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Miranda DR, Reed E, Jama A, Bottomley M, Ren H, Rich MM,
Voss AA. Mechanisms of altered skeletal muscle action potentials in
the R6/2 mouse model of Huntington’s disease. Am J Physiol Cell
Physiol 319: C218–C232, 2020. First published May 20, 2020;
doi:10.1152/ajpcell.00153.2020.—Huntington’s disease (HD) pa-
tients suffer from progressive and debilitating motor dysfunction for
which only palliative treatment is currently available. Previously, we
discovered reduced skeletal muscle Cl� channel (ClC-1) and inwardly
rectifying K� channel (Kir) currents in R6/2 HD transgenic mice. To
further investigate the role of ClC-1 and Kir currents in HD skeletal
muscle pathology, we measured the effect of reduced ClC-1 and Kir
currents on action potential (AP) repetitive firing in R6/2 mice using
a two-electrode current clamp. We found that R6/2 APs had a
significantly lower peak amplitude, depolarized maximum repolariza-
tion, and prolonged decay time compared with wild type (WT). Of
these differences, only the maximum repolarization was accounted for
by the reduction in ClC-1 and Kir currents, indicating the presence of
additional ion channel defects. We found that both KV1.5 and KV3.4
mRNA levels were significantly reduced in R6/2 skeletal muscle
compared with WT, which explains the prolonged decay time of R6/2
APs. Overall, we found that APs in WT and R6/2 muscle significantly
and progressively change during activity to maintain peak amplitude
despite buildup of Na� channel inactivation. Even with this resilience,
the persistently reduced peak amplitude of R6/2 APs is expected to
result in earlier fatigue and may help explain the motor impersistence
experienced by HD patients. This work lays the foundation to link
electrical changes to force generation defects in R6/2 HD mice and to
examine the regulatory events controlling APs in WT muscle.

action potential; chloride channel; Huntington’s disease; potassium
channel; skeletal muscle

INTRODUCTION

Huntington’s disease (HD) is a monogenic disorder caused
by a trinucleotide (CAG) repeat expansion in the huntingtin
(HTT) gene. Mutant HTT is expressed ubiquitously and leads
to central and peripheral pathology (41, 55, 61). The motor
symptoms of Huntington’s disease include involuntary muscle
contractions that can lead to chorea (irregular jerky move-
ments), bradykinesia (slow movement), dystonia (abnormal
positioning), and muscle rigidity. HD patients also suffer from
reduced lower limb muscle strength (10), which may contrib-
ute to impairments in balance and mobility (14).

We previously discovered a decrease in skeletal muscle Cl�

channel (ClC-1) and inwardly rectifying K� channel (Kir)
currents, as well as aberrant splicing of the gene encoding
ClC-1, Clcn1, in the R6/2 transgenic mouse model for Hun-
tington’s disease (68). Moreover, we found that the reduction
in ClC-1 currents and Clcn1 aberrant splicing progressed over
the same time course as the disease, suggesting that ClC-1
defects contribute to the overall R6/2 mouse pathology (44).
ClC-1 and Kir currents act to maintain the resting membrane
potential in skeletal muscle. To drive the membrane potential
to threshold and trigger an action potential (AP), excitatory
currents need to overcome the ClC-1 and Kir currents (27, 31,
32, 56, 57). Consistent with this role for ClC-1 and Kir
currents, we showed that significantly less current was needed
to trigger an AP in R6/2 compared with wild-type fibers (67).
Thus, the R6/2 skeletal muscle was hyperexcitable. The effects
of the reduced R6/2 ClC-1 and Kir currents on AP properties,
particularly during trains, as would occur during muscle activ-
ity, is not known. A likely mechanism by which reduced ClC-1
and Kir currents affect R6/2 pathology is by prolonging muscle
APs during repetitive stimulation. At high frequencies of
stimulation, the prolonged repolarization is expected to in-
crease inactivation of the fast voltage-gated Na� channels
(NaV1.4). A substantial inactivation of NaV1.4 should result in
AP failure or degradation and the eventual loss of muscle
excitability that would present as muscle fatigue (69).

The objective of this study was to determine the effect of the
reduced ClC-1 and Kir currents on APs as well as to identify
any additional ion channel defects that affect single or repeti-
tive APs. Beyond revealing the effect of reduced ion channel
activity on R6/2 muscle APs, this study provides one of the
most complete examinations of the dynamic properties of WT
APs during repetitive stimulation. Our work demonstrates an
important role of Cl� movement during normal repetitive
activity in wild-type muscle as well as a striking capacity of
WT and disease muscle to maintain AP firing throughout
periods of considerable NaV1.4 inhibition.

MATERIALS AND METHODS

Ethical Approval

All animal procedures were performed with the approval of the
Animal Care and Use Committee of Wright State University. We
established a breeding colony in the Wright State University Labora-
tory Animal Resources Facility that consisted of one wild-type (WT)Correspondence: A. A. Voss (andrew.voss@wright.edu).
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B6CBA female with an ovarian transplant [hemizygous for
Tg(HDexon1)62Gpb] and one WT male (B6CBAF1/J) purchased
from The Jackson Laboratory, stock no. 002810 (RRID: IMSR_JAX:
002810). A total of six male and four female R6/2 mice, as well as five
male and five female WT mice produced from seven breeding pairs,
were used for this study. Tail samples cut between 7 and 14 days of
age were genotyped at Laragen, Inc. (Culver City, CA). Mice were
housed with WT littermates (control) in sex-matched cages after
weaning at �14 days of age. Environmental conditions were main-
tained with a 12-h light-dark cycle and constant temperature (21–
23°C) and humidity (55 � 10%). The cages contained corncob bed-
ding (Harlan Teklad 7902) and environmental enrichment (mouse
house and cotton nestlet). Mice were supplied with dry chow (irradi-
ated rodent diet; Harlan Teklad 2981) and water ad libitum. Beginning
at 10 wk of age, all cages housing R6/2 mice were supplied with a
petri dish containing moist chow (dry chow soaked in water) to ensure
adequate nutritional intake in the symptomatic mice. For the 9-AC/
Ba2� group, WT, noncarrier [B6CBA-Tg(HDexon1)62Gpb/1J wild-
type mice] mice from The Jackson Laboratory (stock no. 100011;
RRID:IMSR_JAX:100011) were used and housed under the same
conditions as the R6/2 mice. A total of three female WT mice
produced from one breeding pair were used for the 9-AC/Ba2� group.

Behavioral Assessment

The health and phenotype severity assessments for HD mice, as
described previously (44, 68), were performed weekly for mice 8–10
wk of age, every other day for mice 10 wk of age, and daily for mice
�11 wk of age. Assessment categories included physical condition,
activity level, and weight loss. Of the behavioral measures, mouse
weight has been a reliable and easy way to obtain measurement to
assess disease progression. We previously showed that R6/2 weight
stopped increasing from 6 to 10 wk of age and decreased after 10 wk
of age (44).

Electrophysiology

Mice were euthanized by inhalation of a saturating dose of isoflu-
rane (�2 g/L), followed by cervical dislocation. All R6/2 and control
mice were between 11 and 13 wk of age. Hindlimb flexor digitorum
brevis and interosseous muscles were dissected and enzymatically
dissociated at 35–36°C under mild agitation for �1 h using 1,000
U/mL of collagenase type IV (Worthington Biochemical). Collage-
nase was dissolved in an extracellular solution (see below). Dissoci-
ation was completed using mild trituration in extracellular solution
with no collagenase. The fibers were allowed to recover at 21–23°C
for 1 h before electrical measurements were recorded. The flexor
digitorum brevis and interosseous muscle groups were chosen because
they can both be easily dissected from the mouse paws and are
composed of small fibers (400–500 �m in length) that primarily
express the fast type II myosin heavy chain (8, 22, 24, 44). Fibers
from both muscle groups were pooled for electrophysiology experi-
ments.

Fibers were visualized with an Olympus BX51WI or IX71
microscope. The BX51WI microscope was equipped with �10
(UMPLFLN10XW) and �40 (LUMPLFLN40XW) objectives, and
the IX71 microscope was equipped with �10 (UPlanFLN) and �20
(UPlanFLN) objectives. Electrical properties were measured under
standard current clamp conditions at 21–23°C using two borosilicate
intracellular microelectrodes with a 1.5-mm outside diameter and
0.86-mm inside diameter (Sutter Instruments), an Axoclamp 900A
amplifier, a Digidata 1550 digitizer, and pCLAMP 10 or 11 data
acquisition and analysis software (Molecular Devices). The Axoclamp
900A was equipped with a virtual-ground headstage (VG-9Ax100).
Reference electrodes were placed in separate cups containing 3 M
KCl and connected to the extracellular fluid via agar bridges. Elec-
trodes were impaled �10 �m apart from each other. The voltage-
sensing electrode was connected with an Axoclamp HSx1 headstage,

and the current-passing electrode was connected with an Axoclamp
HSx10 headstage that was modified to have a 2 M� output resistor
(HSx5). Both the current-passing and voltage-sensing electrodes were
filled with the same internal solution (below). Electrode resistances
for each electrode were between 10 and 15 M�. Data were acquired
at 100 kHz. Current and voltage records were low-pass filtered with
the internal Axoclamp 900A filters at 6 kHz.

Upon impalement of each fiber, the intracellular solution was
allowed to equilibrate with the sarcoplasm for 20 min, and the
baseline membrane potential was maintained at approximately –85
mV by injecting a constant negative current. Fibers that exceeded –20
nA of holding current, which indicated membrane damage, were
excluded from the study. Action potentials (APs) were elicited by
0.2-ms current pulses with an amplitude equal to 1.1� the threshold
for firing an AP. A single AP was triggered 75 ms before each train
to use as a reference. Trains of APs, 5 s in duration and of increasing
frequency (from 20 to 40 to 60 Hz) were measured from each fiber,
with �1 min between each train. If a fiber did not fully repolarize
within 1 min after each train, the holding current was adjusted to bring
the membrane potential back to –85 mV. To examine recovery, 7 APs
at 0.5 Hz were recorded after each train. To prevent contractions, 70
mM EGTA was added to the intracellular solution.

Intracellular and Extracellular Buffers for Electrophysiology

Extracellular solution (in mM) was as follows: 139 NaCl, 4 KCl, 5
CaCl2, 2 MgCl2, 5 glucose, 1 NaH2PO4, and 10 MOPS, pH 7.4
(NaOH); 0.03 9-anthracene carboxylic acid (9-AC) and 0.00073
BaCl2 were added when partially blocking ClC-1 and Kir, respec-
tively.

Intracellular solution (in mM) was as follows: 5 MgCl2, 5 ATP
disodium, 5 phosphocreatine disodium, 5 glutathione, 40 MOPS, and
70 EGTA, pH 7.2 (KOH).

Chemicals

Chemicals were purchased from Fisher Scientific; exceptions in-
clude CaCl2 and MgCl2 stock solutions (TekNova), ATP di-Na
(Sigma-Aldrich), BaCl2 (Matheson, Colman and Bell), and anthra-
cene-9-carboxylic acid (Tocris).

RNA Extraction and Real-Time PCR

Total RNA was isolated from the interosseous of 11 to 12 wk old
R6/2 mice and their age-matched WT littermates using TRIzol reagent
(Thermo Fisher Scientific; no. 15596018) according to the manufac-
turer’s instructions. One microgram of total RNA was used for reverse
transcription with the High�Capacity cDNA Reverse Transcription Kit
(no. 4368814; Thermo Fisher Scientific). The real�time PCR reaction
was carried out in a QuantStudio Real�Time PCR System (Thermo
Fisher Scientific) using SYBR Green Real�time PCR Master Mix
(no. A25742; Thermo Fisher Scientific). Expression data were
normalized to the housekeeping gene �-actin and the relative
mRNA expression was determined by the comparative Ct
(2�		Ct). PCR was performed using primers for KV3.4 (forward:
5=-TGG GCT GTG GTC ACC ATG AC-3=; reverse: 5=-CTC TCG
ACC ACA CCC TCT TCC-3=), KV1.5 (forward: 5=-TCCGACG-
GCTGGACTCAATAA-3=; reverse: 5=-CAGATGGCCTTCTAG-
GCTGTG-3=), and Kv1.4 (F1: TGC TGG GAA TGG TGA AGT G;
R1: GGA AGG TAG AGA AGG TGG TAG A; F2: GAA AGC
AGG AAA TGA AGA GCA TC; R2: GTT GCA GCG TGG AAA
AGG; F3: GCT CAC TCC AGG GCA GCT GCA GCT GCT GCT;
R3: TCA CGC ATG CTG GCT CTT AGG GTG TGG CCC) and

-actin (forward: 5=-ACTGTCGAGTCGCGTCCA-3=; reverse: 5=-
GTCATCCATGGCGAACTGGT-3=).

Statistics

Between-group comparisons. A repeated measures ANOVA was
run at each frequency of stimulation for each AP parameter of interest
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(maximum rate-of-rise, peak amplitude, 40% decay, 80% decay, and
maximum repolarization). The independent variable was group, which
included WT fibers, transgenic R6/2 Huntington’s disease (R6/2)
fibers, and WT fibers exposed to 9-AC and Ba2� to inhibit ClC-1 and
Kir (9-AC/Ba2�). The repeated measure was AP number. The re-
peated measure accounts for potentially correlated measurements
from the same muscle fiber across APs. A random effect for mouse
was also included to account for potentially correlated measurements
between fibers from the same mouse at each AP. An autoregressive
covariance structure, which allows observations further apart in time
to be less highly correlated than observations closer together in time,
was found to be the best fit by Akaike’s Information Criterion (AIC).
Denominator degrees of freedom were calculated via the Kenward-
Roger degrees of freedom approximation (35). A flow chart of the
statistical procedure for assessing between-group effects is shown in
Fig. 1.

The presence of a two-way interaction between group and AP
number was tested first. A significant interaction indicates that the
mean difference between groups was not constant across all APs.
When a significant interaction was not present, the interaction term
was removed, and the means were directly compared using Tukey’s
post hoc multiple comparison procedure. In the presence of a signif-
icant interaction, a series of repeated-measures ANOVAs were run for
each pairwise combination of groups. When there was no significant
interaction for a pairwise combination of groups, the groups were
compared directly using an ANOVA. When there was a significant
interaction between pairs of groups, post hoc multiple comparisons
were carried out for each AP number via the Bonferroni sequentially
rejective multiple comparison procedure (30). The procedure ensures
that the type I error rate for each ANOVA is at most � � 0.05.

Within-group comparisons. A repeated measures ANOVA was run
for each AP parameter of interest to determine whether the parameter
changed over the time course of the AP train. An independent variable
for group (WT, R6/2, 9-AC/Ba2�) was not included, since a separate
ANOVA was run within each group at each frequency. Therefore,
there was only the repeated measure for AP and the random effect for
mouse. An autoregressive covariance structure was once again found
to be the best fit by AIC. Denominator degrees of freedom were
calculated via the Kenward-Roger degrees of freedom approximation
(35). All APs in the train were compared with the first single AP
recorded before the train, with Bonferroni’s sequentially rejective
multiple comparison procedure being used to control the type I error
rate for the pairwise post hoc comparisons.

RESULTS

Action potentials (APs) were recorded from flexor digitorum
brevis and interosseous muscle fibers using two intracellular
microelectrodes (a voltage-sensing and a current-passing elec-
trode) from R6/2 mice and their age-matched WT littermates.
Because ClC-1 and Kir currents have been shown to be
reduced in R6/2 skeletal muscle by �70% and 30%, respec-
tively (44, 68), APs were measured from WT fibers in the

presence of 9-AC (30 �M) and Ba2� (750 nM). The inhibition
of ClC-1 and Kir currents by 30 �M 9-AC and 750 nM Ba2�

was based on dose-response curves obtained from rodent
muscle (47, 51) and used to mimic the conditions observed in
R6/2 fibers. AP train comparisons between WT, R6/2, and WT
fibers in the presence of 9-AC and Ba2� (9-AC/Ba2�) were
analyzed quantitatively by using the statistical method dia-
gramed in Fig. 1. Each AP was analyzed for the maximum
rate-of-rise, peak amplitude, 40% decay, 80% decay, and
maximum repolarization (Fig. 2A, top and middle). The max-
imum rate-of-rise was defined by the maximum slope of the AP
rising phase, as determined by the first derivative of each AP
(Fig. 2A, middle). The peak amplitude was the peak voltage
above 0 mV. The 40% and 80% decay was the duration
between the peak amplitude and the voltage at which the
falling phase of the AP decayed to 40% or 80% of the total
voltage, the total voltage being the difference between the peak
amplitude of each AP and the baseline membrane potential
(approximately –85 mV). The maximum repolarization is the
most negative voltage after each AP. Each AP was evoked by
a 0.2-ms current stimulus (Fig. 2A, bottom).

Single Action Potential Analysis

To assess single APs, we examined an isolated AP that was
recorded before the first 20-Hz AP train from each fiber. This
AP was not affected by any physiological changes that may
have occurred during AP train recordings. Figure 2B shows the
average single AP for WT, R6/2, and 9-AC/Ba2� fibers, and
Fig. 2, C–F shows boxplots of the average maximum rate-of-
rise, peak amplitude, 40% decay, and 80% decay. The maxi-
mum repolarization was not analyzed because the voltage
potential was allowed to return to rest (approximately –85 mV)
after each single AP. The results show that the peak amplitude
of R6/2 APs was significantly lower (23.68 � 3.50 mV) than
both WT (37.06 � 2.89 mV) and 9-AC/Ba2� (43.99 � 3.58
mV) (Fig. 2C). This was consistent with the maximum
rate-of-rise, which, although not reaching statistical signif-
icance, trended lower in R6/2 fibers (244.4 � 33.23 mV/ms)
compared with both WT (320.56 � 27.40 mV/ms) and
9-AC/Ba2� (309.43 � 34.82 mV/ms) (Fig. 2D). The differ-
ence in the R6/2 AP falling phase relative to WT and
9-AC/Ba2� was more apparent. The 40% decay time was
significantly higher in R6/2 fibers (2.72 � 0.17 ms) com-
pared with both WT (1.48 � 0.14 ms) and 9-AC/Ba2�

(1.15 � 0.16 ms) (Fig. 2E). Similarly, the 80% decay time
was significantly higher in R6/2 fibers (11.16 � 0.61 ms)
compared with WT (4.72 � 0.53 ms) and 9-AC/Ba2�

(3.50 � 0.55 ms) (Fig. 2F). The decrease in the R6/2 AP
peak amplitude suggests a Na� channel defect, and the
increase in decay time suggests a K� channel defect. Be-
cause the peak amplitude and decay time of 9-AC/Ba2� APs
were not significantly different from WT, reduced ClC-1
and Kir currents do not likely explain the differences be-
tween R6/2 and WT APs for these parameters.

Peak Amplitude and Maximum Repolarization

Trains of APs were recorded with increasing stimulation
frequency (20 to 40 to 60 Hz). Representative WT and R6/2
60-Hz train recordings are shown in Fig. 3A, left and right,
respectively; insets show the first AP in the train with the peakFig. 1. Statistical methodology for between-group comparison.
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amplitude and max repolarization labeled. Over the duration of
the trains, there were significant changes in peak amplitude
within the WT, R6/2, and 9-AC/Ba2� groups at 20, 40, and 60
Hz (Table 1). This was determined by comparing each AP in
the train to the single AP recorded before each train (Fig. 3A).
To compare WT, R6/2, and 9-AC/Ba2� AP trains, we first
tested for an interaction (Fig. 1). Because there was no signif-
icant interaction between the three groups for peak amplitude
at 20 Hz (P � 0.56 for 20-Hz 3-group interaction; Fig. 3B), all
three groups were compared using Tukey’s multiple compari-
sons procedure, which treats each train as a whole. As shown
in Fig. 3B, the peak amplitude of R6/2 APs at 20 Hz was
significantly lower than both WT and 9-AC/Ba2�, whereas WT
and 9-AC/Ba2� APs were not different from each other. At 40
Hz, the peak amplitude remained significantly lower in R6/2
fibers compared with WT and 9-AC/Ba2�, and there was no
significant difference between WT and 9-AC/Ba2� fibers (P �
0.95 for 3-group interaction; Fig. 3B).

For the peak amplitude at 60 Hz, there was a significant
interaction between all three groups (P  0.0001 for 3-group
interaction; Fig. 3B), which implies that the mean difference
between groups was not constant across all APs. Therefore, we
determined whether there was an interaction between pairs of
groups (Fig. 1). There was no significant interaction between
WT and 9-AC/Ba2�, so these groups were compared directly,
yielding no significant difference (P � 0.32 for pairwise
interaction; Fig. 3B). A significant pairwise interaction be-
tween WT and R6/2 (P  0.0001) and between R6/2 and

9-AC/Ba2� (P  0.0001) led to the more strict Bonferroni
multiple comparisons procedure, which also yielded no
significant differences (Fig. 2B). The primary interaction
between all three groups was driven by the sudden drop in
peak amplitude from the first AP in the train to the second
AP in the train in R6/2 fibers (Fig. 3B). This abrupt decrease
likely occurred because of the corresponding depolarization
in membrane potential (shift in maximum repolarization),
which would cause fast inactivation of the skeletal muscle
voltage-gated Na� channel, NaV1.4 (12, 19). When the data
set was analyzed from the second AP onward (AP2-300),
the interaction was no longer significant (P � 0.22 for
60-Hz 3-group interaction). Tukey’s multiple comparison
procedure was then employed for AP2-300 and, consistent
with the 20 and 40 Hz trains, the peak amplitude of R6/2
APs at 60 Hz was significantly lower than both WT (P �
0.008) and 9-AC/Ba2� (P � 0.029). In addition, WT was
not significantly different from 9-AC/Ba2� (P � 0.34).
Overall, the peak amplitude of R6/2 APs was consistently
reduced compared with WT and 9-AC/Ba2�. Because of the
similarity between WT and 9-AC/Ba2�, the decrease in
ClC-1 and Kir currents do not likely explain the reduction in
R6/2 peak amplitude.

The maximum repolarization was the most negative poten-
tial at the end of each AP and describes the extent of repolar-
ization before the next AP in the train (Fig. 3C). During each
train, there were significant changes in the maximum repolar-
ization within the WT, R6/2, and 9-AC/Ba2� groups at 20, 40,

Fig. 2. Action potential (AP) parameters and
single AP analysis. A: representative AP
with peak amplitude, 40% decay, 80% de-
cay, and maximum repolarization labeled
(top). The maximum rate-of-rise (dV/dt)
was determined by taking the first derivative
of the AP (middle). Also shown is the
0.2-ms current pulse used to stimulate each
AP (bottom). B: average single AP for wild-
type [WT; n � 6 mice (3 male and 3 fe-
male), 17 fibers], R6/2 [n � 4 mice (2 male
and 2 female), 13 fibers], and 9-AC/Ba2�

[n � 3 mice (3 females), 16 fibers]. C –F:
box plots for (C) peak amplitude (WT vs.
R6/2 P � 0.0358, WT vs. 9-AC/Ba2� P �
0.34, and R6/2 vs. 9-AC/Ba2�, P � 0.0087);
(D) maximum rate-of-rise (P � 0.25), (E)
40% decay (WT vs. R6/2 P � 0.0008, WT
vs. 9-AC/Ba2�, P � 0.33, and R6/2 vs.
9-AC/Ba2�, P � 0.0007); and (F) 80%
decay (WT vs. R6/2 P  0.0001, WT vs.
9-AC/Ba2�, P � 0.26, and R6/2 vs. 9-AC/
Ba2�, P  0.0001). Data compared using a
one-way ANOVA, and box plots show the
25th and 75th percentile (box), mean (dot),
median (line), and 1.5 interquartile range
(error bars). The horizontal lines with an
asterisk indicate a significant difference
(� � 0.5).
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and 60 Hz (Table 1). Between groups, there was no significant
difference in the maximum repolarization at 20 Hz (P 
0.0001 for 3-group interaction; Fig. 3C). At 40 Hz, the maxi-
mum repolarization of R6/2 APs jumped from –85.29 � 0.16
mV (initial single AP) to –78.83 � 0.65 mV (AP1 of the train)
and continued to depolarize to –72.50 � 0.74 mV by the end of
the train. In contrast, the WT maximum repolarization gradu-
ally depolarized from –86.02 � 0.27 mV to –75.71 � 1.30
mV over the duration of the train. Thus, the maximum repo-
larization was significantly more depolarized in R6/2 fibers
compared with WT at 40 Hz (P  0.0001 for 3-group inter-
action; Fig. 3C). In the presence of 9-AC/Ba2�, the maximum
repolarization was significantly more depolarized than WT
from AP8 to AP110 but not significantly different from R6/2
fibers at any AP in the 40-Hz train (Fig. 3C). Overall, the R6/2

maximum repolarization was more similar to 9-AC/Ba2� than
WT at 40 Hz.

A striking feature of the maximum repolarization at 60 Hz
was the large step from –85.50 � 0.26 mV after the single AP
to –69.79 � 0.86 mV for AP1 in R6/2 fibers (Fig. 3C). A
similar but less dramatic step was observed in the presence of
9-AC/Ba2�. By the end of the 60-Hz train, the maximum
repolarizations of R6/2 and 9-AC/Ba2� fibers were –63.64 �
1.65 and –63.15 � 1.07 mV, respectively. In contrast, the
maximum repolarization of WT fibers at 60 Hz underwent a
more gradual change from –85.53 � 0.25 mV at baseline to
–70.05 � 1.21 mV by the end of the train, making it signifi-
cantly different from R6/2 and 9-AC/Ba2� fibers throughout
the 60 Hz train (P  0.0001 for 3-group interaction; Fig. 3C).
Highlighting their similarities, the R6/2 and 9-AC/Ba2� fibers

Fig. 3. Action potential (AP) peak amplitude and maximum repolarization. A: representative wild-type (WT; left) and R6/2 (right) 60-Hz AP trains with peak
amplitude and maximum repolarization labeled (insets). The x-axis breaks separate the 1st single AP and recovery APs from the train. B and C: graph of average
peak amplitude (B) and maximum repolarization (C) at 20-Hz (left), 40-Hz (middle), and 60-Hz (right) for WT [n � 17 fibers (20 and 40 Hz) and 16 fibers (60
Hz) from 6 mice (3 males and 3 females)], R6/2 [n � 13 fibers (20 Hz), 11 fibers (40 Hz), and 12 fibers (60 Hz) from 4 mice (2 males and 2 females)], and
9-AC/Ba2� [n � 16 fibers (20 Hz and 40 Hz) and 15 fibers (60 Hz) from 3 female mice]. Each AP is shown as an average � SE. Black font signifies a significant
difference and gray font indicates no significant difference between groups. Black lines indicate which APs were significantly different. † � Tukey’s comparison
procedure. 
�stepdown Bonferroni comparison procedure. No symbol � direct comparison.
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were only statistically different at AP1 and AP2 (Fig. 3C).
Overall, exposure of WT fibers to 9-AC/Ba2� largely repli-
cated the AP maximum repolarization in R6/2 fibers, suggest-
ing that reduced ClC-1 and Kir currents alone can largely
explain the shift in the max repolarization of R6/2 APs.

Maximum Rate-of-Rise

The maximum rate-of-rise was the maximum slope of the
AP rising phase, which was calculated by taking the first

derivative of each AP. Figure 4A shows the derivative of the
first and last three APs of representative WT (Fig. 4A, left) and
R6/2 (Fig. 4A, right) 60-Hz trains. Within the 20-, 40-, and
60-Hz AP trains, the maximum rate-of-rise decreased signifi-
cantly for WT, R6/2, and 9-AC/Ba2� (Table 1). The least
dramatic changes occurred in WT fibers at 20 Hz, in which the
maximum rate-of-rise significantly decreased only in some
APs (Table 1). In comparing groups, it appeared that the R6/2
maximum rate-of-rise was lower than WT and 9-AC/Ba2�

Table 1. Within-group AP comparison

Group
(Frequency) Peak Amplitude Maximum Repolarization Maximum Rate of Rise 40% Decay 80% Decay

WT
20 Hz AP 2 onward (P  0.0099) All APs (P  0.0001) AP 3–27 (P  0.0413) None AP 2–8 (P  0.0094)
40 Hz All APs (P  0.0035) AP 2 onward (P  0.0443) All APs (P  0.0091) None AP 54 onward (P  0.0487)
60 Hz AP 2 onward (P  0.0009) All APs (P  0.0001) All APs (P  0.0001) None AP 66 onward (P  0.0494)

R6/2
20 Hz None All APs (P  0.0001) All APs (P  0.0050) None All APs (P  0.0001)
40 Hz AP 2 onward (P  0.0018) All APs (P  0.0027) All APs (P  0.0023) AP 44 onward (P  0.0496) All APs (P  0.0001)
60 Hz AP 2 onward (P  0.0001) All APs (P  0.0001) AP 2 onward (P  0.0001) All APs (P  0.0057) All APs (P  0.0001)

9-AC/Ba2�

20 Hz AP 41 onward (P  0.0497) All APs (P  0.0001) All APs (P  0.0003) None All APs (P  0.0001)
40 Hz AP 13 onward (P  0.0421) All APs (P  0.0001) All APs (P  0.0001) All APs (P  0.0060) All APs (P  0.0001)
60 Hz AP 6 onward (P  0.0147) All APs (P  0.0001) All APs (P  0.0001) All APs (P  0.0015) All APs (P  0.0001)

AP, action potential; WT, wild type. All APs in the train were compared with the first single AP recorded before the train with Bonferroni’s sequentially
rejective multiple comparison procedure.

Fig. 4. Action potential (AP) maximum rate-of-rise. A: first and last 3 APs from representative wild-type (WT; left) and R6/2 (right) 60-Hz AP trains with
maximum rate-of-rise labeled. The x-axis breaks separate the 1st single AP and recovery APs from the train. B: graph of maximum rate-of-rise at 20 Hz (left),
40 Hz (middle), and 60 Hz (right) for WT [n � 17 fibers (20 Hz and 40 Hz) and 16 fibers (60 Hz) from 6 mice (3 males and 3 females)], R6/2 [n � 13 fibers
(20 Hz), 11 fibers (40 Hz), and 12 fibers (60 Hz) from 4 mice (2 males and 2 females)], and 9-AC/Ba2� [n � 16 fibers (20 Hz and 40 Hz) and 15 fibers (60
Hz) from 3 female mice]. Data are shown as average � SE. Black font signifies a significant difference between groups. Gray font signifies no significant
difference. Black lines signify which APs are significantly different between groups. †�Tukey’s comparison procedure. 
�stepdown Bonferroni comparison
procedure. No symbol � direct comparison.
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(Fig. 4). In response to repetitive stimulation, the R6/2 maxi-
mum rate-of-rise decreased by 11% at 20 Hz, 33% at 40 Hz,
and 60% at 60 Hz. The change in R6/2 maximum rate-of-rise
was approximately twofold more than WT, which decreased by
7% at 20 Hz, 15% at 40 Hz, and 27% at 60 Hz. The 9-AC/Ba2�

maximum rate-of-rise began at levels close to WT and de-
creased by 9% at 20 Hz, 23% at 40 Hz, and 50% at 60 Hz.
However, the maximum rate-of-rise was not significantly
lower in R6/2 fibers compared with WT or 9-AC/Ba2� at any
frequency, based on the direct ANOVA comparison and the
stepdown Bonferroni procedure (Fig. 4B). To assess whether
this was due to high variability or the strict correction made to
the P values by the multiple comparison procedure in the
presence of between groups interactions, we compared specific
APs using a standard one-way ANOVA. The maximum rate-
of-rise for AP1 was not significantly different between WT,
R6/2, and 9-AC/Ba2� fibers at 20 Hz (P � 0.24), 40 Hz (P �
0.30), or 60 Hz (P � 0.36). Similarly, the maximum rate-of-
rise of the last AP in the train was not significantly different
between R6/2, WT, and 9-AC/Ba2� at 20 Hz (AP100, P �
0.23) or 40 Hz (AP200, P � 0.11). At 60 Hz, there was a
substantial drop in maximum rate-of-rise at AP2 in R6/2 fibers,
which prompted us to test for differences at AP2 and AP300
(Fig. 4B). Indeed, the R6/2 maximum rate-of-rise was signif-
icantly lower than WT at AP2 (R6/2: 160.88 � 32.66 mV/ms;
WT: 285.47 � 32.65 mV/ms; P � 0.0406) and at AP300
(R6/2: 89.64 � 16.90 mV/ms; WT: 210.64 � 33.13 mV/ms;
P � 0.02807). The WT maximum rate-of-rise was not signif-
icantly different from 9-AC/Ba2� at AP2 (269.44 � 9.03 mV/
ms, P � 0.14) or AP300 (141.54 � 7.84 mV/ms, P � 0.52).
Thus, whereas high variability drove the lack of statistical
significance in AP maximum rate-of-rise between groups at 20
and 40 Hz, there was evidence that the AP maximum rate-of-
rise was lower in R6/2 fibers compared with WT at 60 Hz.
Exposure of WT fibers to 9-AC/Ba2� had little effect on the
AP maximum rate-of-rise, suggesting that reduced ClC-1 and
Kir currents in R6/2 skeletal muscle do not explain changes in
the AP rising phase during repetitive firing.

Falling Phase

The falling phase of each AP consisted of a fast and slow
portion. The fast portion was analyzed using the 40% decay
time and the slow portion analyzed using the 80% decay time,
both from the peak. APs from the beginning and end of a
representative WT and R6/2 60 Hz train are shown in Fig. 5A,
left and right, respectively, with the 40% (D40) and 80% (D80)
decay points labeled. Within all groups, the 40% decay did not
significantly change during 20-Hz trains and remained constant
in WT fibers at all frequencies (Table 1). Within the R6/2 and
9-AC/Ba2� groups, the 40% decay was significantly prolonged
over the duration of the 40-Hz and 60-Hz trains (Table 1).
Between groups, the 40% decay of R6/2 APs was significantly
prolonged compared with WT and 9-AC/Ba2� at 20-, 40-, and
60-Hz stimulation, whereas the 40% decay in WT fibers was
not significantly different from 9-AC/Ba2� fibers (P � 0.84 for
3-group interaction; Fig. 5B).

The 80% decay time significantly increased within all
groups at all frequencies (Table 1). The between-group com-
parison for the 80% decay was similar to that of the 40%
decay. R6/2 APs had a significantly higher decay time than

both WT and 9-AC/Ba2� at all frequencies (Fig. 5C). Because
of the shift in the maximum repolarization (Fig. 3C), many of
the APs from R6/2 and 9-AC/Ba2� fibers at 60 Hz did not
decay to 80% before the next AP fired, especially by the end of
the train. Therefore, seven of the R6/2 and 10 of the 9-AC/
Ba2� fibers could not be used for the 80% decay results.
Overall, these data show that there was an increase in both the
40% and 80% AP decay time in R6/2 muscle fibers compared
with WT, which was not explained by the partial block of
ClC-1 and Kir currents, suggesting a K� current defect.

Increasing R6/2 Peak Amplitude to WT Levels

Previous studies suggest that a decrease in AP peak ampli-
tude can increase the duration of the falling phase (6, 29). To
test this, we experimentally increased the peak amplitude of
R6/2 APs (high-stim) to �50 mV, which was slightly above
WT levels, by increasing the amplitude of the stimulus pulse in
25-nA intervals (Fig. 6A). Because the high-stim APs had
different peak characteristics from normal APs (Fig. 6A), the
40% and 80% decay for the high-stim APs were not compa-
rable with those of normal APs. Thus, to examine the falling
phase, we determined the maximum rate-of-decay using the
first derivative of each high-stim AP (Fig. 6, A and B). We
focused on the decay rates that occurred after the rapid voltage
changes caused by the high-stimulus current had subsided,
shown in Fig. 6, A and B as the region bracketed by dashed
vertical lines. This region of the high-stim APs was most
comparable with regular APs from WT and R6/2 fibers. As can
be seen in Fig. 6B, increasing the AP peak had little effect on
the rate of repolarization. To better examine the relationship
between peak amplitude and falling phase, we plotted the
maximum rate-of-decay as a function of peak amplitude for
regular WT and R6/2 APs as well as high-stim R6/2 APs; each
group was fit with a line (Fig. 6C). The WT slope (1.72 � 0.16
ms–1) was greater than the R6/2 slope (0.79 � 0.07 ms–1),
suggesting that the WT maximum rate-of-decay was more
steeply dependent on peak amplitude than the R6/2 maximum
rate-of-decay. In addition, the high-stim R6/2 slope
(0.50 � 0.14 ms–1) was lower than the R6/2 slope, suggesting
that the prolonged falling phase of R6/2 APs was not caused by
a decrease in peak amplitude. Most likely, the prolonged
repolarization of R6/2 muscle was caused by a reduction in
voltage-dependent K� current.

Decreased Voltage-Gated K� Channel mRNA in HD Skeletal
Muscle

To determine whether the prolonged falling phase of R6/2
APs was due to reduced voltage-gated K� channel (KV)
current, we measured the mRNA expression levels of three KV

genes reported to be expressed in mouse skeletal muscle (16,
39, 66). We found that, compared with WT, KV1.5 was
reduced by 43% and KV3.4 was reduced by 81% in R6/2
interosseous skeletal muscle (Fig. 7). We also tested three
different primers sets for KV1.4. The very high CT levels
suggested that KV1.4 was expressed at very low levels in both
WT and R6/2 skeletal muscle (not shown). Overall, the reduc-
tion in KV1.5 and KV3.4 mRNA helps explain the prolonged
decay time of R6/2 APs.
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Action Potential Recovery

Following each AP train, 7 APs were recorded at 0.5 Hz to
assess recovery from the train. The first recovery AP was
recorded 125 ms after the last AP in the train. Thus, recovery
occurred over two phases, a fast phase within the first 125 ms
after the train and a more gradual phase during the 0.5-Hz
recovery period, which followed an exponential time course
(Fig. 8). Full recovery of each AP parameter did not often
occur within the �15-s recovery period. However, as can be
seen by comparing the first data points of each frequency panel
in Figs. 2–5, full recovery was achieved during the 1- to 3-min
rest period between the 20-, 40-, and 60-Hz trains.

For analysis of the peak amplitude and maximum rate-of-
rise recovery, the last AP in the train was set to zero, and the

recovery values were normalized to the first single AP. The
recovery values were fitted with the equation

y � y0 � A* �1 � e�
x
��

where y0 � y-intercept, A � amplitude, and � � time constant.
For the analysis of the maximum repolarization, 40% decay,
and 80% decay recovery, the first single AP was set to zero,
and recovery values were normalized to the last AP in the train.
The recovery values were fitted with the equation

y � y0 � A* �e�
x
��

where y0 � y-intercept, A � amplitude, and � � time constant.
The � and R2 values for all fitted curves are shown in Table 2.

Fig. 5. 40% Decay (D40) and 80% decay (D80). A: first and last 3 action potentials (APs) from representative wild-type (WT; left) and R6/2 (right) 60-Hz AP
trains with points of analysis labeled. The x-axis breaks separate the 1st single AP and recovery APs from the train. B: graph of 40% decay for WT [n � 17 fibers (20
Hz and 40 Hz) and 16 fibers (60 Hz) from 6 mice (3 males and 3 females)], R6/2 [n � 13 fibers (20 Hz), 11 fibers (40 Hz), and 12 fibers (60 Hz) from 4 mice (2 males
and 2 females)], and 9-AC/Ba2� [n � 16 fibers (20 Hz and 40 Hz) and 14 fibers (60 Hz) from 3 female mice. C: graph of 80% decay for WT [n � 17 fibers (20 Hz
and 40 Hz) and 15 fibers (60 Hz) from 6 mice], R6/2 [n � 13 fibers (20 Hz), 9 fibers (40 Hz), and 5 fibers (60 Hz) from 4 mice], and 9-AC/Ba2� [n � 16 fibers (20
Hz and 40 Hz) and 4 fibers (60 Hz) from 3 mice]. For B and C, decay values shown for 20-Hz (left), 40-Hz (middle), and 60-Hz (right) stimulation. Data shown as
average � SE. Black font signifies a significant difference between groups. Gray font signifies no significant difference. Black lines signify which APs are significantly
different between groups. †�Tukey’s comparison procedure. 
�stepdown Bonferroni comparison procedure. No symbol � direct comparison.
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Note that recovery was not analyzed for AP parameters that did
not significantly change during a train in the within groups
comparison (Table 1), such as the peak amplitude of APs in
R6/2 fibers during 20-Hz stimulation.

As shown in Fig. 8A, the peak amplitude in R6/2 fibers
recovered to a greater extent than in WT and 9-AC/Ba2� fibers
at 40 and 60 Hz. The rapid jump in peak amplitude from the
last AP in the train (open blue circle) to the first recovery AP
(initial 125-ms recovery period) was more pronounced in R6/2

fibers compared with WT and 9-AC/Ba2� and was larger with
increasing frequency. In addition to the initial jump in recov-
ery, the time constant values (Table 2) describe a faster
recovery in R6/2 fibers compared with WT and 9-AC/Ba2�.
The rapid 125-ms recovery of the peak amplitude in R6/2 fibers
could be partially explained by relief of NaV1.4 fast inactiva-
tion, as would result from a quick recovery of the maximum
repolarization.

The recovery of maximum repolarization (Fig. 8B) was most
similar between R6/2 and 9-AC/Ba2� fibers, both of which
differed from WT fibers, especially at 60 Hz. At 40 Hz and 60
Hz, the R6/2 and 9-AC/Ba2� maximum repolarization recov-
ered more than WT during the initial 125 ms and had a faster
time constant (Table 2). Also, at 60 Hz, the R6/2 and 9-AC/
Ba2� fibers had a more complete overall recovery during the
15-s recovery phase compared with WT. The 9-AC/Ba2�

recovery became closer to R6/2 with increasing frequency,
where, at 60 Hz, they became nearly identical (Fig. 8B).

The recovery of the maximum rate-of-rise was similar be-
tween groups at all frequencies in terms of time constant (Table
2) and extent of recovery but differed in rapid initial recovery
(Fig. 8C). The fast recovery at 60 Hz in R6/2 and 9-AC/Ba2�

fibers was nearly double that of WT fibers. This is somewhat
similar to the trend observed in the peak amplitude recovery
and is likely heavily influenced by the maximum repolariza-
tion.

Recovery of the 40% decay was analyzed only for the R6/2
and 9-AC/Ba2� fibers at 40 and 60 Hz. This is because there
was no statistical change in the 40% decay in WT fibers at any
frequency or in R6/2 and 9-AC/Ba2� fibers at 20 Hz (Table 1).
Despite significant and apparent differences in the 40% decay
between R6/2 and 9-AC/Ba2� fibers at 40 and 60 Hz, there
were no clear differences in the initial rapid recovery (Fig. 8D)
or in the rate of exponential recovery (Table 2).

Recovery of the 80% decay (Fig. 8E) differed from the trend
observed in the 40% decay. During the first 125 ms after the
trains, there was little to no recovery in the 80% decay of R6/2
or 9-AC/Ba2� fibers at any frequency; WT fibers continued to
prolong (worsen) during the initial 125-ms recovery period at
all frequencies, as indicated by values �1 in Fig. 8E. Unex-
pectedly, after 20-Hz trains, the 80% decay in R6/2 fibers
continued to prolong instead of shorten during the 0.5-Hz
recovery. This was primarily due to two R6/2 fibers in which

Fig. 7. KV mRNA expression. The expression of KV1.5 (A) and KV3.4 (B)
relative to 
-actin was significantly reduced in R6/2 interosseous muscle [n �
4 mice (2 males and 2 females)] compared with wild type [WT; n � 4 (2 males
and 2 females)]. Data compared using a two-sample t test. Columns shown as
means � SE. *P � 0.010; **P � 1.592 � 10�09.

Fig. 6. Relationship between action potential (AP) peak amplitude and maxi-
mum rate-of-decay. A: representative recording of R6/2 APs with increasing
peak amplitudes. B: first derivative of the APs from A to determine maximum
rate-of-decay. Traces in A and B are color-coded and the dotted lines bracket
the region used for analysis. C: plot of AP maximum rate-of-decay vs. AP peak
amplitude for wild-type [WT; n � 6 mice (3 males and 3 females), 17 fibers,
57 APs], R6/2 [n � 4 mice (2 males and 2 females), 13 fibers, 46 APs], and
R6/2 high stimulation (high stim; n � 2 male mice, 11 fibers, 59 APs) with
linear regression lines.
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the 80% decay did recover. Notably, the peak amplitude,
maximum rate-of-rise, 40% decay, and maximum repolariza-
tion did recover in these two fibers, suggesting that the 80%
decay of APs is controlled separately from the other parame-

ters. Otherwise, the 80% decay of WT APs recovered at the
slowest rate during the 0.5-Hz recovery (Table 2). In R6/2 and
9-AC/Ba2� fibers, the AP 80% decay recovered at a similar
rate during the 0.5-Hz train, although the extent of recovery

Fig. 8. Recovery action potentials (APs).
First single AP (open green circle), last AP
in train (open blue circle), and recovery APs
for peak amplitude (A), maximum repolar-
ization (B), maximum rate-of-rise (C), 40%
decay (D), and 80% decay (E) at 20 Hz
(left), 40 Hz (middle), and 60 Hz (right) with
recovery APs fitted with an exponential
equation. Recovery was not analyzed for AP
parameters that did not significantly change
during a train in the within-group compari-
son. WT, wild type.

Table 2. Curve fit values for AP recovery

WT R6/2 9-AC/Ba2�

� � SE, s R2 � � SE, s R2 � � SE, s R2

20-Hz peak amplitude 1.26 � 0.27 0.979 N/A N/A 0.94 � 0.20 0.988
40-Hz peak amplitude 1.15 � 0.11 0.997 0.83 � 0.18 0.991 1.20 � 0.24 0.983
60-Hz peak amplitude 1.13 � 0.09 0.997 0.84 � 0.13 0.995 1.21 � 0.13 0.995
20-Hz maximum repolarization N/A N/A 1.19 � 0.09 0.997 0.85 � 0.11 0.997
40-Hz maximum repolarization 2.29 � 0.33 0.987 1.23 � 0.12 0.996 1.10 � 0.16 0.993
60-Hz maximum repolarization 2.57 � 0.52 0.976 1.25 � 0.11 0.996 1.06 � 0.17 0.991
20-Hz maximum rate-of-rise 2.42 � 0.71 0.950 1.46 � 0.16 0.993 2.31 � 0.50 0.972
40-Hz maximum rate-of-rise 1.55 � 0.27 0.984 1.17 � 0.09 0.997 1.70 � 0.02 0.999
60-Hz maximum rate-of-rise 1.56 � 0.19 0.992 1.32 � 0.11 0.997 1.34 � 0.10 0.997
20-Hz 40% decay NA NA NA NA NA NA
40-Hz 40% decay NA NA 1.80 � 0.20 0.992 1.14 � 0.10 0.997
60-Hz 40% decay NA NA 1.32 � 0.16 0.993 0.84 � 0.09 0.997
20-Hz 80% decay 7.75 � 2.46 0.983 1.08 � 0.12 0.995 2.05 � 0.31 0.986
40-Hz 80% decay 6.08 � 0.41 0.999 2.27 � 0.36 0.984 1.28 � 0.14 0.994
60-Hz 80% decay 4.75 � 0.38 0.997 1.03 � 0.05 0.999 1.06 � 0.12 0.995

The � � SE and R2 values for curves fitted to recovery action potentials (APs). NA, recovery not analyzed because the respective AP parameters did not
significantly change during a train in the within-group comparison; WT, wild type.
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was less in R6/2 fibers. Overall, the 80% decay recovery was
greater in the 9-AC/Ba2� fibers than in WT and R6/2.

DISCUSSION

Our previous work revealed that skeletal muscle from trans-
genic R6/2 Huntington’s disease mice is hyperexcitable owing
to decreased ClC-1 and Kir currents (44, 68). In this study, we
examined action potential (AP) repetitive firing in R6/2 skel-
etal muscle, and by pharmacologically blocking ClC-1 and Kir
currents in WT muscle to R6/2 levels, we show which changes
in R6/2 APs were caused by decreased ClC-1 and Kir currents.
This led us to discover a decrease in voltage-gated K� channel
(KV) mRNA expression in R6/2 skeletal muscle. Our analyses
also provide insights into the dynamic changes that occur
during repetitive firing in WT muscle.

Action Potentials in Huntington’s Disease Skeletal Muscle

In isolation and during repetitive firing, R6/2 skeletal muscle
APs had significantly lower peaks and significantly prolonged
decay times and tended to have a slower rates-of-rise compared
with WT APs. The partial block of ClC-1 and Kir currents in
WT muscle (9-AC/Ba2�) did not replicate these changes,
which is consistent with the established roles of Cl– and K�

currents in maintaining the resting membrane potential of
skeletal muscle fibers (27). Indeed, the extent to which the
membrane potential returned to rest after each AP during
repetitive firing (maximum repolarization) was significantly
attenuated in both R6/2 and 9-AC/Ba2� fibers compared with
WT, indicating that reduced ClC-1 and Kir currents in R6/2
muscle cause a shift in maximum repolarization to more
depolarized levels. Furthermore, this indicates that the maxi-
mum repolarization during AP trains is regulated by ion chan-
nels (and perhaps transporters) that are independent from the
ion channels that determine the rate of AP repolarization
(measured by the 40% and 80% decay in this study).

The most widely accepted explanation for the depolarized
shift in maximum repolarization during repetitive stimulation
is K� accumulation in the transverse tubules (t-tubules), which
shifts the Nernst potential for K� to cause depolarization of the
resting membrane potential (1, 2, 21, 67). Normally, ClC-1-
mediated Cl� current, which accounts for 70–80% of resting
muscle membrane conductance, offsets the depolarizing influ-
ence of K� accumulation and thus lessens the steady depolar-
ization (1, 4, 46, 56, 57). However, when ClC-1 currents are
decreased (as in R6/2 muscle) or partially blocked (as in
9-AC/Ba2� muscle), the effect of K� buildup is exaggerated.
Whether K� buildup is the sole cause of the steady depolar-
ization remains unknown.

K� buildup in the t-tubules is expected to occur gradually
during repetitive firing such that there would be a gradual shift
in maximum repolarization if it is the primary driver of the
depolarization. Though a gradual shift in maximum repolar-
ization was observed in WT fibers, the depolarized shift was
abrupt in R6/2 and 9-AC/Ba2� fibers, particularly at high
frequencies of stimulation. We propose that the activation of a
subthreshold current may be responsible for this rapid depo-
larization. For example, persistent inward Na� current is a
voltage-activated current that is an important trigger of myo-
tonic APs in muscle lacking ClC-1 channels (25, 40). Activa-
tion of persistent inward Na� current is likely to be increased

in R6/2 and 9-AC/Ba2� fibers by the lack of full repolarization
following APs. Furthermore, the depolarization caused by
persistent inward Na� current will be amplified in R6/2 and
9-AC/Ba2� fibers compared with WT fibers because of the
increased membrane resistance (44, 68). The combination of
increased activation of a subthreshold current and its amplified
effect on membrane potential may lead to the sudden lack of
repolarization following APs.

The low peak amplitude and tendency toward a slower
rate-of-rise observed in R6/2 APs was not likely due to reduced
ClC-1 and Kir currents because of the normal rising phase in
9-AC/Ba2� fibers, suggesting the presence of other ion channel
defects. The rising phase of an AP, which includes the rate-
of-rise and peak amplitude, has classically been attributed to
Na� influx (28), which in skeletal muscle is mediated by the
voltage-gated Na� channel NaV1.4 (23). Therefore, it is likely
that there is a disruption in NaV1.4 activity in R6/2 skeletal
muscle. The disruption is not likely caused by a reduction in
the Na� equilibrium potential because we controlled the intra-
cellular and extracellular Na� concentrations. More likely,
there is a decrease in NaV1.4 current or a shift in the voltage
dependence of NaV1.4 activation and/or inactivation. There is
evidence of altered NaV1.4 activity in other HD cell types. In
striatal neurons, the 
4-subunit, which is involved in the
voltage dependence of Na� channel activation, was shown to
be downregulated in HD mouse models and human patients
(45). Further studies will be needed to determine whether
NaV1.4 influences R6/2 APs in skeletal muscle.

The most dramatic difference between R6/2 and WT APs
was the decay time. Compared with WT, the falling phase of
R6/2 APs was markedly prolonged and was not due to reduced
ClC-1 and Kir currents. Prolonged decay has been associated
with low peak amplitude (6, 29). However, the low peak of
R6/2 APs did not likely cause the prolonged decay time
because injecting current to increase the peak of R6/2 APs did
not increase the rate-of-decay time. Therefore, since KV cur-
rents are responsible for the falling phase of APs (6, 16), we
measured the expression level of KV1.5 and KV3.4 in R6/2
skeletal muscle.

Voltage-Gated K� Channel Expression in HD Skeletal
Muscle

We found that mRNA levels of KV1.5 and KV3.4 were lower
in R6/2 skeletal muscle compared with WT, which helps
explain the prolonged decay time we observed in R6/2 APs.
Similarly, APs in R6/2 medium spiny neurons have a pro-
longed decay time and decreased KV2.1 expression (5, 37).
There are several factors that may lead to decreased KV3.4
expression in R6/2 skeletal muscle. Skeletal muscle KV3.4
expression decreases in denervated muscle, is higher in fast-
twitch muscle fibers, and increases with age until adulthood in
mice (66). We can exclude a relation to denervation since
morphological, physiological, and molecular experiments have
shown that R6/2 skeletal muscle is not denervated (36). Fiber
type switching may help explain the reduced KV3.4 levels
since a shift to slow and neonatal myosin heavy chain occurs
in R6/2 muscle (42, 44, 52, 58). Additionally, we have shown
that R6/2 skeletal muscle is not fully matured (44). Thus, it
may be that a transition to slow fiber types and disruption in
muscle maturation explain the reduced KV3.4 levels. Addition-
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ally, transcription factor activity for KV3.4 may be altered in
R6/2 skeletal muscle. Kcna4, the gene that codes for KV3.4,
contains binding sites for Sp-1 and ROR�1 (18, 65), transcrip-
tion factors that have been shown to bind or are thought to bind
mutant huntingtin protein (7, 34). This pathway has been
linked to the downregulation of proteins such as Kir4.1 and to
HD pathology such as dysregulated intracellular Ca2� signal-
ing (7, 34).

KV1.5 expression changes throughout skeletal muscle devel-
opment and plays an important role in myocyte proliferation
(39, 63). Nerve growth factor has been shown to upregulate
KV1.5 and cause a decrease in AP decay time in myocytes
cultured from 1- to 2-day old rat skeletal muscle (62). The lack
of nerve growth factor in R6/2 skeletal muscle may lead to
decreased KV1.5 expression and muscle atrophy (3, 54). Also,
KV1.5 expression has been shown to be promoted by Sp-1,
which in turn was shown to have increased activity in response
to oxidative stress in myocytes (20). It is well established that
mitochondrial dysfunction and oxidative stress play a pivotal
role in HD pathology in both skeletal muscle and the CNS (59,
70). Because the expression of KV1.5 and KV3.4 is decreased
in R6/2 skeletal muscle, it may be that Sp-1 can no longer
respond to oxidative stress because it is bound to mutant
huntingtin in HD.

Action Potential Recovery

We measured AP recovery for �15 s following each AP
train. The recovery followed two phases, a fast recovery
occurring 125 ms after each AP train and a slow recovery
occurring over the remaining time period. During the fast
phase, the maximum repolarization recovered by �30–50% in
R6/2 and 9-AC/Ba2� fibers but only 10% in WT fibers after the
40-Hz and 60-Hz trains. The rapid recovery of the maximum
repolarization would increase the degree of NaV1.4 relief from
inactivation, which would explain the more rapid recovery in
peak amplitude and maximum rate-of-rise we observed in R6/2
and 9-AC/Ba2� fibers compared with WT.

The slow recovery phase of the AP maximum repolarization
may be explained by the flux of K� and Cl� from the t-tubules
after sustained stimulation (1, 32). Our interpretation is that the
reduction in ClC-1 and Kir currents limits the movement of K�

into the t-tubules during trains in R6/2 and 9-AC/Ba2� fibers.
Thus, buildup of K� in t-tubules contributes more to the
maximum repolarization of WT fibers than it does to R6/2 and
9-AC/Ba2� fibers. This likely occurs because the mass move-
ment of K� into the t-tubules must be accompanied by counter
ions to maintain bulk electroneutrality, which is achieved with
Cl– movement through ClC-1 in WT muscle (9, 11, 13, 17, 33,
38, 43). Because ClC-1 currents are severely restricted in R6/2
and 9-AC/Ba2� fibers, K� fluxes may be decreased. Overall,
this suggests that ClC-1 and Kir dampen rapid voltage changes
in WT fibers caused by subthreshold currents but facilitate the
bulk movement of K� and Cl–. This highlights a key role of
Cl– movement in WT muscle, which is consistent with work
examining the role of ClC-1 in regulating muscle during
normal activity (15, 48–50), and a recent study has described
Cl– movement with a four-electrode technique (26). In contrast
to WT, R6/2 and 9-AC/Ba2� fibers are more prone to rapid
voltage changes caused by subthreshold currents but less sus-

ceptible to slow voltage changes caused by altered ion gradi-
ents.

Unlike the other AP parameters, there were no changes in
the AP decay time during the fast recovery period in WT, R6/2,
or 9-AC/Ba2� fibers. Moreover, the 80% decay time of WT
APs continued to prolong during the fast recovery period. The
recovery of the 40% and 80% decay in R6/2 and 9-AC/Ba2�

fibers occurred with a time constant of 1–2 s, which is consis-
tent with the reported recovery from inactivation for KV,
including KV3.4 (e.g., 1.8-s time constant in dorsal root gan-
glion neurons) (53). Thus, it is likely that recovery from
inactivation of the remaining KV1.5 and KV3.4 explains the
exponential recovery phase recorded for R6/2 and 9-AC/Ba2�

fibers. In WT fibers, K� buildup in the t-tubules (1, 2, 21, 67,
69) and the prolonged recovery of the AP maximum repolar-
ization may further delay the recovery from inactivation of
KV1.5 and KV3.4.

It is worthwhile to comment on the strengths and limitations
of this study. Experiments were conducted with fully mature
muscle fibers on the day they were dissected from the mice,
and the methods used were a direct extension of our previous
voltage clamp studies of ClC-1 and Kir (44, 68). However, our
acute block of ClC-1 and Kir to mimic disease conditions
would not account for long-term compensatory changes in the
R6/2 muscle. Another key consideration is the use of flexor
digitorum brevis and interosseus fibers. Because of the small
size of these muscle fibers, we were able control the intracel-
lular as well as extracellular conditions. Our use of high
intracellular EGTA blocked contractions even during 60-Hz
trains. However, the EGTA may have inhibited Ca2�-depen-
dent signaling pathways. Indeed, several lines of evidence
indicate that ClC-1 is regulated by signaling pathways that may
be inhibited by EGTA (48–50, 60, 64). Future studies will be
needed to extend this work to more physiological conditions,
such as nondissociated muscle and different muscle groups
with different fiber type compositions. Ultimately, the work
will need to be extended to contractility studies and in vivo
behavior measurements. Regarding Huntington’s disease, ad-
ditional studies will aim to corroborate these findings in R6/2
mice to additional disease models and to human patients.
Overall, the high level of experimental control and ability to
directly link to voltage clamp experiments makes the flexor
digitorum brevis and interosseus fibers a very good starting
point for mechanistic studies of mature wild-type and disease
muscle.

Conclusion

Broadly, this study shows that APs in WT and disease
muscle undergo significant and progressive changes in the
rising and falling phases, peak, and baseline (maximum repo-
larization) during trains of activity. The dynamic nature of APs
has implications for basic assessments of muscle function. For
example, changes in electromyography (EMG) records are
sometimes assumed to reflect changes in muscle function under
the assumption that muscle APs are unchanging because of
their all-or-none characteristics. However, it is likely that
changes in EMG waveforms simply reflect changes in the APs
of individual muscle fibers, such as the widening of the AP
during trains, as shown in this study.
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During trains, we found a substantial decrease in the AP
maximum rate-of-rise, particularly in R6/2 fibers at high fre-
quencies of stimulation. This was likely because the depolar-
izing shift in the maximum repolarization inactivated many
NaV1.4 channels. Despite the inactivation of NaV1.4, the AP
peak decreased by only a few millivolts. Our interpretation is
that a corresponding inactivation of KV channels during trains,
as indicated by the widening of the APs, served to maintain the
AP peak. In short, because of the reduced K� currents, less
Na� current was needed to achieve a nearly normal AP peak.
Eventually, the declining AP peak will cause muscle weakness
once CaV1.1 is insufficiently activated. Weakness or fatigue is
expected to occur sooner in R6/2 muscle than in WT because
of the consistently reduced AP peak in R6/2 fibers. This work
provides the foundation to determine the role of AP defects in
R6/2 HD muscle dysfunction and to determine the ion channel
regulatory events that modulate APs in WT and disease mus-
cle.
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