmol/liter for extra-
cellular solution and 300 mosmol/liter for intracellular solutions. All
chemicals were purchased from Sigma-Aldrich. Currents were sampled
at 20 kHz and filtered at 5 kHz. In voltage-clamp recordings, between 80
and 90% of the series resistance was compensated to reduce voltage er-
rors. The voltage protocol used to assess the effect of the compounds on
voltage-gated sodium channels consisted of a step to =70 mV for 5 s
from a holding potential of —110 mV, followed by a recovery step to
—110 mV for 100 ms, followed by a test pulse to 0 mV lasting 20 ms.
Intersweep intervals were 15 s. Current threshold (or rheobase) was
measured in current-clamp mode by injecting 30-ms duration current
steps of regularly increasing amplitude until a single action potential
was evoked. The increasing current steps were in cycled sweeps to track
the changes of current threshold (rheobase) while temperature was var-
ied or compounds were applied to the cells. Intersweep intervals were 2 s.
Two to three subclones were generated for each of the four IEM do-
nors and four healthy donors. Excitability data were pooled from
all subclones of four IEM donors (individual subclones data can be
seen in fig. S3D), whereas one subclone of each healthy donor was
investigated.

Excitability was measured at resting membrane potential for each
cell. The effect of compounds and temperature on rheobase was
measured at a fixed membrane potential of -70 mV to avoid membrane
potential change-induced error. Current-clamp data were analyzed
using Spike2 software (Cambridge Electronic Design), Prism 6.0
(GraphPad software), and Origin 9.1 software (OriginLab). Wherever
possible, the raw or derived data are presented.

Statistical analysis

Preclinical data. Nonparametric ANOV A was used to compare cur-
rent densities, total sodium current, and rheobase between the IEM and
non-IEM groups of clones. Spontaneous action potential firing was ana-
lyzed using a linear logistic model to compare the IEM and non-IEM
groups. Resting membrane potential and rheobase of the action
potential were analyzed using ANOVA to compare between groups.
Pearson’s correlation coefficients were calculated to summarize the re-
lationships between change in temperature sensitivity and effect on
rheobase. The associated regression coefficients were tested to see if they
differed significantly from zero. All significance tests were one-sided
and used a 5% significance level. No adjustments were made to this sig-
nificance level. Distributional assumptions were checked graphically,
and when violated, nonparametric tests were used. All statistical analy-
ses were carried out using SAS 9.4 (SAS Institute Inc.).

Clinical data. The primary end point, the average heat-evoked pain
score from 0 to 4 hours after dosing, was analyzed using a linear mixed
model with terms for baseline, treatment period by time after dosing,
baseline by time after dosing interaction, treatment by time after dosing
interaction, and period by time after dosing interaction. Subject was in-
cluded as a random effect in this model. The secondary end points of
maximum pain score following pain provocation at 4, 8, 10, and 24 hours
after dosing were analyzed using a linear fixed effects model with additive
terms for subject, period, and treatment. The results are summarized as
estimates of treatment effects (PF-05089771 minus placebo) together
with 90% confidence intervals. Unadjusted exact P values were given
for maximum pain results, whereas a one-sided 10% significance level
was used to test for a difference in the average pain from 0 to 4 hours after
dosing. Distributional assumptions for the analyses were checked graph-
ically. Maximum pain scores obtained after pain provocation following
previous use of rescue therapy were included in the analyses because the
rescue medication was nonpharmacological cooling, which was also used
in the study design to cool subjects if necessary before pain provocation.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/8/335/335ra56/DC1

Fig. S1. Molecular karyotype of IEM and non-IEM iPSCs and Nav channel subtype mRNA expression
in iPSC-SNs.

Fig. S2. Molecular structure and selectivity profiles of Nav1.7 channel blockers.

Fig. S3. Electrophysiological properties of [EM and non-IEM iPSC sensory neurons.

Fig. S4. Effect of PF-05153462 on heat sensitivity of non-IEM control D3 and D4 iPSC sensory
neurons.

Fig. S5. Pharmacokinetic profile of PF-05089771 over time after single oral dose administration
to subjects with [EM.

Table S1. Common adverse event profile for all five subjects with IEM.
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Editor's Summary

A gain in pain control

Subtype-specific blockade of sodium channel Nav1.7, which isimportant for firing of periphera
pain-signaling neurons, is amajor focus of pain research. In anew study, Cao et al. created
iPSC-derived sensory neurons from patients with inherited erythromelalgia (IEM), a painful disorder in
which gain-of-function Nav1.7 mutations produce hyperexcitability and hyperresponsiveness to warmth
in peripheral sensory neurons. The investigators show that a new selective Nav1.7 sodium channel
blocker normalized the phenotype of iPSC-derived sensory neurons carrying IEM mutations and
blocked pain perception in human subjects with IEM. These results provide proof of principle that
selective Nav1.7 blockade may be useful in pain alleviation.
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Opinion

Understanding Atomic Interactions to Achieve Well-being

Juan M. Pascual, MD, PhD

Voltage-gated sodium channels are among the most active and
ubiquitous molecular machines found in animals. Residing in
the cell membranes of excitable and other cells, they derive

energy for their opening and
closing from changes in mem-
Author Audio Interview at brane potential. In some cells,
jamaneurology.com particularly those in sensory
& information-encoding struc-
tures of the central and pe-
ripheral nervous systems,
these changes take place repetitively every few milliseconds,
making the channel gates some of the most conformationally
versatile structures of nature. The ion channel-lining do-
main, also called the a subunit, is particularly prone to muta-
tions that alter channel production and targeting, ion conduc-
tion, or gate action. Particularly interesting are mutations that
render ion channel gates more or less prone to opening. These
mutations are a significant cause of abnormal pain sensation
in man, a largely unmet medical need and a fascinating bio-
physical phenomenon. Channels are inherently capable of op-
ening and closing, allowing or blocking sodium ions from trav-
eling through the pore. In fact, they can do so spontaneously,
traversing a variety of different conformational states over time.
Some states are energetically more favored than others; how-
ever, such that little or no significant opening is detectable at
rest (wWhen cells are hyperpolarized). What membrane poten-
tial does, in the case of sodium channels, is favor some of these
states, resulting in the net dwelling of the ion channel in open
or closed conformation.

The channel structures involved in voltage-dependent op-
ening and closing have been the subject of much research since
the first sodium channel was cloned in 1984.! At the time, so
little was known about how such structures may regulate gat-
ing that what would be later known as the voltage-sensing
structure of the channel protein was drawn outside of the cell
membrane, thus paradoxically preventing the voltage sensor
from interacting with the membrane potential. Today, we know
that, while voltage-depending opening of channels is initi-
ated by the movement of conspicuous charges embedded in
the channel protein, many other permissive interactions
change elsewhere in the channel protein. It is these other-
wise unsuspected interactions that are coming to the fore-
front of ion channel biophysics and of neurology.

Such an interaction is exemplified by the pair of residues
S241and V400. Located in disparate areas of the linear chan-
nel protein, S241 and V400 are part of a-helices that interact
to stabilize the closed conformation of the channel Na,1.7.2 In
fact, the S241 residue is located only within 2.8 A of the V400
locus in the mature, folded protein. Nevertheless, the asso-

Related article

jamaneurology.com

ciation between the residues (a hydrophilic serine and a hy-
drophobic valine) cannot be deduced a priori from any fea-
tures of the channel protein and only becomes clear via a
combination of site-directed mutagenesis and computa-
tional modeling of the observed effect on the channel pro-
tein. This interaction becomes more relevant because muta-
tionsin Na, 1.7 (one of which involves S241in particular) cause
several debilitating, treatment-refractory pain disorders such
as congenital indifference to pain, paroxysmal extreme pain
disorder, and inherited erythromelalgia.>

In erythromelalgia, the main site of pathology is the dor-
sal root ganglion cell, which harbors hyperactive voltage-
gated sodium channels of the Na, 1.7 type. Such gain of func-
tion (if the function of the sodium channel is to depolarize the
cell, making it more excitable) leads to an infrequent but dis-
abling disorder consisting of frequent episodes of severe pain
triggered by a variety of stimuli. Patients resort to cooling their
painful limbs in ice water, with resulting damage. S241T leads
to such a syndrome. By subtly disrupting the S241-V400 in-
teraction, the channel opens more often, leading to excess de-
polarizing sodium influx in the dorsal root ganglion cells and
consequent activation of neural relay structures including the
cerebral cortex. This is the correlate of what the individual per-
ceives as pain in this syndrome.

In this issue of JAMA Neurology, Geha et al* cleverly
exploit the susceptibility of the V400 locus to carbamazepine,
a sodium-channel stabilizer, when mutated into V400OM. The
drug leads to stabilization of the V400M channel, reversing
the pathological gain of function. Because V400 and S241
interact at the level of their side chains (this is how a-helices
generally interact with one another), the authors reasoned
that if carbamazepine stabilizes V400M, it should also stabi-
lize its interacting partner S241T. To test this, 2 patients with
the S241T mutation were recruited. Because pain is invisible
to persons and technology, a variety of lines of evidence were
pursued to demonstrate therapeutic efficacy. This started,
foremost, with a controlled assessment of the sensation of
pain by the 2 patients. A subjective measurement of pain used
both a diary and a potentiometer, which reported the degree
of pain experienced on controlled triggering. Then, the
patients received blood oxygen level-dependent functional
magnetic resonance imaging to ascertain that pain-related
brain areas were indeed activated while experiencing pain
and that this pattern changed while carbamazepine exerted
its therapeutic effect. Last, to complement these powerful
observations, recordings from dorsal root ganglion cells
expressing the mutant sodium channels subjected to carba-
mazepine action documented a favorably restored excitability
profile.

JAMA Neurology Published online April 18,2016
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This study* provides an intelligent practical demonstra-
tion of the growing value of molecular neurological reason-
ing. For the sake of rendering the problem treatable, the first
step was reducing the patients’ syndrome to an abnormal mo-
lecular mechanism, one that the group first suggested only in
2009.° Next came a search for a drug that could alter such a
mechanism. By knowing the effect of the drug on the mol-
ecule, the authors were able to predict that a pathological gain
of function would be effectively palliated without any obvi-
ous collateral consequences. Understanding the site where the
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