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Abstract

Pain is a prominent and debilitating symptom in myotonic disorders, including myotonia congenita and
myotonic dystrophy type 1 (DM1). Although patients frequently report chronic pain, its underlying
mechanisms remain poorly defined. In both disorders, impaired chloride conductance through voltage-
gated CLC-1 chloride channels in skeletal muscle disrupts membrane repolarization, leading to delayed
relaxation and persistent muscle hyperexcitability. Here, we investigated the pathophysiology of pain in
mouse models of acute and chronic myotonia. In the acute model, a single intraperitoneal injection of
anthracene-9-carboxylic acid (9-AC, 30 mg/kg), a selective CIC-1 antagonist, induced transient muscle
stiffness, cramping, and gait abnormalities, followed by prolonged pain-like behavior, including static and
dynamic mechanical allodynia, thermal hyperalgesia, and cold hypersensitivity for up to 48 hours. Whole-
cell patch-clamp recordings from dorsal root ganglion neurons demonstrated increased action potential
firing in small diameter sensory neurons, consistent with enhanced peripheral excitability of putative
nociceptors. Compound action potentials from isolated sciatic nerves revealed that 9-AC impaired A-fiber
recruitment and stimulus-response gain without affecting conduction velocity, suggesting a reduction in
non-nociceptive fiber input that may disinhibit central nociceptive processing. To assess central
mechanisms of sensitization, we performed in vivo fiber photometry of the parabrachial nucleus (PBN), a
key supraspinal hub for pain signaling. Mice treated with 9-AC exhibited exaggerated PBN responses to
normally innocuous mechanical and cold stimuli, indicative of enhanced central nociceptive transmission.
Having established that acute myotonia can evoke both peripheral and central sensitization, we next
examined whether chronic myotonic activity in a disease-relevant genetic model produces similar
pathophysiological changes. To model chronic myotonia, we evaluated HSA LR20b mice, a transgenic
model of DM1 carrying a skeletal muscle-specific CTG repeat expansion. These mice displayed persistent
mechanical and thermal hypersensitivity, along with elevated dorsal root ganglia neuron excitability,
supporting sustained peripheral sensitization in a genetic model of myotonic disease. Together, these
findings establish robust preclinical models of myotonic pain and demonstrate that myotonia drives a
prolonged nociplastic pain state through combined peripheral and central mechanisms. These results
provide a foundation for future studies aimed at identifying and validating therapeutic targets for pain
associated with myotonic disorders.
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Introduction

Myotonic disorders are inherited neuromuscular conditions characterized by delayed muscle relaxation
following voluntary contraction'-2. This defining feature, known as myotonia, arises from increased skeletal
muscle excitability and is most commonly caused by mutations in CLCN1 and SCN4A, which encode the
skeletal muscle chloride channel CLC-1 and the voltage-gated sodium channel Nav1.4, respectively+.
Clinically, myotonia may manifest as overt muscle stiffness or as more subtle impairments in muscle
relaxation detectable only through electromyography (EMG)*®%. These symptoms frequently interfere with

motor function, elevate fall risk, and substantially reduce quality of life”®.

CLC-1 plays a central role in stabilizing skeletal muscle excitability by facilitating chloride ion conductance
across the sarcolemma®. Loss-of-function mutations in CLCN7 impair chloride conductance, resulting in
sustained depolarization and delayed repolarization of muscle fibers''. This pathomechanism underlies
both autosomal dominant (Thomsen’s disease) and autosomal recessive (Becker's disease) forms of
myotonia congenita'?'5. A similar mechanism contributes to myotonia in myotonic dystrophy type 1 (DM1),
where mis-splicing of CLCN71 mRNA leads to reduced CLC-1 expression and subsequent muscle

hyperexcitability6-'8.

To investigate myotonia in experimental conditions, researchers have long employed monocarboxylic
aromatic acids, which reliably induce muscle stiffness and characteristic EMG abnormalities in mammalian
and amphibious skeletal muscle'®?’. Among these compounds, anthracene-9-carboxylic acid (9-AC) is one
of the most widely used and well-characterized agents. By selectively blocking CLC-1 channels?"28-30 9-
AC rapidly induces myotonic symptoms across multiple species, including rodent®'-3*, rabbit®, goat?’,
canine®, porcine®, and human skeletal muscle®”®. In rodents, systemic administration of 9-AC produces
robust, transient muscle hyperexcitability and has become a standard pharmacological tool for evaluating

candidate anti-myotonic therapies in vivo3®!:32:3%-41,

Although the electrophysiological basis of myotonia has been extensively studied, its contribution to the
pathophysiology of pain remains poorly understood. Historically, myotonic disorders have been
conceptualized as skeletal muscle channelopathies, yet pain has long been described as a prominent and
distressing symptom. Early accounts from the late 19th century document severe, recurring muscle pain in
affected individuals. In an 1886 article published in Brain, Dr. White described a patient whose “cramps
caused great pain, and came on several times a day, and lasted a long while*2.” Dana (1888) reported that
patients “complain bitterly at times of aching pains in the legs*},” while Deligny (1885) observed muscle
contractions “always accompanied with such violent pain that the patient would roll on the earth in his
agony*445” These descriptions illustrate that pain has historically been recognized as a consistent and
debilitating feature of the myotonic phenotype. Contemporary studies reinforce these observations*647.

Patients with myotonia congenita®#85!, myotonic dystrophies (DM1 and DM2)5%%°, and SCN4A-related
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myotonic disorders*6:6%-¢5 frequently report high-impact, treatment-resistant muscle pain that substantially
limits daily functioning and is often the primary motivation for seeking medical care’:#6:47:54.55.66-69 However,
despite its prevalence and clinical relevance, the mechanistic basis of pain in myotonic disorders remains

completely unknown, and no targeted analgesic treatments currently exist.

Given this gap in knowledge and the historical and clinical evidence of pain in myotonic disorders, we
hypothesized that muscle membrane hyperexcitability may itself be sufficient to trigger persistent pain-like
states. To test this, we employed both pharmacological (9-AC) and genetic (DM1) models of myotonia to
evaluate whether muscle hyperexcitability alone is sufficient to drive pain. We show that a single episode
of 9-AC-induced myotonia evokes prolonged mechanical, thermal, and cold hypersensitivity, alongside
increased excitability of peripheral sensory neurons and amplified central nociceptive signaling. These
findings establish a mechanistic link between myotonia and pain, suggesting that muscle hyperexcitability

is not only a hallmark of motor dysfunction, but also a direct driver of nociplastic pain.
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Methods

Animals

Adult C57BI/6J (Jackson Laboratory, # 000664), FVB/NJ (Jackson Laboratory, # 001800) and (FVB/N-
Tg(HSA*LR)20bCath/J (Jackson Laboratory #032031) male and female mice were group housed, provided
access to food and water ad libitum, and maintained on a 12:12 hour light:dark cycle in temperature and
humidity-controlled rooms. Equal numbers of male and female mice were used in all experiments. Although
we were not powered to detect significant sex differences, no major/obvious trends in sex differences were
observed and means from both sexes were pooled. All procedures were consistent with the guidelines for
the treatment of animals of the International Association for the Study of Pain and were approved by the

University of Florida’s and the University of Pittsburgh’s Institutional Animal Care and Use Committee.

Drug Administration

Anthracene-9-carboxylic acid, 99% purity (Thermo Scientific, Cat# 104880100), was diluted in a solution
containing 50% dimethyl sulfoxide and 50% sterile 0.9% sodium chloride, while the vehicle comprised the
same constituents. The drug was freshly prepared each day just before administration due to its tendency
to precipitate out of solution rapidly. Mice were briefly scruffed and received a single intraperitoneal (i.p.)

injection using a 30-gauge needle.

Electrophysiological recordings in sensory neurons

Whole-cell patch-clamp recordings were performed in dissociated dorsal root ganglion (DRG) neurons,
following protocols previously established by our group”™”!. Lumbar DRGs were harvested from adult male
and female mice (9 weeks to 3 months old). For 9-AC recordings, DRG isolation occurred either 6 hours
(for recordings at 24 hours post-9-AC injection) or 24 hours (for recordings at 48 hours post-injection) after
administration of 9-AC (30 mg/kg, i.p.). DRG tissues were enzymatically dissociated at 37°C for 50 minutes
in Dulbecco’s Modified Eagle Medium (DMEM) containing collagenase type | (1.66 mg/mL, Cat# LS004194;
Worthington) and neutral protease (1.04 mg/mL, Cat# LS02104; Worthington). Following centrifugation
(800 rpm, 5 minutes), dissociated neurons were plated onto 12-mm poly-D-lysine-coated coverslips (0.1
mg/mL, Cat# P6407; Millipore Sigma) and maintained in culture medium supplemented with 10% fetal
bovine serum (HyClone) and 1% penicillin/streptomycin (Cat# 15140; Life Technologies).
Electrophysiological recordings were conducted 15-24 hours after plating using the whole-cell configuration
of the patch-clamp technique in current-clamp mode. Recordings were performed at room temperature (20-
22°C) using an EPC 10 amplifier (HEKA Elektronik, Germany) and acquired with PatchMaster. The data
analysis was done with FitMaster and Easy Electrophysiology softwares. Borosilicate glass pipettes
(resistance ~2-3.5 MQ) were filled with internal solution (see below) and giga-ohm seals were formed with
DRG neurons. Borosilicate glass pipettes (resistance ~2-3.5 MQ) were filled with internal solution (see
below) and giga-ohm seals were formed with DRG neurons. After achieving the whole-cell configuration

under voltage clamp, recordings were switched to current-clamp mode to assess neuronal excitability.


https://doi.org/10.1101/2024.06.19.599732
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599732; this version posted June 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Neurons were categorized as small (<15 pF and diameter under 23 um) or large (>40 pF and diameter ~37
um) based on measured whole-cell capacitance and approximate size. In small-diameter neurons
(capacitance <15 pF), action potentials (APs) were elicited with a depolarizing ramp protocol (0-150 or 0O-
250 pA over 1 second for DM1 mice or 9-AC treatment, respectively), and rheobase was calculated as the
minimal current required to evoke an AP. In contrast, large-diameter neurons (average capacitance ~45
pF) were not amenable to ramp protocols due to intrinsic membrane properties. Specifically, their larger
capacitance and differential channel expression reduce the rate of membrane depolarization during ramps,
leading to depolarization-induced inactivation and failure to generate APs. Therefore, in large neurons,
rheobase was determined using step current injections starting at O pA and increasing in 100 pA increments

(1-second duration per step).

Table 1: Solutions for Electrophysiological Recordings

External solution for small and large DRG | 130 NaCl, 3 KCl, 2.5 CaCl,, 0.6 MgCl,, 10 HEPES,
neurons (in mM) 10 Glucose (pH adjusted to 7.4)

Internal solution for small DRG neurons (in mM) | 120 K-gluconate, 10 NaCl, 4 Mg-ATP, 10 HEPES, 5
EGTA, 2 MgCl, (pH adjusted to 7.2)

Internal solution for large DRG neurons (in mM) | 110 K-methanesulfonate, 30 KCI, 5 NaCl, 1 CaCl,, 2
MgCl,, 2 Mg-ATP, 1 Li-GTP, 10 HEPES, 11 EGTA
(pH adjusted to 7.2)

Compound Action Potentials

For compound action potential (CAP) recording, sciatic nerves, from the trifurcation to the iliac crest, were
removed bilaterally after mice had been deeply anesthetized with isoflurane and perfused transcardially
with ice cold 0.1 M phosphate buffered saline. Nerves were place in oxygenated Kreb’s solution (136 NaCl,
5.6 KCI, 14.3 NaHCO3, 1.2 NaH2PO4, 2.2 CaCl2, 1.2 MgCI2, and 11 glucose bubbled continuously with
carbogen (02 95%/CO2 5%) to achieve a pH ranging from 7.2 to 7.4.) and stored on ice until recording.
Glass section electrodes were used for both stimulation (at the distal end) and recording (at the proximal
end), where an amplifier (A-M Systems, Inc Sequim WA) was used to deliver square pulse of 0.3 (A-wave)
and 3 ms (C-wave) to the nerve. The CAP recording electrode was connected to a differential preamplifier
(0.1-10 kHz; model DAM-80, WPI), and the recording was sampled at 20 kHz via a Molecular Devices
Digidata (1440a) analog-to-digital converter and acquired and analyzed using pCLAMP version 10 for MS
Windows (Molecular Devices, San Jose CA). After mounting the nerve in the recording chamber, it was

given 30 minutes to settle prior to further study. Recordings were performed at room temperature.

For each nerve, the A-wave, component of the CAP conducting at >6 m/s) was studied first. The threshold

was defined as the current intensity required to evoke a deflection in the voltage trace >3x the baseline
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noise in the voltage trace (taken 10 seconds prior to stimulation). A recruitment curve was then generated
by stimulating the nerve at 1.5, 2, 3, 4, 5, 10, and 20x threshold. A 10 second inter-stimulus interval was
used. The nerve was then stimulated 20 times at 10x threshold intensity at 30 Hz and 100 Hz to assess
activity dependent changes in the waveform. The C-wave was then studied with the same criteria used to
determine the threshold for the activation of fibers conducting at <2 ms. A recruitment curve was then

generated by stimulating the nerve at 1.5, 2, and 3x threshold.

Conduction velocity was estimated based on the length of the nerve divided by latency of the peak of the
rectified A- and C-waves relative to the initiation of the stimulation artifact. The integral (Area under the
curve, AUC) of the rectified waveform evoked in response to each stimulus was used to generate
recruitment curves. The AUC of the waveform evoked with the 20" pulse divided by that of the first pulse
was used to estimate activity dependent changes in the CAP A-wave. Recruitment curves for the A-wave
of the CAP were fitted with a logistic equation, f(x) = (AUCmax*x"slope)/(x"slope+AUC50"slope) that
enabled estimation of the maximal AUC (AUCmax), current intensity associated with the activation of a
CAP 50% of maximal (AUC50), and the slope of the curve at the 50% point.

Fiber Photometry Recordings

As previously described by our group’®’>74, adult male and female wild-type mice received unilateral
stereotaxic injections of 300 nL AAV9-CaMKIlla-GCaMP6s-WPRE-SV40 (Addgene, Watertown, MA) into
the right parabrachial nucleus (PBN) to selectively express the calcium indicator GCaMP6s in glutamatergic
neurons. Stereotaxic coordinates targeting the PBN were anteroposterior (AP) —=5.15 mm, mediolateral (ML)
+1.45 mm, and dorsoventral (DV) —3.45 mm from bregma. Viral infusions were performed using a Nanoject
Il Auto-Nanoliter Injector (Drummond) at a rate of 2 nL/sec, with a post-infusion dwell time of 5 minutes to
minimize reflux. Immediately following viral delivery, a fiber optic cannula (RWD; 1.25 mm ferrule diameter,
200 pym core diameter, 0.37 numerical aperture) was chronically implanted above the injection site and
secured with dental cement (Cat# 10-000-786, Stoelting, Wood Dale, IL). Mice were allowed to recover for
21 days to allow for robust viral expression. Prior to each recording session, animals were acclimated in
acrylic chambers with wire mesh flooring for a minimum of one hour, with the fiber optic patch cord
connected and the experimenter in the room. Real-time calcium signals were acquired using the FP3002
fiber photometry system (Neurophotometrics). The plantar surface of the left hindpaw was sequentially
stimulated with four sensory stimuli: a 0.07 g von Frey filament (1-second application), a 1.0 g von Frey
filament (1-second application), a 10 pL acetone drop, and a blunt pinprick. Each stimulus was presented
three times at 2-minute intervals, and the three trials were averaged to represent each animal’s response.
Calcium signals were analyzed using custom MATLAB scripts. The 470 nm GCaMP6s signal was
normalized to the 405 nm isosbestic control channel to correct for motion artifacts and photobleaching. The
change in fluorescence (AF/F) was calculated by subtracting the baseline signal (10 seconds prior to

stimulus onset) from the peak response following stimulation. Area under the curve (AUC) was computed
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for the 10-second window following each stimulus. Following baseline recordings, mice received a single
intraperitoneal injection of either vehicle or 9-AC (30 mg/kg). Recordings were repeated 24 hours later to
assess changes in PBN activity. A crossover design was employed such that, after a one-month washout,
the same animals received the alternate treatment and underwent a second round of photometry
recordings. Upon completion of the study, animals were deeply anesthetized and transcardially perfused
with ice-cold 1x PBS followed by 10% neutral buffered formalin (Cat# SF98-4, Fisher Scientific, Waltham,
MA). Brains were extracted, post-fixed, cryoprotected, and coronally sectioned at 30 ym thickness using a
cryostat. Sections were stored at 4°C until further processing. To verify GCaMP6s expression and fiber
placement, immunohistochemistry for GFP was performed. Sections were washed three times in PBS,
blocked in 5% normal goat serum (NGS) in PBS with 0.1% Triton X-100 for one hour, and incubated
overnight at room temperature with rabbit anti-GFP (1:1000; Cat# AB3080, Millipore Sigma, St. Louis, MO)
in blocking buffer. After washing, sections were incubated for 1.5 hours in goat anti-rabbit AlexaFluor 488
secondary antibody (Cat# A11008, Invitrogen, Waltham, MA), washed again, mounted on SuperFrost Plus
microscope slides (Cat# 22-037-246, Fisher Scientific), and coverslipped using Vectashield Plus antifade
mounting medium with DAPI (H-2000-10, Vector Laboratories). Images were acquired using a Leica DMi8
inverted widefield fluorescence microscope at 20x magnification. No animals were excluded based on post

hoc verification of viral transfection or fiber placement.

Behavioral Testing

Static Mechanical Sensitivity (von Frey): Testing was performed as previously described’®">7¢. Mice were
habituated to plexiglass chambers (80 x 80 x 110 mm) on a raised wire mesh platform for 60 minutes
immediately prior to behavioral testing. Testing was performed using a calibrated set of logarithmically
increasing von Frey monofilaments (Braintree Scientific Cat# 58011) that range in gram force from 0.007
to 6.0 g. Beginning with a 0.4 g filament, these were applied perpendicular to the lateral hindpaw surface
with sufficient force to cause a slight bending of the filament. A positive response was denoted as a rapid
withdrawal of the paw within 4 seconds of application and was followed by application of the next lower
filament. A negative response was followed by application of the next higher filament. An up-down method
" was used to calculate the 50% withdrawal threshold for each mouse.

Dynamic Mechanical Sensitivity (Brush): Immediately following von Frey testing, dynamic mechanical
sensitivity testing was performed on mice in the same plexiglass chambers on a raised wire mesh platform.
A cotton swab was “puffed-out” to about three times its original size. The left hindpaw was then brushed
using this cotton swab in the heel-to-toe direction. A positive response was noted as a rapid withdrawal of
the paw in response to stimulation. The test was repeated four times, and the frequency of responses was

reported.
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Cool Withdrawal Duration (Acetone): Testing was performed as previously described’®757%. Immediately
following dynamic brush testing, sensitivity to non-noxious cold testing was performed on mice in the same
plexiglass chambers on a raised wire mesh platform. Using a syringe connected to PE-90 tubing, flared at
the tip to a diameter of 3 1/2 mm, we applied a drop of acetone (VWR Cat# BDH1101-1LP) to the plantar
surface of the hind left paw. Surface tension maintained the volume of the drop to ~10 uL. The duration of

time the animal lifted or shook its paw was recorded for 30 seconds. Three observations were averaged.

Time to Righting Reflex (TRR): Mice were gently placed on their backs on a flat surface to initiate the test.
The duration it took for the mouse to return to an upright position, termed the righting reflex, was recorded.
Each trial was repeated three times at each time point, and the average of these observations was
calculated. This reflex serves as an indicator of the mouse's motor coordination and recovery capability. In
healthy mice, the time to right for all animals was less than 0.5 seconds making variability smaller than

could be plotted.

Thermal Withdrawal Threshold (Hot/Cold Plate): We evaluated acute nociceptive responses with a hot plate
as previously described’®7879, Briefly, prior to testing mice acclimated to the testing room for at least 30
minutes to minimize stress-induced behaviors. Following acclimation, mice were gently placed on a 0-55
°C Ugo Basile hot/cold plate (Stoelting Cat:55075). The trial ended when the mouse exhibited a nociceptive
response (such as paw licking or jumping) or after a cutoff time of 30 seconds if no response was observed.
Testing was repeated for 3 trials per mouse per temperature with intervals of at least 10 minutes between
each trial. The latency to respond for each trial was averaged to produce the mean latency for statistical

analysis.

Blinding and Randomization

Rigorous efforts were made to ensure blinding and reduce bias throughout all experiments. For studies
involving 9-AC, experimenters were blinded to treatment condition (vehicle vs. 9-AC) during behavioral
testing, fiber photometry recordings, and electrophysiological assessments. In experiments using the HSA
LR20b transgenic mouse model of DM1, experimenters were blinded to genotype (wild-type vs. DM1) for
both behavioral assays and electrophysiological recordings. Animals were randomly assigned to treatment
or genotype groups, and data collection and analysis were conducted without knowledge of group allocation

until after the completion of experiments.

Statistics, Graphics, and Data Availability

All data are expressed as mean + standard error of the mean (SEM), with individual data points representing
either single animals (for behavioral and fiber photometry studies) or individual neurons (for
electrophysiological experiments). Statistical analyses were performed using GraphPad Prism (v10.2.3).

Comparisons between two groups were conducted using unpaired two-tailed Student’s t test for normally
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distributed data, or Mann-Whitney U test for nonparametric comparisons as appropriate. For time course
data, two-way repeated-measures ANOVA was used, followed by Holm-Sidak’s or Sidak’s multiple
comparisons post hoc tests. One-way ANOVA with Dunnett’s post hoc test was used for fiber photometry
comparisons across multiple stimuli. Area under the curve (AUC) values were calculated using the
trapezoidal rule. p values less than 0.05 were considered statistically significant. No formal power analysis
was conducted. Sample sizes were based on prior experience with similar behavioral and
electrophysiological assays. Group sizes, exact n values, and statistical tests used are detailed in the figure
legends. Figures were generated using Prism, Adobe lllustrator 2022, and Biorender.com and all graphical
illustrations were designed to clearly represent individual data variability alongside group averages. All data
supporting the findings of this study are available from the corresponding author upon reasonable request.
No custom code was generated.
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Results

Anthracene-9-carboxylic acid (9-AC) produces transient myotonia and persistent pain-like behavior in mice.

To model an acute myotonic episode, we administered a single intraperitoneal injection of the CIC-1
antagonist, anthracene-9-carboxylic acid (9-AC; 30 mg/kg®'). As illustrated in Figure 1A, we used the
righting reflex assay to quantify muscle hyperexcitability following drug administration, a validated measure
of myotonia based on delayed recovery from forced supine positioning3'32. Consistent with previous reports
in both mice® and rats®'3*, 9-AC rapidly induced symptoms of muscle stiffness, impaired gait, and delayed
movement initiation. Importantly, no sedation, respiratory suppression, or altered consciousness were
observed. Quantification of the time to righting reflex (TRR) revealed a significant delay in 9-AC-treated
animals compared to vehicle-injected controls, confirming successful induction of transient myotonia
(Figure 1B-C).

To determine whether this transient myotonia was sufficient to produce pain-like behavior, we performed
longitudinal nociceptive testing over a 72-hour period following injection (Figure 2A). Mice treated with 9-
AC developed robust hypersensitivity across multiple sensory modalities. Compared to vehicle controls, 9-
AC-treated mice exhibited reduced mechanical withdrawal thresholds (Figure 2B-C), increased
responsiveness to light brushing (Figure 2D-E), and exaggerated flinching in response to acetone
application (Figure 2F-G), indicating the development of static mechanical allodynia, dynamic mechanical
allodynia, and cold allodynia, respectively. In addition, 9-AC induced thermal hyperalgesia, as measured
by reduced withdrawal latency on the 52 °C hot plate test (Figure 2H-l). These hypersensitivity phenotypes
were evident as early as 6 hours post-injection and persisted for up to 48 hours, even though motor
symptoms fully resolved by approximately 3 hours post-injection (Figure 1B). Together, these findings
demonstrate that a single, transient episode of myotonia is sufficient to initiate a prolonged pain-like

behavior state consistent with a nociplastic pain phenotype.

9-AC increases excitability of small-diameter dorsal root ganglion (DRG) neurons

We next examined the neural mechanisms underlying 9-AC-induced pain-like behavior. Given that pain is
driven by peripheral and/or central sensitization of nociceptive pathways8%8', we hypothesized that transient
myotonia promotes peripheral sensitization through increased excitability of primary afferent or sensory
neurons, whose cell bodies are housed in DRGs. To assess this, we performed whole-cell patch-clamp
recordings from neurons dissociated from lumbar DRGs, 24 hours after 9-AC injection (Figure 3A). DRGs
were harvested 6 hours after injection and maintained in culture until the time of recording. Representative
current-clamp traces revealed increased action potential (AP) firing in small-diameter neurons from 9-AC-
treated mice compared to vehicle controls (Figure 3B). Quantification showed no difference in resting
membrane potential (Figure 3C) or rheobase (Figure 3D), but 9-AC increased the number of evoked APs
(Figure 3E), indicating enhanced excitability.
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To determine whether this increased sensory neuron excitability persisted beyond 24 hours, we performed
a second set of recordings 48 hours after 9-AC injection (Supplemental Figure 1A). At this later time point,
representative traces (Supplemental Figure 1B) and quantification of resting membrane potential
(Supplemental Figure 1C), rheobase (Supplemental Figure 1D), and evoked APs (Supplemental
Figure 1E) showed no significant differences between groups. These electrophysiological findings align
with behavioral results showing resolution of mechanical and thermal hypersensitivity by 48 hours post-
injection, with the exception of persistent cold sensitivity (Figure 2). Together, these results suggest that 9-

AC induces a transient but reversible increase in the excitability of nociceptive DRG neurons.

Although small- and medium-diameter DRG neurons are the primary mediators of nociception, large-
diameter afferents can also contribute to pain signaling under pathological conditions®2%5. We therefore
assessed whether 9-AC affects primary afferents with a large cell body diameter. As shown in
Supplemental Figure 2A, DRGs were dissociated 6 hours post-injection, and large-diameter neurons were
recorded 24 hours later. Representative current-clamp traces showed similar rheobase thresholds between
groups (Supplemental Figure 2B), and quantification revealed no differences in resting membrane
potential or rheobase (Supplemental Figure 2C-D), suggesting that large-diameter afferents are not
sensitized in this model.

9-AC reduces A-fiber component of the compound action potential

To further evaluate changes in peripheral input, we examined compound action potentials (CAPs) from
sciatic nerves ex vivo, 24 hours after 9-AC injection. CAPs provide a measure of axonal recruitment and
excitability in response to electrical stimulation (Figure 4A). Analysis of C-fiber responses revealed no
change in conduction velocity or area under the curve (AUC, Supplemental Figure 3), indicating intact
unmyelinated fiber function. In contrast, A-fiber responses were significantly impaired following 9-AC
treatment. Representative traces showed reduced A-wave amplitudes across a range of stimulation
intensities (Figure 4B) and while conduction velocity (Figure 4C), and activity-dependent suppression of
A-fibers at 30 Hz (2.1 £ 0.7 vs 0.6 £ 2.1%) and 100 Hz (14.3 £ 6.9 vs 3.2 + 3.9%) (vehicle vs 9-AC treated,
respectively) remained unchanged, several recruitment metrics were altered. Specifically, 9-AC reduced
the AUCMax (Figure 4D), shifted the A-wave recruitment curve to the right (Figure 4E), which was
associated with a significant increase in the current required to reach half-maximal activation (Figure 4F),
and produced a trend toward a shallower slope in the stimulus-response function (Figure 4G). These
results indicate that 9-AC reduces the number of functional A-fibers and/or their excitability without

producing overt conduction block.

9-AC enhances sensory-evoked activity in the parabrachial nucleus

Peripheral sensory neurons are the first relay in the nociceptive circuit, but central circuits ultimately

determine pain perception. To identify central contributors to 9-AC-induced hypersensitivity, we next
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investigated the parabrachial nucleus (PBN), a key brainstem structure that integrates spinal nociceptive
input and projects to higher-order brain regions involved in affective and motivational aspects of pain86-28,
We used in vivo fiber photometry to monitor calcium activity in glutamatergic PBN neurons in awake, freely
moving mice. Mice received stereotaxic injections of an adeno-associated virus encoding GCaMP6s, a
genetically encoded calcium sensor that fluoresces in response to intracellular calcium elevations, which
serve as a proxy for neuronal activation. The virus was targeted to the PBN to drive selective expression in
local glutamatergic neurons. Additionally, an optical fiber cannula was implanted above the injection site to
allow repeated recordings from awake, freely behaving animals. After baseline recordings, we re-assessed
sensory-evoked PBN activity 24 hours after 9-AC or vehicle administration. After a one-month washout

period, animals received the alternate treatment to enable within-subject comparisons (Figure 5A).

We observed robust enhancement of sensory-evoked activity in the PBN following 9-AC treatment. Light
mechanical stimulation with a 0.07 g von Frey filament elicited exaggerated calcium transients (Figure 5B-
D), with a significant increase in AUC compared to vehicle (Figure 5E). Similar increases were observed
with a 1.0 g filament (Figure 5F-H), acetone application (Figure 5J-L), and pinprick stimulation (Figure
5N-P), each showing corresponding AUC increases (Figure 5l, 5M, 5Q). These findings indicate that a
single episode of myotonia is sufficient to sensitize central pain-processing circuits, supporting a role for

central amplification in sustaining nociceptive hypersensitivity.

DM1 mice exhibit persistent pain-like behavior and increased DRG excitability

Although 9-AC mimics an acute myotonic episode similar to that observed in myotonia congenita?', patients
do not experience transient myotonic episodes but rather recurrent myotonia throughout life due to
underlying genetic mutations. We therefore hypothesized that mice with myotonia-producing genetic
mutations may exhibit persistent pain-like behavior. To test this hypothesis, we used the well characterized
HSA LR20b transgenic mouse model of DM18. This genetically engineered mouse model carries a
transgene for human skeletal actin (HSA) with an expanded CTG repeat sequence of ~220 repeats in the
3' untranslated region, mimicking the CTG repeat expansion in the DMPK gene seen in human DM18%, The
expression of expanded CTG repeats triggers aberrant splicing of Clcn1 in skeletal muscle and reduces
the surface expression of CLC-1 in muscle fibers producing recurrent myotonia in these mice'®'8 (Figure
6A). Behavioral testing revealed that DM1 mice exhibit significantly reduced withdrawal thresholds to von
Frey stimulation (Figure 6B), increased responsiveness to dynamic brushing (Figure 6C), exaggerated
responses to acetone application (Figure 6D), and reduced hot plate withdrawal latency (Figure 6E). These

results demonstrate that chronic myotonia produces persistent hypersensitivity across sensory modalities.

To assess peripheral mechanisms, we performed in vitro whole-cell recordings from sensory neurons with
small cell body diameter in adult DM1 and wild-type mice (Figure 7A). Representative traces revealed

increased AP firing in DM1 neurons compared to controls (Figure 7B). Quantification showed a significant


https://doi.org/10.1101/2024.06.19.599732
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599732; this version posted June 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

depolarization of the resting membrane potential in DM1 neurons (Figure 7C), no change in rheobase
(Figure 7D), and a marked increase in the number of evoked APs (Figure 7E), indicating sustained
peripheral sensitization in this genetic model. We also examined sensory neurons with a large cell body
diameter in DM1 mice (Supplemental Figure 4A). Representative current-clamp traces showed no
difference in rheobase between groups (Supplemental Figure 4B), and quantification confirmed no
change in resting membrane potential or rheobase (Supplemental Figure 4C-D). These data suggest that

myotonia-induced peripheral sensitization is selective for small-diameter nociceptive afferents.
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Discussion

This study provides the first experimental evidence that myotonia, independent of overt injury or systemic
pathology, is sufficient to evoke persistent increases in the behavioral responses to noxious stimulation in
preclinical models, consistent with the pain phenotype described in patients suffering from myotonia. Both
pharmacological and genetic induction of muscle hyperexcitability produced robust and prolonged
hypersensitivity to mechanical, thermal, and cold stimuli. These behavioral changes were accompanied by
increased excitability in putative nociceptive peripheral sensory neurons, a decrease in the excitability of
rapidly conducting axons, and amplified activity in central nociceptive circuits. Together, these findings
establish a direct mechanistic link between sustained muscle membrane instability and pathological

nociceptive processing, offering a novel framework for investigating pain in myotonic disorders.

Mechanistic Insights into Peripheral and Central Sensitization

CLCN1, the gene implicated in producing myotonia in myotonia congenita and DM1, encodes the skeletal
muscle chloride channel CLC-1. This channel governs membrane repolarization in myofibers, and its
disruption leads to delayed relaxation, repetitive firing, and pathological excitability. Importantly, Clcn1 is
not expressed in primary sensory neurons under either physiological or pathological conditions®. This
suggests that the channelopathy does not directly alter sensory neuron function. Instead, we hypothesize
that pain reported in these patients is due to changes in sensory neurons secondary to the repeated,
involuntary contractions and sustained hyperexcitability of the muscle sarcolemma in myotonia (Figure 8).
Sensory neuron changes are likely due to repetitive mechanical activation of nociceptive free nerve endings
that innervate muscle tissue on the one hand, and a compensatory decrease in low threshold muscle
afferent (spindles and tendon organs) excitability. The changes in both putative nociceptive and non-
nociceptive afferents are likely to contribute to altered CNS processing of noxious stimuli, lowering
thresholds for activation and amplifying responses to otherwise innocuous stimuli. This model aligns with

established frameworks for both peripheral and central sensitization in chronic pain®':%2.

Consistent with this hypothesis, our in vitro electrophysiological recordings reveal increased action potential
firing in putative nociceptive sensory neurons, consistent with peripheral sensitization as a key driver of the
pain-like behavior observed in our models. At the same time, we observed decreased A-fiber excitability
and recruitment, suggesting a loss of low-threshold afferent input that normally maintains segmental
inhibition within the spinal cord. According to gate control theory, AB fibers exert inhibitory control over
spinal nociceptive transmission by activating local spinal inhibitory interneurons®. Disruption of this input
could remove an important brake, allowing nociceptive signals to dominate and promoting vulnerability to
central sensitization®. This mechanism offers a compelling explanation for the exaggerated pain-like

behavior observed after a single myotonic episode, even in the absence of overt injury (Figure 8).
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Implication for Nociplastic Pain

These observations fit within the emerging conceptual framework of nociplastic pain, a category proposed
by the International Association for the Study of Pain to describe pain arising from altered nociceptive
processing in the absence of identifiable tissue or nerve injury®®. Nociplastic pain presents as multifocal
pain accompanied by central nervous system comorbidities such as fatigue, sleep disturbances, and mood
disorders. The symptom profile of myotonic disorders and the changes in nociceptive signaling described
in the present study are consistent with the definition of nociplastic pain with evidence of augmented
peripheral and/or central sensitization in the absence of injury to the nervous system or other evidence of
tissue injury or inflammation®-. Myotonic patients frequently report diffuse, treatment-resistant muscle
pain, and a significant proportion are misdiagnosed with fibromyalgia or meet its diagnostic
criteria*6:48100.101 ~Qur findings provide experimental support for the hypothesis that myotonia, through
persistent muscle hyperactivity, may drive a form of muscle-originating nociplastic pain via both peripheral

and central sensitization.

Future Directions

Future studies should investigate whether similar changes occur in patients with myotonic disorders.
Techniques such as microneurography, quantitative sensory testing, and electrically evoked A responses
could assess A-fiber integrity and its role in central pain processing. Notably, clinical studies have already
identified sensory neuron abnormalities, altered peripheral nerve function, and reduced intraepidermal
nerve fiber density in individuals with myotonic dystrophy®259.102-105 ' g ggesting that comparable peripheral
changes may be at play in the clinical pain phenotype. At the same time, our finding that 9-AC sharply
increases calcium activity in the parabrachial nucleus raises the intriguing possibility that central
sensitization contributes substantially to the maintenance of myotonia-associated pain. Future studies
should directly test this hypothesis by interrogating spinal and supraspinal circuits, including the
parabrachial nucleus®'%, as candidate substrates for nociplastic pain in myotonic disorders. In myotonic
patients, functional MRI and other neuroimaging approaches could be used to assess activity across
pain-associated brain regions in response to noxious input, providing a translational bridge between
preclinical discoveries and clinical observations. Together, such studies will be critical for identifying the

central and peripheral mechanisms that sustain nociplastic pain in myotonic disorders.

Although both the 9-AC and DM1 models of myotonia produced increased action potential firing in DRG
neurons, indicating peripheral sensitization, only DM1 mice showed a modest but significant depolarization
of the resting membrane potential, approximately 4 mV more positive than wild-type controls. This
electrophysiological divergence likely reflects the chronic nature of Cicn1 dysfunction in DM1, in contrast
to the transient pharmacological effects of 9-AC. Persistent sarcolemmal hyperexcitability in DM1 may
induce secondary changes in sensory neurons over time, possibly through disruption of potassium channel

expression or function. Depolarized membrane potentials could result from reduced potassium


https://doi.org/10.1101/2024.06.19.599732
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.06.19.599732; this version posted June 28, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

conductance, such as diminished activity of leak channels or inward rectifiers'®’, but this was not directly
tested. Additionally, while both models showed increased firing, the specific ion channels contributing to
this hyperexcitability remain undefined. Likely candidates include voltage-gated sodium (Nav) channels,
which play central roles in shaping neuronal firing thresholds and frequency'°®. Future electrophysiological
studies using voltage-clamp techniques and pharmacological tools will be essential to dissect the individual
channel contributions and fully elucidate the mechanisms driving sensory neuron sensitization in chronic

myotonic disease.

Limitations and Conclusions

One limitation of this study is that we simplify the myotonic disorder experience to only CLC-1 blockade/
dysregulation. By contrast, myotonic patients, particularly those with myotonic dystrophies, often present
with a range of neurological comorbidities and muscle pathologies that can significantly complicate their
pain experience. Despite this complexity, our primary aim was to investigate whether a single or recurrent
myotonic episodes could induce pain-like behavior and neuronal pathology. To achieve this, we used the
CLC-1 preferring antagonist, 9-AC, and utilized a mouse model of DM1 that primarily mimics muscle
pathology while overlooking CTG repeats in other body systems, including the nervous system. We
consider this approach a strength of our study as it directly implicates myotonia as a causal factor for pain
behavior, a connection not previously established. However, it's essential to acknowledge that future
research may reveal differences in peripheral sensory involvement compared to what we observed here,
especially when using alternative myotonic models or different experimental designs. In particular, our
assessment of pain-like behavior relied exclusively on reflexive behavioral measures, which may be
influenced by the muscle rigidity and slower movements characteristic of myotonia. In this context, our data
might underestimate the perceptual changes associated with myotonia, as rigidity could mask or reduce
the expression of behavioral responses. Additionally, our evaluation of pain-like behavior only after a single
injection of 9-AC may miss additional mechanisms that develop over time and consequently would only be
detected with repeated injections. We also did not explore the relationship between muscle fiber pathology
and pain-like behavior. Different sensory pathologies might correspond with specific muscle dysregulations
or fiber types. Notably, another murine model of DM1 myotonia has shown transitions between glycolytic
and oxidative fiber types'® and such a transition may affect pain pathophysiology. Lastly, some patients
experience painful myotonia due to SCN4A mutations rather than CLCN1, and this variant of myotonia was
not addressed in our preclinical study. In sum, while our findings offer important mechanistic insights, these

limitations highlight the need for further work to fully capture the complexities of pain in myotonic disorders.

In conclusion, this work challenges the long-standing assumption that myotonia is a purely motor disorder
and establishes a physiological link between muscle hyperexcitability and chronic pain. Our findings
indicate that this pain-like behavior is driven by peripheral sensitization and suggests that central

mechanisms might be involved too. While we focused on CLC-1 dysregulation, future research should
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explore other genetic mutations and the relationship between muscle pathology and pain. These results
open new avenues for understanding pain mechanisms in myotonic disorders and developing effective

treatments, addressing a significant unmet need in pain management for these conditions.
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Figure 1. Anthracene-9-carboxylic acid (9-AC) induces transient myotonic behavior in mice. (A)
Schematic illustrating the experimental timeline. Mice received a single intraperitoneal injection of 9-AC
(30 mg/kg), followed by measurement of the righting reflex to assess myotonia-like muscle stiffness in vivo.
(B) Time course of righting reflex latency analyzed by two-way repeated-measures ANOVA followed by
Holm-Sidak’s post hoc test. (C) Quantification of area under the curve (AUC) analyzed by unpaired two-
tailed Student’s t test. Data are presented as mean+SEM (n=10 mice/group). Individual data points
represent values from individual animals. *p <0.05, **p<0.01, **p<0.001, ****p<0.0001. In some

instances, error bars are too small to be visually discernible.
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Figure 2. Pharmacological induction of myotonia with 9-AC induces persistent pain-like behavior in
mice. (A) Schematic of the experimental timeline showing intraperitoneal administration of 9-AC (30 mg/kg)
followed by behavioral pain testing over a 72-hour period. (B-C) Static mechanical allodynia assessed using
von Frey filaments. (D-E) Dynamic mechanical allodynia assessed using brush stimulation. (F-G) Cold
allodynia assessed via acetone droplet application. (H-I) Thermal hyperalgesia measured using a 52 °C hot
plate assay. (B, D, F, H) Time course data were analyzed using two-way ANOVA followed by Sidak’s post
hoc test. (C, E, G, 1) Area under the curve (AUC) values were analyzed using unpaired two-tailed Student’s
t test. Data are presented as mean = SEM (n = 8 mice/group). Individual data points represent values from
individual animals. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001. In some instances, error bars are too

small to be visually discernible.
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Figure 3. 9-AC increases the excitability of dorsal root ganglion neurons. (A) Schematic illustrating
the experimental timeline. Mice received a single intraperitoneal injection of 9-AC (30 mg/kg), followed by
lumbar DRG dissociation 6 hours later. Whole-cell current-clamp recordings were performed in small- and
medium-diameter DRG neurons 24 hours post-injection. (B) Representative traces showing action potential
(AP) firing in sensory neurons from vehicle-treated (left) and 9-AC-treated (right) animals in response to
suprathreshold current injection. (C-E) Quantification of (C) resting membrane potential (RMP),
(D) rheobase, and (E) number of evoked APs. Data were analyzed using the Mann-Whitney U test. Data

are presented as mean + SEM (n = 15-17 neurons from 4 mice/group). Individual data points represent

values from single neurons. ***p <0.001.
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Figure 4. 9-AC reduces A-fiber compound action potential responses. (A) Schematic illustrating the
experimental timeline. Mice received a single intraperitoneal injection of 9-AC (30 mg/kg), followed by
sciatic nerve dissection 24 hours later. Compound action potential recordings were performed ex vivo to
assess A-fiber function. (B) Representative traces showing responses to threshold and 1.5-5x threshold
stimulation intensities in sciatic nerves from vehicle-treated (top) and 9-AC-treated (bottom) animals. (C-G)
Quantification of (C) conduction velocity, (D) AUC/AUC max, (E) fitted AUC, (F) half activation, and (G) SR
slope. Data in panels C and E-G were analyzed using the Welch’'s T test. Data are presented as
mean £ SEM (n = 7-8 animals/group). Individual data points represent values from single animals (average

of 2 nerves/animal). *p <0.05.
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Figure 5. 9-AC increases parabrachial nucleus activity in response to somatosensory stimuli. (A)

time (s) time (s)

Schematic illustrating the experimental timeline. Mice received intra-parabrachial injections of AAV-
GCaMP6s and were implanted with a fiberoptic cannula. Three weeks later, baseline in vivo fiber
photometry recordings were performed. Mice then received a single intraperitoneal injection of 9-AC
(30 mg/kg) or vehicle, followed 24 hours later by a second fiber photometry recording. One month later, a
crossover was performed and the experiment was repeated. (B-D) Representative traces of normalized
calcium-dependent fluorescence in response to a 0.07 g von Frey (vF) filament, and (E) quantification of
the area under the curve (AUC). (F-H) Representative traces in response to a 1.0 g vF filament, and (l)
corresponding AUC analysis. (J-L) Representative traces in response to acetone application, and (M)
corresponding AUC analysis. (N-P) Representative traces in response to blunted pinprick stimulation, and

(Q) corresponding AUC analysis. Data were analyzed using one-way ANOVA followed by Dunnett’s post
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hoc test. Data are presented as mean + SEM (n = 12 mice/group). Individual data points represent values
from individual animals. *p <0.05, **p <0.01, ****p <0.0001.
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Figure 6. HSA LR20b myotonic dystrophy type 1 (DM1) mice exhibit nociplastic pain-like behavior.
(A) Schematic illustrating the proposed mechanism by which expanded CTG repeats in the human skeletal
actin (HSA) transgene of HSA LR20b mice lead to muscleblind-like protein (MBNL) sequestration, altered
pre-mRNA splicing, and dysregulation of Clcn1. The resulting loss of CIC-1 chloride channel expression in
skeletal muscle causes membrane hyperexcitability and myotonia. Adult wild-type (WT) FVB/N background
mice and HSA LR20b (DM1) mice were assessed for pain-like behavior. (B-E) DM1 mice displayed
significant hypersensitivity across multiple modalities: (B) static mechanical allodynia (von Frey test), (C)
dynamic mechanical allodynia (brush stimulation), (D) cold allodynia (acetone application), and (E) thermal
hyperalgesia (52 °C hot plate). Behavioral outcomes were analyzed using unpaired two-tailed Student’s t
tests. Data are presented as mean + SEM (n = 10 mice/group). Individual data points represent values from
individual animals. *p <0.05, **p <0.01, ***p < 0.001.
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Figure 7. DM1 mice exhibit DRG neuron hyperexcitability. (A) Schematic illustrating the experimental
timeline. Lumbar DRGs were dissociated from adult DM1 and wild-type (WT) mice. Whole-cell current-
clamp recordings were performed in small- and medium-diameter DRG neurons. (B) Representative traces
showing action potential (AP) firing in sensory neurons from WT (left) and DM1 (right) mice in response to
suprathreshold current injection. (C-E) Quantification of (C) resting membrane potential, (D) rheobase, and
(E) number of evoked APs. Data were analyzed using the Mann-Whitney U test. Data are presented as

mean £ SEM (n=21-28 neurons from 4 mice/group). Individual data points represent values from single
neurons. *p <0.05.
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Figure 8. Schematic illustration of the proposed mechanisms by which myotonia leads to pain. The
CIC-1 chloride channel is critical for maintaining the resting membrane potential of muscle fibers and
facilitating their efficient repolarization following an action potential. In myotonia, loss or dysfunction of CIC-1
reduces chloride conductance, delays membrane repolarization, and prolongs muscle excitability. This
results in repetitive, sustained contractions that drive hyperexcitability of the muscle membrane. We
hypothesize that this chronic hyperexcitation of muscle initiates a cascade of changes within the pain
pathway: (1) sensitization of muscle-innervating primary sensory afferents, (2) increased excitability of
C-fiber nociceptors and decreased excitability of large-diameter myelinated afferents, thereby disrupting
spinal gate control and amplifying pain transmission, and (3) increased bulk activity within the parabrachial
nucleus, facilitating the central processing of pain. Together, these changes link the hyperexcitable muscle

state characteristic of myotonia to the persistent pain observed in preclinical models and patients.
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Supplemental Figure 1. 9-AC does not increase DRG neuron excitability 48 hours post-injection.

(A) Schematic illustrating the experimental timeline. Mice received a single intraperitoneal injection of 9-AC
(30 mg/kg), followed by lumbar DRG dissociation 24 hours later. Whole-cell current-clamp recordings were
performed in small- and medium-diameter DRG neurons 48 hours post-injection. (B) Representative traces
showing action potential (AP) firing in sensory neurons from vehicle-treated (left) and 9-AC-treated (right)
animals in response to suprathreshold current injection. (C-E) Quantification of (C) resting membrane
potential, (D) rheobase, and (E) number of evoked APs. (n=26-27 neurons from 4 mice per group). Data
were analyzed using the Mann-Whitney U test. Data are presented as mean + SEM. Individual data points

represent values from single neurons.
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Supplemental Figure 2. Rheobase is not altered in large-diameter DRG neurons after 9-AC
administration. (A) Schematic illustrating the experimental timeline. Mice received a single intraperitoneal
injection of 9-AC (30 mg/kg), followed by lumbar DRG dissociation 6 hours later. Whole-cell current-clamp
recordings were performed in large-diameter DRG neurons 24 hours post-injection. (B) Representative
traces of current-clamp recordings showing rheobase in large-diameter DRG neurons from vehicle-treated
and 9-AC-treated mice. (C-D) Quantification of (C) resting membrane potential and (D) rheobase, measured
in 100 pA increments. Data were analyzed using the Mann-Whitney U test. Data are presented as
mean £ SEM (n=13-17 neurons from 4 mice/group). Individual data points represent values from single

neurons.
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Supplemental Figure 3. 9-AC does not alter C-fiber compound action potential responses. (A)
Schematic illustrating the experimental timeline. Mice received a single intraperitoneal injection of 9-AC
(30 mg/kg), followed by sciatic nerve dissection 24 hours later. Compound action potential recordings were
performed to assess C-fiber function. Quantification of (B) conduction velocity, (C) AUC, and (D) threshold.
Data in panels C-D were analyzed using the Welch’s T test. Data are presented as mean+ SEM (n = 4
animals/group). Individual data points represent values from single animals (average of 2 nerves/animal).
*p<0.05.
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Supplemental Figure 4. Rheobase is not altered in in large-diameter DRG neurons from DM1 mice.
(A) Representative traces of current-clamp recordings showing rheobase in large-diameter DRG neurons
from wild-type (WT) control and HSA LR20b (DM1) mice. (B-C) Quantification of (B) resting membrane
potential and (C) rheobase, measured in 100 pA increments, from large-diameter neurons recorded ex vivo
24 hours post-dissection. Data were analyzed using the Mann-Whitney U test. Data are presented as
mean £ SEM (n =24-25 neurons from 4 mice/group). Individual data points represent values from single

neurons.
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