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Huntington’s disease (HD) is a progressive and fatal degenerative disorder that results in debilitating cognitive and motor dysfunction.
Most HD studies have focused on degeneration of the CNS. We previously discovered that skeletal muscle from transgenic R6/2 HD mice
is hyperexcitable due to decreased chloride and potassium conductances. The progressive and early onset of these defects suggest a
primary myopathy in HD. In this study, we examined the relationship between neuromuscular transmission and skeletal muscle hyper-
excitability. We used an ex vivo preparation of the levator auris longus muscle from male and female late-stage R6/2 mice and age-
matched wild-type controls. Immunostaining of the synapses and molecular analyses revealed no evidence of denervation.
Physiologically, we recorded spontaneous miniature endplate currents (mEPCs) and nerve-evoked EPCs (eEPCs) under voltage-clamp,
which, unlike current-clamp records, were independent of the changes in muscle membrane properties. We found a reduction in the
number of vesicles released per action potential (quantal content) in R6/2 muscle, which analysis of eEPC variance and morphology
indicate is caused by a reduction in the number of vesicle release sites (n) rather than a change in the probability of release (prel ).
Furthermore, analysis of high-frequency stimulation trains suggests an impairment in vesicle mobilization. The depressed neuromus-
cular transmission in R6/2 muscle may help compensate for the muscle hyperexcitability and contribute to motor impersistence.

Key words: electrophysiology; Huntington’s disease; neuromuscular transmission; synaptic transmission; trinucleotide repeat disorder

Introduction
Huntington’s disease (HD) is a fatal degenerative disorder that is
characterized by severe affective, cognitive, and behavioral psy-
chiatric abnormalities, as well as numerous motor defects, in-

cluding chorea, rigidity, dystonia, and bradykinesia (Wells and
Ashizawa, 2006). It is caused by an expanded CAG trinucleotide
repeat in exon 1 of the huntingtin gene (Huntington’s Disease
Collaborative Research Group, 1993) and is one of several trinu-
cleotide repeat disorders (Wells and Ashizawa, 2006). Although
the huntingtin gene is widely expressed throughout the body,
including skeletal muscle, most research on the disease has fo-
cused on the CNS (Huntington’s Disease Collaborative Research

Received Feb. 2, 2017; revised July 6, 2017; accepted July 11, 2017.
Author contributions: S.H.R., M.M.R., R.J.T., and A.A.V. designed research; A.K., E.J.R., S.H.R., Q.W., R.J.T., and

A.A.V. performed research; A.K., E.J.R., S.H.R., W.R., M.M.R., R.J.T., and A.A.V. analyzed data; A.K., E.J.R., S.H.R.,
W.R., M.M.R., R.J.T., and A.A.V. wrote the paper.

This work was supported by NIH/NIGMS Grant 1SC3GM096945 and Wright State University startup funds (A.A.V.)
as well as NIH/NINDS Grant R01082354 (M.M.R.). We thank Lori Goss for surgical assistance with the denervation
studies, Dr. Kevin Novak for work with the extensor digitorum longus muscle, Steven Burke for assistance with the
levator auris longus dissections, and Dr. Xueyong Wang for technical advice. Postnatal day 1 muscle samples were
kindly provided by Dr. Theodore Garland Jr of the University of California, Riverside.

The authors declare no competing financial interests.

Correspondence should be addressed to Dr. Andrew A. Voss, Wright State University, 235 Biological Sciences,
3640 Colonel Glenn Highway, Dayton, OH 45435. E-mail: andrew.voss@wright.edu.

The current address of Ahmad Khedraki is St. George’s University, School of Medicine, St. George’s, Grenada.
DOI:10.1523/JNEUROSCI.0313-17.2017

Copyright © 2017 the authors 0270-6474/17/378077-15$15.00/0

Significance Statement

Recent evidence indicates that Huntington’s disease (HD) is a multisystem disorder. Our examination of neuromuscular trans-
mission in this study reveals defects in the motor nerve terminal that may compensate for the muscle hyperexcitability in HD. The
technique we used eliminates the effects of the altered muscle membrane properties on synaptic currents and thus provides
hitherto the most detailed analysis of synaptic transmission in HD. Clinically, the striking depression of neurotransmission we
found may help explain the motor impersistence in HD patients. Therapies that target the highly accessible peripheral nerve and
muscle system provide a promising new avenue to lessen the debilitating motor symptoms of HD.
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Group, 1993; Strand et al., 2005; Wells and Ashizawa, 2006; Lo
and Hughes, 2010). Neurodegeneration in the striatum and
cortex have been widely assumed to underlie the severe motor
defects of HD (Strand et al., 2005; Wells and Ashizawa, 2006).
However, the expression of mutated huntingtin in the skeletal
muscle could cause muscle dysfunction independent of
neurodegeneration.

In support of primary muscle defects, motor symptoms were
shown to precede the onset of neurological symptoms in a mar-
athon runner with HD (Kosinski et al., 2007). Moreover, a num-
ber of studies have demonstrated pathological changes in HD
muscle, including metabolic and mitochondrial defects (Lodi et
al., 2000; Turner et al., 2007; Mielcarek et al., 2015), atrophy
(Ribchester et al., 2004; She et al., 2011; Ehrnhoefer et al., 2014),
reduced muscle strength (Busse et al., 2008; Hering et al., 2016),
and a reduced expression of genes necessary for normal muscle
differentiation (Luthi-Carter et al., 2002; Strand et al., 2005).
Additionally, we previously discovered that skeletal muscle from
R6/2 transgenic HD mice is hyperexcitable due to decreased
currents through chloride (ClC-1) and inwardly rectifying potas-
sium (Kir) channels, which correlated with aberrant mRNA pro-
cessing and lower levels of mature full-length mRNAs for ClC-1
and Kir channels (Waters et al., 2013). We further showed that
these muscle defects begin in presymptomatic R6/2 mice, in-
crease in parallel to disease progression, and are associated with
disruptions in muscle maturation (Miranda et al., 2017).

It is also possible that defects in motor neurons could contrib-
ute to HD symptoms. It has been shown that motor neurons in
the brainstem of wild-type (CD1) mice increase expression of the
huntingtin gene through development into adulthood (Bhide et
al., 1996). Other papers have speculated changes in HD spinal
motor neurons (Ribchester et al., 2004; Mielcarek et al., 2015)
and a recent study reported smaller and fewer cervical spinal
motor neurons with atypical nuclei in the BACHD mice (Valadão
et al., 2017).

In this report, we begin to examine the relationship between
muscle and neuronal defects in HD. To determine whether de-
nervation or motor unit loss drives the HD skeletal muscle hy-
perexcitability, as proposed in a study based on contraction
experiments (Mielcarek et al., 2015), we examined neuromuscu-
lar morphology and the expression levels of key molecular mark-
ers for denervation in R6/2 mice. Our main focus in this report
was to measure neuromuscular transmission under voltage-clamp
conditions. This is important because the standard corrections used
to account for nonlinear summation in current-clamp recordings
of synaptic potentials (McLachlan and Martin, 1981) would not
account for the changes in the R6/2 muscle membrane properties
that cause hyperexcitability. Most of the previous studies of neu-
romuscular transmission in HD used current-clamp (Ribchester
et al., 2004; Romero et al., 2008; Rozas et al., 2011; de Aragão et
al., 2016) and were completed before we reported that R6/2
muscle is hyperexcitable and has a lower specific-membrane
capacitance.

We found that muscle hyperexcitability in R6/2 mice was not
driven by denervation. However, despite the normal appearance
of the neuromuscular junctions (NMJs), we did find evidence of
fewer functional active sites and impaired vesicle release in R6/2
mice, both of which may help compensate for the muscle hyper-
excitability. We also show that the changes in R6/2 muscle mem-
brane properties alter corrected synaptic potentials measured
under current-clamp, which has experimental implications for
many studies of synaptic transmission in disease states.

Materials and Methods
Animal care. All animal procedures were performed in accordance with
the policies of the Animal Care and Use Committee of Wright State
University. We established a breeding colony in the Wright State Univer-
sity Laboratory Animal Resources Facility that consisted of one wild-type
B6CBA female with an ovarian transplant (hemizygous for Tg(HDexon1)
62Gpb) and one wild-type male (B6CBAF1/J) purchased from The Jack-
son Laboratory, stock #002810 (RRID: IMSR_JAX:002810). A total of 40
male and female R6/2 and 52 male and female control mice produced
from 12 breeding pairs were used for this study. Tail samples cut between
7 and 14 d of age were genotyped at Laragen. Mice were housed with
wild-type littermates (control) in sex-matched cages after weaning at
�14 d of age. Beginning at 9 weeks 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.

Health and phenotype severity assessment for HD mice, as described
previously (Waters et al., 2013; Miranda et al., 2017), were performed
weekly for mice 8 –10 weeks of age, every other day for mice 10 weeks of
age, and daily for mice �11 weeks of age. Assessment categories included
physical condition, respiratory health, activity level, and weight loss.
Mice were rated on a scale from 0 to 3 for each category, where 0 signified
a normal condition and 3 signified a severe/poor condition. Mice were
selected for experiments when the sum of all the category scores was �6
or when the score of any one category equaled 3. Of the behavioral
measures, mouse weight has been a reliable and easy to assess measure of
disease progression. We previously showed that R6/2 weight stopped
increasing from 6 to 10 weeks of age and decreased after 10 weeks of age
(Miranda et al., 2017). Experiment-ready mice were killed by inhalation
of a saturating dose of isoflurane (�2 g/L), followed by cervical disloca-
tion. All R6/2 and control mice used in this study were between 11 and 14
weeks of age.

For denervation studies, SWR/J mice were anesthetized with inhaled
isoflurane. The region of the left sciatic notch was shaved and sterilized,
an incision was made, and a 3 mm length of the sciatic nerve was re-
moved. The wound was closed with sutures and mice were allowed to
recover. One week later mice were killed with inhaled CO2 and the right
and left gastrocnemius muscles were removed and flash frozen in liquid
nitrogen.

Electrophysiology. The levator auris longus (LAL) muscle was dissected
from the mice and pinned to a custom Sylgard perfusion chamber. Mus-
cle fibers were visualized using an Olympus BX51WI microscope
equipped with 10� (UMPLFLN10XW) and 40� (LUMPLFLN40XW)
objectives. The extracellular buffer solution consisted of the following
(in mM): 144 NaCl, 4 KCl, 1.2 CaCl2, 0.6 MgCl2, 5 glucose, 1 NaH2PO4,
10 MOPS, and pH 7.4 with NaOH. A low Ca 2� extracellular buffer was
also used and consisted of the following (in mM): 140 NaCl, 4 KCl, 0.5
CaCl2, 4 MgCl2, 5 glucose, 1 NaH2PO4, 10 MOPS, and pH 7.4 with
NaOH. Both the normal and low Ca 2� buffers had an osmolality of
300 � 5 mmol/kg. To prevent muscle contraction during nerve stimulation,
60 �M N-benzyl-p-toluene sulfonamide (BTS) and 1 �M �-conotoxin GIIIB
(in normal Ca 2� only) were used. To visualize NMJs, fibers were stained
with 5 �M 4-(4-diethylaminostyryl)-N-methylpyridinium iodide (4-Di-
2-ASP) for 5 min. 4-Di-2-ASP is a cationic fluorescent mitochondrial dye
that stains presynaptic nerve terminals with no lasting effects on their
structure or function (Magrassi et al., 1987). A Thorlabs M470L3 colli-
mated LED (470 nm) or halogen bulb and an eGFP filter cube were used
to observe fluorescence. Solution changes were achieved via a custom
gravity-driven perfusion system and all experiments were performed at
room temperature (22°C).

Fibers within the rostral band of the LAL were impaled using two
borosilicate glass microelectrodes (Sutter Instruments) positioned
within 100 �m of one another and within 100 �m of the NMJ to obtain
proper space clamp of the endplate region (Albuquerque and McIsaac,
1970). The distance of electrodes from one another and from the NMJ
were measured with ImageJ (National Institutes of Health) from images
acquired with a Santa Barbara Instruments Group (SBIG) ST-7XMEI
CCD camera (SBIG). The internal solution used for the voltage-reading
electrode was 3 M KCl and the internal solution of the current-passing
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electrode consisted of the following (in mM): 75 aspartate, 5 MgCl2, 15
Ca(OH)2, 5 ATP disodium, 5 phosphocreatine disodium, 5 glutathione,
20 MOPS, 30 EGTA, pH 7.2 with KOH, and osmolality of 300 � 5
mmol/kg. All electrode resistances were between 10 and 15 M�. An
Axoclamp 900A amplifier, Digidata 1550 digitizer, and the pCLAMP 10
data acquisition and analysis software (Molecular Devices) were used for
synaptic current and voltage-clamp recordings. Nerve stimulation was
achieved using a Master-9 Pulse Generator and an ISO-Flex stimulus
isolator (AMPI) in conjunction with a CBDSH75 concentric bipolar
electrode (FHC) that was positioned directly onto the nerve using a small
Narishige ball-joint manipulator.

Fibers with high miniature endplate potential (mEPP) or miniature
endplate current (mEPC) frequency (�3 Hz in physiological Ca 2� and
�4 Hz in low Ca 2�) were discarded to avoid studying potentially dam-
aged nerve terminals. Fibers necessitating more than �25 nA of holding
current to maintain the membrane potential between �80 and �90 mV
were also discarded. Before entering voltage-clamp, an equal number of
small positive and negative square current pulses (between �14 and �14 nA)
were injected under current-clamp to determine the membrane time
constant (�m).

The motor endplates were voltage-clamped to �85 mV. Achieving
adequate voltage control can be a concern. As described above, electrodes
were impaled at distances from the NMJ that were within the muscle
length constant. Additionally, we used the DC restore feature of the
Axoclamp 900A, which sets a very high voltage-clamp gain (�1,000,000).
Under these conditions, the entire motor endplate was clamped at the
holding potential (�85 mV). Even under these conditions, however,
the voltage-clamp gain and lag settings influence the rate at which the
amplifier will maintain the holding potential; fast currents may cause a
momentary voltage deflection. Moreover, resolving mEPCs from noise
required lower gain and lag settings than we previously used to voltage-
clamp whole flexor digitorum brevis fibers (Waters et al., 2013; Miranda
et al., 2017). To assess our voltage-clamp, we measured the voltage de-
flection that occurred during nerve-evoked EPCs (eEPCs) in 5 WT and
R6/2 fibers (10 per fiber). These data were representative of mean eEPC
values. The average voltage deflections during the peak eEPC in the WT
and R6/2 fibers was only 1.4 � 0.3 and 0.8 � 0.2 mV, respectively.
Moreover, by integrating the full mEPCs and eEPCs to obtain the total

charge, we minimized the contribution of the
voltage deflection. To estimate the amount of
charge attributable to the voltage deflections,
we converted the voltage signal to current (de-
flection current) using the fiber input resis-
tance (obtained under current-clamp from the
same fibers). We then integrated the deflection
current over the time course of the correspond-
ing eEPCs to obtain the deflection charge. The
	deflection charge	/	eEPC charge	 ratio was
3.9 � 10 �4 � 1.3 � 10 �4 and 1.1 � 10 �4 �
4.0 � 10 �5 for WT and R6/2 endplates, respec-
tively. Thus, based on this ratio, the percentage
of unclamped endplate in our experiments was

0.05%. Voltage-clamp settings (gain: 1500,
lag: 1, and pipette capacitance neutralized)
were maintained the same across all fibers. To
estimate the quantal content (QC), the nerve
was stimulated at 0.5 Hz with the stimulus in-
tensity set to 1.5–2� the threshold required to
elicit an eEPC and we recorded the resulting
eEPCs and spontaneously occurring mEPCs
for 2 min. The same protocol was used for low
calcium experiments. QC was calculated using
the following equation:

QC �
mean eEPC charge

mean mEPC charge
. (1)

To estimate of the probability of synaptic re-
lease ( prel) and the number of available release
sites (n), we used a graphical approach based

on binomial vesicle release statistics (Clements and Silver, 2000; Wang et
al., 2010). QC was calculated using Equation 1 and the variance of QC
[Var(QC)] was calculated with the following equation:

Var�QC� � � standard deviation of peak eEPC amplitude

mean of peak mEPC amplitude �2

.

(2)

We assumed the following relationships.

QC � np (3)

Var�QC� � np�1 � p�. (4)

To estimate n from Var(QC) versus QC plots, we substituted p � QC�n ,

a rearranged form of Equation 3, into Equation 4 to obtain the following
parabola equation:

Var�QC� � QC�1 �
QC

n � . (5)

For high-frequency stimulation, the nerve was stimulated at 50 Hz
during 200 ms trains (10 eEPCs). Each fiber was stimulated with 10 such
trains with a 10 s pause between each train. To assess depression in
normal Ca 2�, the peak amplitude of each eEPC was normalized to the
peak amplitude of the largest eEPC in the train. We also used the degree
of depression to compare depression severity, determined by dividing the
amplitude of the last eEPC by the first eEPC in a train. In all protocols,
acquisition rate was set to 20 kHz and signals were low-pass filtered at
1 kHz.

To determine the effects of the altered muscle membrane properties
on corrected synaptic potentials recorded under current-clamp, we ap-
plied the 0.5 Hz stimulation protocol described above to a subset of the
fibers under both voltage-clamp and current-clamp. We corrected the
mEPPs and eEPPs recorded under current-clamp for differences in rest-
ing membrane potential and nonlinear summation as described previ-
ously for R6/1 HD mice (Rozas et al., 2011), which was based on work by

Figure 1. Increased membrane time constant (�m) indicative of hyperexcitable R6/2 skeletal muscle fibers. A, Injected current
steps (top traces) and the resulting membrane potential responses in representative control and R6/2 muscle fibers (bottom traces)
in normal calcium. B, Average control and R6/2 �m. C, Histogram of control (solid black bars) and R6/2 (striped gray bars) �m.
*Indicates a significant difference compared with control ( p  5.94 � 10 �6, t test). Regions of overlap as black striped bars. Error
bars are �SEM.
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McLachlan and Martin, 1981. Briefly, endplate potentials were nor-
malized for changes in resting membrane potential (mEPPnorm and
eEPPnorm) using mEPPnorm �mEPP��75/Vm� and eEPPnorm �eEPP��75/Vm�,
where Vm is the resting membrane potential. To correct the evoked end-
plate potentials for nonlinear summation, we used eEPPcorr � eEPPnorm/
�1�0.8�eEPPnorm/E��, where E is the difference between Vm and the equi-
librium potential for current through the nicotinic acetylcholine recep-
tor (nAChR). As was done previously (Rozas et al., 2011), we assumed the
equilibrium potential for nAChR currents was 0 mV. QC using current-
clamp (QCIC) data was obtained from QCIC � mean eEPPcorr/
mean mEPPnorm.

Resting membrane potential measurements were obtained from ex-
tensor digitorum longus fibers as previously described (Novak et al.,
2015). Briefly, muscle samples were examined under an upright epifluo-
rescence microscope (Leica DMR) and continuously perfused with a
recirculating Ringer solution containing the following (in mM): 118
NaCl, 3.5 KCl, 2 CaCl2, 0.7 MgSO4, 26.2 NaHCO3, 1.7 NaH2PO4, 5.5
glucose, and equilibrated with 95% O2 and 5% CO2 to maintain the pH
7.3–7.4 at 20 –22°C. Fibers were impaled with single sharp microelec-
trodes to minimize membrane damage. The electrodes were filled with 3
M KCl and 1 mM sulforhodamine (for visualization) and had resistances
between 15 and 30 M�. Resting membrane potential records were ac-
quired using a Geneclamp 500B amplifier (Molecular Devices) as well as
a Power 1401 data acquisition board and Spike2 v5.13 software (Cam-
bridge Electronics Design). The initial membrane potential upon impal-
ing the electrode was considered the resting membrane potential.

Immunostaining. To assess innervation, whole-mount LAL muscles
were dissected and pinned out in Sylgard dishes, fixed for 15 min with 4%
paraformaldehyde in PBS, and washed three times for 10 min with PBS.
To identify the postsynaptic side of NMJs, we labeled nAChRs with a 30
min exposure to solution containing 20 �g/ml of rhodamine-conjugated
�-bungarotoxin (Invitrogen). To label presynaptic nerve terminals, we
stained the LAL for neurofilaments with monoclonal anti-mouse anti-
body directed against SMI 31 (Covance Research Products; 1:500 dilu-
tion) and for presynaptic vesicles with the monoclonal anti-mouse
antibody against SV2 (AB_2315387, Developmental Studies Hybridoma
Bank; 1 �g/ml). The LAL was exposed to both primary antibodies over-
night at 4°C. A 2 h room temperature incubation with secondary
fluorescein-conjugated anti-mouse antibody (Jackson ImmunoResearch
Laboratories) was used to label both neurofilament and presynaptic ves-

icle primary antibodies. The whole-mount LAL was then washed three
times in PBS and mounted using Vectashield (Vector Laboratories).
We used an Olympus FV 1000 confocal microscope with a 60� oil-
immersion objective (NA 1.4) to image the endplates. Stained sections
were analyzed using Olympus Fluoview software.

Quantification of NMJ morphology and bassoon localization was
completed in dissected, whole-mount R6/2 and control LAL muscles that
were pinned out in a Sylgard dish and fixed with 4% paraformaldehyde in
PBS for 1 h. The fixed LAL samples were washed in PBS, rinsed with
PBS-T (0.01 M PBS containing 0.3% Triton-X, pH 7.3), and blocked with
normal horse serum (10% in PBS-T) for 1 h. Samples were immuno-
stained free-floating in 12-well plates. Primary and secondary antibodies
were diluted in PBS-T with 10% normal horse serum. To detect presyn-
aptic active zones, muscle tissue was incubated in mouse anti-bassoon
antibody (Abcam AB82958 Lot GR78505; 1:1000 dilution) overnight at
4°C. Immunoreactivity (IR) was detected with AlexaFluor 488-conjugated
donkey anti-mouse antibody (Jackson ImmunoResearch; 1:250 dilu-
tion) for 2 h at room temperature with gentle shaking. To detect post-
synaptic membrane, muscle tissue was incubated in AlexaFluor
555-conjugated �-bungarotoxin (Invitrogen; 1:1000 dilution) for 20
min. Tissue was washed and mounted on charged microslides in
Vectashield mounting medium (Vector Laboratories) and coverslipped.

Approximately 12 enface NMJs were randomly selected per mouse and
imaged on a Fluoview 1000 Olympus confocal microscope with a 60�
objective (NA 1.35 oil) with 2.5� zoom at 0.3 �m Z-steps through the
entire NMJ. Confocal stacks were superimposed and flattened in Flu-
oview software (Olympus) and TIFFs analyzed in Image Pro Software
(Media Cybernetics). Two complimentary features of Image Pro Soft-
ware were used to quantify colocation of the bassoon-IR to �-bunga-
rotoxin-AlexaFlour 555, in: (1) the colocalization coefficient, which
estimates the contribution of one channel color (bassoon green-IR) to
the overall colocalized fluorescence of the region-of-interest; and (2) the
overlap coefficient of colocalization, which quantitates the overlap of
the two colors. These methods are not sensitive to intensity variations in
the image analysis. Quantification was always performed in original un-
processed images. Microscope images were prepared by adjusting con-
trast and brightness in ImagePro Plus Software (Media Cybernetics),
with all information content of the images being preserved. Figures were
composed using CorelDraw (v12.0). Graphs were composed in Sigma-

Figure 2. Representative images of stained control and R6/2 NMJs from 12-week-old mice. Motor nerves and terminals were identified by a combination of neurofilament staining (SMI-31) of
axons and SV2b staining of synaptic vesicles (both in green; nerve). Motor endplates were labeled by staining of nicotinic acetylcholine receptors with rhodamine-conjugated �-bungarotoxin (red;
nAChRs). The regions of superimposed nerve and nAChRs are yellow in the merged images. In both the control and R6/2 fibers, all nAChRs were directly aligned with nerve terminals. Scale bar:
bottom right, 30 �m.
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Plot 13 software (Systat Software). Some images were sharpened using a
“high gauss” filter in ImagePro.

mRNA analysis. Tibialis anterior, soleus and LAL muscles were re-
moved from R6/2 and control mice, snap frozen in liquid nitrogen, and
stored at �80°C until analyzed. Total RNA was isolated using RNeasy
kits (Qiagen) and RNA stored at �80°C. Reverse-transcriptase PCR
(RT-PCR) methods were used for the quantification of the following
denervation-induced mRNAs: (1) the �-subunit of nAChR (nAChR�;
Moss et al., 1987; Witzemann et al., 1987; Gu and Hall, 1988a,b; Adams et
al., 1995; Liu et al., 2016); (2) the small-conductance calcium-activated
potassium channel (SK3; Pribnow et al., 1999; Neelands et al., 2001;
Jacobson et al., 2002; Favero et al., 2008); and (3) the cardiac muscle
isoform of the voltage-gated sodium channel, Nav1.5 (Scn5a; Rogart et
al., 1989; Lupa et al., 1995; Sekiguchi et al., 2012). Reverse transcription
was performed using Superscript III reverse transcriptase and random
primers according to the manufacturer’s instructions (Invitrogen). The
levels of nAChR� mRNA were evaluated in two ways. First, a gel-based

PCR method using primers flanking the following genes: nAChR�
(upstream: 5�-GGGCCGAGTGCTGGACCG-3�, downstream: 5�-GGC
GGGGGTCTCCGGGGA-3�) and SK3 (upstream: 5�-CAAGTGTCCC
TGTCCATCTTC-3�, downstream: 5�-CCAAGTGGTCATTGAGATT
TA-3�). The 18S ribosomal subunit was also quantified via RT-PCR for
control purposes with primers from Ambion. Second, the same nAChR�
primers were used for the relative quantification of nAChR� in a real-
time SYBR green-based RT-PCR (qPCR) procedure using the Full
Velocity SYBR green kit (Stratagene). The mRNA levels of SK3 were
quantified in a similar manner. The mRNA levels of Scn5a were quanti-
fied using a TaqMan-based assay (Mm01342518.m1, Applied Biosys-
tems). RNA from 14 d denervated and control mouse gastrocnemius
muscles and hindlimb muscle from postnatal day 1 mice were used as
positive controls for denervation-induction (and developmental expres-
sion) of the denervation-sensitive genes. For real-time RT-PCR quanti-
fication, the cycle thresholds were obtained for 	-2-microglobulin as a
normalizing gene using a TaqMan-based assay (Mn00437762.m1, Ap-

Figure 3. RT-PCR analyses of the expression of denervation-induced gene mRNAs in R6/2 and control mice. A, Gel-based RT-PCR for the expression of nAChR�. Neither control nor R6/2 tibialis
anterior nor soleus muscles showed expression of nAChR�. In contrast, expression of nAChR� was detectable in denervated (Dnv), but not control (Cont) mouse gastrocnemius (Gast) muscle. Also,
expression of nAChR� was observed in postnatal day 1 (P1) hindlimb muscles (Hind) of mice. The M designates base-pair size markers. B, Real-time RT-PCR analyses of nAChR�, the SK3, and Scn5a
mRNAs relative to 	2-microglobulin in control and R6/2 mice. No significant changes in the mRNAs for nAChR� and SK3 were observed in R6/2 mouse tibialis anterior (left; nAChR�: p  0.398,
t test; SK3: p  0.991, t test) and soleus (middle; nAChR�: p  0.289, t test; SK3: p  0.403, t test) muscle compared with control. There was a significant decrease in the levels of Scn5a in R6/2
tibialis anterior ( p  0.025, t test) but not soleus muscle ( p  0.094, t test) relative to control. In contrast, there was a marked increase in the expression of nAChR� ( p  0.0099, t test), SK3 ( p 
0.0002, t test), and Scn5a ( p  0.0001, t test) mRNA in denervated gastrocnemius relative to the innervated contralateral muscle in control mice (n  4 muscles/group). *Indicates a significant
difference. Error bars are �SEM.
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plied Biosystems). The ��CT method was used for calculation of relative
expression levels (Livak and Schmittgen, 2001).

Statistics. The means of two normal sample populations, as per the
Shapiro–Wilk test, were compared using a two-tailed Student’s t test
using SigmaPlot 13 software (Systat Software). Any non-normal sample
population means were compared using the Mann–Whitney rank sum
test. Mean values were reported as mean � SEM. A one-way ANCOVA
model generated with Stata was used to evaluate normalized eEPC
charges relative to position on the 0.5 Hz train for control and R6/2
groups, as well as between-group differences between the trends. We
evaluated the position along the domain of eEPCs no. 5– 60 in the train,
which we centered at 0 for the analysis. This model can be expressed in
terms of the general linear model (GLM) equation:

eEPC � b0 
 b1 Group 
 b2 Position 
 b3 Position x Group


 Error, (6)

where b0 represents eEPC charge of the control group at position  5, b1

represents the difference between the control and R6/2 groups at posi-
tion  5, b2 represents the average change in eEPC charge per unit of
position for the control group, and b3 represents the difference in this
rate of change between the R6/2 and control groups. Significance of the
regression model and each parameter was evaluated at the 0.05 � level.
Significance of b0 indicates that the eEPC charge for the control group at
a position of 5 is significantly different from 0. A significant b1 value
indicates that the eEPC charge for the R6/2 group is significantly different
from the control group at this initial position. A significant b2 value
indicates that there is sufficient evidence to detect a nonzero change in
eEPC charge with respect to position for the control group, and a signif-
icant b3 value indicates that the rate of change for the R6/2 group is
significantly different from that in the control group. All p values were
calculated using the number of mice.

Results
Skeletal muscle hyperexcitability
Our previous work using two-electrode voltage-clamp demon-
strated that the flexor digitorum brevis and interosseous muscles

in R6/2 mice become hyperexcitable due to decreases in the rest-
ing chloride and potassium currents early in the disease progres-
sion (Waters et al., 2013; Miranda et al., 2017). Because of the
reduced resting currents, the membrane time constant (�m) of
the R6/2 fibers was prolonged (Waters et al., 2013). Most of the
increase in �m was due to decreased currents through the muscle
chloride channel, ClC-1, which constitutes �80% of the resting
muscle conductance (Hutter and Noble, 1960; Steinmeyer et al.,
1991a,b). To confirm that passive membrane properties were
similarly altered in the LAL muscle, we used current-clamp to
determine the �m of late-stage R6/2 (4 male and 3 female mice, 81
fibers) and age-matched control fibers from wild-type littermates
(6 male and 4 female mice, 87 fibers); all mice were 11–14 weeks
of age (Fig. 1). These were the same motor endplates from which
we measured neuromuscular transmission in physiological extra-
cellular Ca 2� in subsequent figures. We injected an equal num-
ber of small positive and negative square current pulses into the
motor endplate and recorded the resulting changes in the mem-
brane potential (Fig. 1A). The striking increase in R6/2 fiber input
resistance, indicated by the larger voltage responses, is known to
occur because of the combined effect of an increase in the mem-
brane resistance (due to reduced chloride and potassium conduc-
tance) and muscle fiber atrophy (Ribchester et al., 2004; Waters et
al., 2013). To eliminate the influence of atrophy, we measured the
�m, which is independent of fiber diameter, instead of the input
resistance. To help ensure passive conditions, we estimated the
�m from the steady-state voltage changes (�V) that were 
	5	 mV
and had linear voltage– current relationships (Voss, 2009). We
excluded values of �V that exceeded 	5	 mV from our �m calcu-
lations. �m was the time it took the membrane potential to reach
1/e of �V (�37% of the steady-state change in voltage) during
the return to baseline after a current pulse. The �m of R6/2 fibers
(1.92 � 0.06 ms) was significantly prolonged by 42% compared
with that of control (1.25 � 0.07 ms, p  5.94 � 10�6, t test where

Figure 4. The mEPC charge, eEPC charge, and QC in control and R6/2 NMJs in low extracellular Ca 2� (0.5 mM) and high Mg 2� (4 mM). A, Superimposed representative eEPC traces from control
and R6/2 NMJs with an inset of superimposed representative mEPC traces from the same NMJs under two-electrode voltage-clamp. B, Histograms of average control (solid black bars) and R6/2
(striped gray bars) mEPC charge, eEPC charge, and QC. Regions of overlap as black striped bars.
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t  6.805 with 15 df), indicating that, consistent with the R6/2
flexor digitorum brevis, the LAL muscle fibers we used to mea-
sure neuromuscular transmission were hyperexcitable due to a
loss of ClC-1 currents (Fig. 1B). The histogram in Figure 1C
shows an approximately normal distribution of R6/2 and control
�m values, indicating that R6/2 muscle fibers were uniformly hy-
perexcitable compared with control.

Innervation
To determine whether the skeletal muscle fibers were anatomically
denervated in late-stage R6/2 mice (12–13 weeks old) compared

with control (12–13 weeks old), we stained the nerve terminals and
motor endplates in whole-mount LAL preparations (Fig. 2). Nerve
terminals were identified by staining for the neurofilaments and syn-
aptic vesicles (both green). We identified the motor endplates based
on the binding of �-bungarotoxin-rhodamine (red) to nAChRs. In
both control (276 NMJs imaged from 3 mice) and R6/2 mice (274
NMJs imaged from 3 mice), we found no denervated endplates. This
strongly suggests that the R6/2 skeletal muscle hyperexcitability
was not caused by denervation.

To further check for denervation, we tested for increased ex-
pression of nAChR�, which is expressed during development,

Figure 5. The mEPC charge, eEPC charge, and QC in control and R6/2 NMJs in physiological extracellular Ca 2� (1.2 mM) and Mg 2� (0.6 mM). A, B, Representative control (A) and R6/2 (B)
recordings under two-electrode voltage-clamp showing mEPCs and eEPCs (baseline adjusted to 0). C, D, Superimposed representative eEPC traces from control (C) and R6/2 (D) NMJs with an inset
of superimposed mEPC traces from the same NMJs. E–G, Histograms of average control (solid black bars) and R6/2 (striped gray bars) mEPC charge (E), eEPC charge (F ), and QC (G). Regions of overlap
as black striped bars.

Table 1. mEPC and eEPC properties in physiological calcium conditions

mEPC eEPC

Charge, pC Rise time, ms Decay �, ms Frequency, Hz Charge, pC Rise time, ms Decay �, ms QC

Control �4.1 � 0.1 0.33 � 0.01 0.94 � 0.04 1.5 � 0.1 �261 � 8 0.43 � 0.01 1.24 � 0.04 65 � 6
R6/2 �3.4 � 0.1* 0.37 � 0.01* 1.16 � 0.02* 0.9 � 0.1* �179 � 7* 0.47 � 0.01* 1.50 � 0.04* 54 � 5*
p value 1.4 � 10 �4 3.34 � 10 �5 8.36 � 10 �4 1.9 � 10 �4 2.00 � 10 �6 2.11 � 10 �4 2.6 � 10 �4 0.022
t value 5.06 �5.83 4.16 �4.92 7.47 �4.85 4.75 �2.61
df 15 15 15 15 15 15 15 15

Summary of NMJ data from 81 R6/2 fibers (7 mice) and 87 control fibers (10 age-matched mice). The eEPC rise time was calculated from 10% to 90% of peak. *Indicates a significant difference compared to control. A two-tailed t test was
applied in all measurements.
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repressed in adult muscle, and upregulated following denerva-
tion (Hartzell and Fambrough, 1972; Lomo and Rosenthal, 1972;
Lomo and Westgaard, 1975; Moss et al., 1987; Witzemann et al.,
1987; Gu and Hall, 1988a,b; Adams et al., 1995; Kues et al., 1995;
Liu et al., 2016). As shown in Figure 3A, neither R6/2 nor control
expressed nAChR� mRNA at appreciable levels in the tibialis
anterior (TA) or soleus muscles. In contrast, the �-subunit was
readily detected in 14 d denervated mouse gastrocnemius muscle
but not in a contralateral control. We also detected nAChR� in
postnatal day 1 hindlimb muscle (Fig. 3A). Furthermore, real-
time RT-PCR (qPCR) assays demonstrated that nAChR� mRNA
was not elevated in R6/2 mouse TA (Fig. 3B; control: 1.000 �
0.146; R6/2: 0.745 � 0.249; p  0.398, t test where t  0.883 with
10 df) or soleus (Fig. 3B; control: 1.000 � 0.503; R6/2: 0.321 �
0.180; p  0.289, t test where t  1.147 with 7 df) muscle relative
to control. Molecular analyses of the TA were completed with two
male and four female R6/2 mice as well as five male and one
female controls; one TA or soleus per mouse. For that of the
soleus, each RNA sample was a pool of two mouse solei of the
indicated genotype without regard to sex. In contrast to the R6/2
muscle, denervation of the mouse gastrocnemius (4 mice, each
with denervated sample and contralateral control) caused a sig-
nificant elevation in the �-subunit mRNA (Fig. 3B; control:
1.000 � 0.623; denervated: 4.527 � 0.717; p  0.010, t test where
t  �3.715 with 6 df). We also found that the levels of SK3
mRNA, which are upregulated following denervation (Pribnow
et al., 1999; Neelands et al., 2001; Jacobson et al., 2002; Favero et
al., 2008), were not significantly changed in the TA (control:
1.000 � 0.136; R6/2: 1.004 � 0.229; p  0.991, t test where t 
�0.0115 with 10 df) or soleus (control: 1.000 � 0.406; R6/2:
0.563 � 0.196; p  0.403, t test where t  0.889 with 7 df). As
expected, denervation of the mouse gastrocnemius caused a sig-
nificant elevation in SK3 mRNA (control: 1.000 � 0.335; dener-
vated: 29.092 � 3.566; p  2.0 � 10�4, t test where t  �7.843
with 6 df). The expression of another positive marker for dener-
vation, Scn5a, the cardiac isoform of the voltage gated sodium
channel (Rogart et al., 1989; Yang et al., 1991; Lupa et al., 1995;
Rich et al., 1999; Sekiguchi et al., 2012), was significantly reduced
in the TA (control 1.000 � 0.123; R6/2 0.507 � 0.141; p  0.025,
t test where t  2.630 with 10 df) and unchanged in the soleus
(control: 1.000 � 0.243; R6/2: 0.422 � 0.130; p  0.094, t test
where t  1.934 with 7 df) of R6/2 muscle. As shown for the other
denervation-sensitive genes, denervation of the mouse gastroc-
nemius caused a significant elevation in Scn5a mRNA (Fig. 3B;
control: 1.000 � 0.278; denervated: 44.209 � 5.053; p  1.0 �
10�4, t test where t  �8.538 with 6 df). There were also no
molecular markers of denervation in the LAL muscle. The same
qPCR examination of control (2 male and 2 female mice) and
R6/2 LAL (1 male and 4 female mice) showed that nAChR� (con-
trol: 1.000 � 0.446; R6/2: 0.572 � 0.228; p  0.392, t test where
t  0.912 with 7 df), SK3 (control: 1.000 � 0.288; R6/2: 0.554 �
0.266; p  0.294, t test where t  1.133 with 7 df), and Scn5a
(control: 1.000 � 0.467; R6/2: 0.193 � 0.085; p  0.097, t test
where t  1.914 with 7 df) were not significantly different.

Neuromuscular transmission in low extracellular Ca 2�

Having determined that the hyperexcitability of R6/2 muscle fi-
bers was independent of denervation, we looked for changes in
late-stage R6/2 neuromuscular transmission relative to control.
In ex vivo preparations of the LAL, we impaled two microelec-
trodes in rostral muscle fibers and voltage-clamped the motor
endplate. Unlike the changes in muscle membrane potential re-
corded under current-clamp, voltage-clamped synaptic currents

are independent of the muscle membrane properties. In a re-
duced extracellular Ca 2� (0.5 mM) and elevated Mg 2� (4 mM)
solution, we stimulated the motor nerve at 0.5 Hz and recorded
eEPCs and spontaneous mEPCs in control (3 male and 4 female
mice, 46 fibers) and R6/2 (4 male and 5 female mice, fibers 80)
mice (Fig. 4A). The frequency of mEPCs was significantly less in
R6/2 (1.8 � 0.3 Hz) than control (2.4 � 0.2 Hz) NMJs (p  0.02,
t test where t  2.703 with 14 df). Otherwise, we found no signif-
icant differences in mEPC charge (control: �2.76 � 0.13 pC;
R6/2: �2.63 � 0.07 pC; p  0.38, t test where t  �0.908 with 14
df) or eEPC charge (control: �3.73 � 0.40 pC; R6/2: �4.52 �
0.35 pC; p  0.16, t test where t  1.48 with 14 df) at R6/2 NMJs
compared with control (Fig. 4B). We also found no significant
difference in the QC, which is the number of vesicles released per
action potential (eEPC charge/mEPC charge), at R6/2 NMJs
(1.69 � 0.10) compared with control (1.38 � 0.16, p  0.11, t test
where t  1.707 with 14 df; Fig. 4B). The findings in low Ca 2�

suggest that synaptic transmission was normal in R6/2 muscle.

Neuromuscular transmission in physiological
extracellular Ca 2�

To obtain a more complete picture of neuromuscular transmis-
sion in R6/2 skeletal muscle, we measured endplate currents in
physiological extracellular Ca 2� (1.2 mM) and Mg 2� (0.6 mM) in
the same fibers used to determine the membrane time constant.
With muscle contractions blocked using 1 �M �-CTX and 60 �M

BTS, we stimulated the motor nerve at 0.5 Hz and recorded eEPCs
and mEPCs in control and R6/2 mice for 2 min (Fig. 5A–D). The
average mEPC frequency at R6/2 NMJs was significantly lower
than in controls (Table 1). Additionally, there were significant

Figure 6. Synaptic modulation at low-frequency stimulation (0.5 Hz). A, Average control
(10 mice) and R6/2 (7 mice) eEPC charges normalized to the peak eEPC charge in a train of 60
eEPCs stimulated at 0.5 Hz. B, Normalized eEPCs (postion 5– 60 in train) from A showing the
linear regression for control (solid black line) and R6/2 (solid gray line). Data are shown with the
95% confidence interval for each linear regression (control shaded black and R6/2 shaded gray).
Error bars are �SEM.
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reductions in the average R6/2 mEPC and eEPC charge compared
with controls (Fig. 5E,F; Table 1). On average, R6/2 NMJs re-
leased 19% fewer vesicles per impulse than control terminals (QC
in Fig. 5G and Table 1). That the R6/2 mEPC and eEPC charge
were not significantly different from control in low Ca 2� suggests
the defects in R6/2 neuromuscular transmission depend on
Ca 2�. Thus, it seems unlikely that impaired vesicle loading or the
recently identified vesicle morphology changes (de Aragão et al.,
2016) could explain the reduced R6/2 mEPC and eEPC in phys-
iological Ca 2�.

To determine whether the lower QC in R6/2 NMJs was related
to synaptic depression, we examined the fractional amplitude of
the eEPCs during the 0.5 Hz trains (Fig. 6A). The peak amplitude
of each eEPC was normalized to the peak of the largest eEPC in
the train. Following a transient initial depression, the fractional
eEPC amplitudes in control NMJs appeared unchanging or even
slightly increasing, whereas the eEPC amplitudes at R6/2 NMJs
appeared to depress slightly over the span of 60 stimulations (Fig.
6A). To assess the potential synaptic modulation quantitatively,
we examined eEPCs 5– 60, which occurred after the initial tran-
sient depression, with a GLM (Equation 6). This model fit the
data significantly better than using the mean as a predictor
(F(3,108)  125.5, p  4.6 � 10�35, r 2

adj  0.77). Figure 6B shows
the linear fit of the normalized control and R6/2 eEPCs with 95%
confidence intervals. The slight depression in R6/2 eEPCs
(�5.2 � 10�4 � 7.8 � 10�5 EPC amplitude/nerve stimuli) was
significantly different from that of control (2.6 � 10�4 � 5.7 �
10�5 eEPC amplitude/nerve stimuli; b3  �7.8 � 10�4, SE 
9.7 � 10�5, p  1.4 � 10�12, t  �8.02). To minimize the
influence of this depression, we also determined the QC based on
eEPCs 5–24, which occurred after the transient depression and
early in the R6/2 depression. In this case, the R6/2 quantal content
(53.9 � 7.0) was still significantly lower than control (64.8 � 3.1,
p  0.022, Mann�Whitney rank sum test where U  11). Fur-
thermore, the R6/2 QC based only on the first eEPC (58.5 � 1.9)

was significantly less than that of control
(68.1 � 3.3; p  0.0097, Mann–Whitney
rank sum test where U  8).

We also analyzed the kinetics of mEPC
and eEPC recorded in physiological Ca 2�

and Mg 2� (Fig. 7; Table 1). Figure 7 shows
the average mEPC (Fig. 7A) and eEPC
(Fig. 7B) from representative control (solid
lines) and R6/2 (dashed lines) fibers, each
normalized to the peak. The average rise
and decay times of the R6/2 mEPCs and
eEPCs were prolonged compared with
control (Fig. 7C,D; Table 1).

Understanding the contribution of
changes in neuromuscular transmission
to motor function will be aided by know-
ing the resting membrane potential. Pre-
vious studies have shown that the resting
membrane potential of R6/2 muscle fibers
was depolarized relative to control (Rib-
chester et al., 2004), but that of R6/1 fi-
bers, a different HD mouse model, was
not significantly different from control
(Rozas et al., 2011). Our use of relatively
blunt electrodes was required for voltage-
clamp experiments but prevented reliable
estimates of the resting membrane poten-
tial. Thus, as we have done previously

(Novak et al., 2015), we used single sharp electrodes that mini-
mize membrane damage to record the resting membrane poten-
tial of extensor digitorum longus fibers from control (1 male and
2 female mice, 31 fibers) and R6/2 (1 male and 2 female mice, 30
fibers) mice. The resting membrane potential of R6/2 (�76.6 �
0.7 mV) was significantly depolarized compared with control
(�82.4 � 0.5 mV) fibers (p  0.007, t test where t  �5.078 with
4 df).

Neuromuscular transmission under voltage- and
current-clamp
Our data showing depressed neuromuscular transmission in HD
differs from other studies that used current-clamp recordings
(Romero et al., 2008; Rozas et al., 2011). The previous studies
were completed before our reports describing the reduced mem-
brane conductances and capacitance in HD skeletal muscle (Wa-
ters et al., 2013; Miranda et al., 2017). Given our work on the
hyperexcitability of R6/2 fibers, we hypothesized that current-
clamping the endplate in HD would yield different and poten-
tially misleading results compared with voltage-clamp. To test
this, we measured mEPPs and eEPPs from a subset of R6/2
(3 male and 3 female mice, 64 fibers) and control NMJs (2 male
and 2 female mice, 36 fibers) that we also used to obtain voltage-
clamp measurements. The mEPPs and eEPPs were normalized
(mEPPnorm and eEPPnorm) for changes in the resting membrane
potential and the evoked potentials were further corrected for
nonlinear summation (eEPPcorr) by replicating the method used
for studying the NMJ in R6/1 mice (Rozas et al., 2011). We found
that the mEPPnorm from R6/2 fibers (1.29 � 0.07 mV) tended to
be larger than in control fibers (1.08 � 0.04 mV), but did not
quite reach our cutoff for statistical significance (Fig. 8A; p 
0.071, t test where t  �2.08 with 8 df). The R6/2 eEPPcorr

(58.1 � 3.2 mV) were not significantly different from control
(54.7 � 1.4 mV; Fig. 8B; p  0.45, t test where t  �0.08 with
8 df). These results were in stark contrast to the voltage-clamp

Figure 7. Kinetics of control and R6/2 mEPCs and eEPCs. A, B, Average mEPC (A) and eEPC (B) from representative control (solid
lines) and R6/2 (dashed lines) NMJs, each normalized to peak (peak value set to 1 for each endplate current). C, D, Histograms of the
control (solid black bars) and R6/2 (striped gray bars) mEPC decay constants (C) and eEPC decay constants (D). Regions of overlap
as black striped bars.
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measurements obtained from the same fibers, in which the aver-
age R6/2 mEPC charge and eEPC charge were significantly smaller
compared with control (Fig. 8A,B). Estimates of quantal content
tended to be lower from current-clamp recordings (QCIC) than
voltage-clamp (QC), which is consistent with previous work that
examined neuromuscular transmission under both conditions
(Wood and Slater, 1997). It happened that the estimates of QC
were lower in R6/2 fibers compared with control in both the
current and voltage-clamp recordings. These results indicate that
the nonlinearity corrections (McLachlan and Martin, 1981) com-
monly used in current-clamp studies of synaptic transmission are
not easily applicable to disease models with disrupted postsynap-
tic membrane properties.

Estimates of prel and n
To determine whether the decrease in QC was due to a reduction
in the probability of vesicle release (prel) or the number of func-
tional vesicle release sites (n), we used a previously described
graphical method based on binomial statistics (Clements and
Silver, 2000; Wang et al., 2010) to estimate prel and n with data
collected in physiological Ca 2� and Mg 2�(Fig. 9). To minimize
the contribution of depression in the R6/2 NMJs, we determined
prel and n from evoked potentials 5–24 elicited at 0.5 Hz (Fig. 6).

Briefly, we plotted experimental values of QC and Var(QC) on
two superimposed models of QC and Var(QC). One model
shows QC and Var(QC) if prel was varied and n was held constant
(parabolas). In this model, Var(QC)  0 if no vesicles are released
(prel  0) or if vesicles are released from all available sites (prel 
1); the maximum Var(QC) occurs when prel  0.5. For reference,
we show parabolas for n  5, 10, 20, 40, 60, and 80. We estimated
n using experimental QC and Var(QC) values and Equation 5 in
Materials and Methods. The intersecting straight lines of the
other model show QC and Var(QC) if n was varied and prel was
constant. We determined prel using experimental QC values and
estimates of n using the relationship of QC  np. As shown in
Figure 9, the estimated n for R6/2 NMJs (52.3 � 3.0 release sites)
was trending lower than control (58.9 � 2.6 release sites, p 
0.12, t test where t  1.662 with 15 df). Estimates of prel were
similar for R6/2 (0.81 � 0.03) and control (0.84 � 0.01) NMJs
(p  0.31, Mann–Whitney rank sum test, where U  24). These
results suggest that reductions in n contribute more to the lower
R6/2 QC than reductions in p.

Neuromuscular morphology
A reduction in n could arise from alterations in NMJ morphol-
ogy. For example, a loss of active sites could be caused by atrophy
of R6/2 NMJs, which has been shown to occur in proportion to
the muscle atrophy (Ribchester et al., 2004). We examined NMJ
morphology in whole-mount LAL preparations from one male
and four female late-stage R6/2 mice (63 fibers) and three male
and three female controls (70 fibers). Motor endplates were
visualized based on the binding of AlexaFluor 555-conjugated
�-bungarotoxin to nAChRs. Vesicle release sites were identified
by immunostaining of the protein bassoon, a widely used marker
for active zones in the synapses of central and peripheral tissues
(Dieck et al., 1998; Nishimune et al., 2004; Spaulding et al., 2016).
Nearly every R6/2 NMJ and all control NMJs examined had a
normal “pretzel-like” morphology with bassoon punctae in
apposition to nAChRs and no obvious fragmentation (Fig.
10 A, B). One exception was an R6/2 NMJ with clear bassoon
immunoreactivity that juxtaposed an endplate with only par-
tial coverage of nAChRs. Other studies have shown abnormal-
ities in a small fraction of HD NMJs (Ribchester et al., 2004; de
Aragão et al., 2016). However, the decrease in average R6/2 n
would need to be explained by a consistent or uniform NMJ
change.

To quantitate NMJ morphology, the endplate area was deter-
mined by circumscribing the semicircular/elliptical nAChR

Figure 8. Comparison of NMJ transmission data collected under voltage-clamp (mEPC and eEPC) and current-clamp (mEPPnorm and eEPPcorr) from the same control (cntrl) and R6/2 fibers. A,
mEPCs ( p  0.003, t test), but not mEPPnorm ( p  0.071, t test), were significantly lower in R6/2 compared with control fibers. B, Similarly, eEPCs ( p  6.4 � 10 �5, t test), but not eEPPcorr ( p 
0.45, t test), were significantly lower in R6/2 compared with control fibers. C, Estimates of quantal content from voltage-clamp (QC) and current-clamp (QCIC) were lower for R6/2 compared with
control ( p  0.008 and p  0.02, respectively, t test). *Indicates a significant difference compared with control NMJs. Error bars are �SEM.

Figure 9. Var(QC) versus QC plot for estimating the probability of release ( prel) and number
of vesicle release sites (n). Experimental Var(QC) and QC data superimposed on two theoretical
models (parabolas and straight lines). The parabolas model Var(QC) and QC while varying prel

and holding n constant. Straight lines model Var(QC) and QC while varying n and holding prel

constant. The lower QC (vesicle release per impulse) in R6/2 compared with control fibers was
primarily due to a lower n. Error bars are �SEM.
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staining region (Fig. 10A,B, left). The average R6/2 endplate area
(357 � 45 �m 2) trended 23% smaller than that of control (463 �
37 �m 2) (Fig. 10C; p  0.10, t test where t  1.82 with 9 df).
Additionally, the fraction of the endplate occupied by nAChR
(% synaptic area) was significantly less in R6/2 (50.9 � 3.9%)
than control (63.2 � 1.4%) fibers (Fig. 10D; p  0.01, t test where
t  3.20 with 9 df). These percentages correspond to a 38% re-
duction in actual synaptic area of R6/2 endplates (182 �m 2) com-
pared with control (293 �m 2). To assess the relationship between
bassoon and nAChRs, we estimated the overlap coefficient, an
intensity independent parameter that was 1.0 if every green pixel
(bassoon) colocalized with a red pixel (nAChR). The overlap
coefficients of R6/2 (0.98 � 0.01) and control (0.99 � 0.01) NMJs
were not significantly different (Fig. 10E; p  0.66, Mann–Whitney
rank sum test with U  12). Also, the colocalization coefficient,
which indicates the contribution of bassoon to the colocalized
regions, was not significantly different in R6/2 (0.39 � 0.13)
compared with control (0.42 � 0.12) NMJs (p  0.86, Mann–
Whitney rank sum test with U  12). In summary, bassoon
tightly colocalized with nAChR in control and R6/2 NMJs and the
decrease in vesicle release sites suggested by the binomial statistics
appears to be explained by a reduction in the synaptic area of R6/2
NMJs.

High-frequency stimulation
Normal muscle function requires that motor neurons release ves-
icles during trains of stimulation. To assess the ability of R6/2

NMJs to maintain higher frequency trains of activity, we stimu-
lated the motor nerve with 10 trains at 10 s intervals. Each train
consisted of 10 stimulations in 200 ms (50 Hz). We measured the
trains in physiological Ca 2� and Mg 2� in the same fibers we used
to assess muscle hyperexcitability and QC. Figure 11 shows eEPCs
recorded during single trains in control (Fig. 11A) and R6/2 (Fig.
11B) fibers. To assess the modulation of neuromuscular trans-
mission during activity, we divided each eEPC amplitude by
the maximum eEPC in a train to obtain a normalized eEPC
amplitude (Fig. 11C). During high-frequency trains, the overall
degree of depression (last eEPC/first eEPC in a train) was signif-
icantly greater in R6/2 NMJs (0.71 � 0.02) compared with con-
trol (0.83 � 0.01, p  2.6 � 10�4, t test where t  4.74 with 14
df); note, a lower value is indicative of greater depression.

Discussion
R6/2 muscle innervation
Previous work reported that atrophied R6/2 skeletal muscle had
an increased sensitivity to acetylcholine and anode-break action
potentials, which are characteristics of denervation (Ribchester et
al., 2004). They described the phenotype as “denervation-like”
because they found no evidence of physical denervation and ob-
served minor morphological changes in only a small fraction of
R6/2 NMJs. Nonetheless, a more recent study reported motor
unit loss and denervation in R6/2 muscle based on changes in
twitch tension in response to stimuli of increasing strength (Miel-
carek et al., 2015). It was further proposed in the same study that

Figure 10. Comparison of R6/2 and control NMJs stained for postsynaptic nAChRs and presynaptic bassoon proteins. A, B, Representative control (A) and R6/2 (B) NMJs stained for nAChRs on the
motor endplate (red, left), bassoon in the motor nerve terminals (green, middle), and the merge image of the nAChR and bassoon staining (right). nAChRs were stained with �-bungarotoxin-
AlexaFluor 555 and bassoon was detected by immunofluorescence. C, Total endplate area for control (black bar) and R6/2 (gray bar) NMJs determined by circumscribing the nAChR staining region.
D, The percentage of the control (black bar) and R6/2 (gray bar) endplate occupied by nAChR. This estimate of synaptic area was significantly less in R6/2 compared with control NMJs ( p  0.01, t
test). E, The overlap coefficient of bassoon to nAChR in control (black bar) and R6/2 (gray bar) NMJs. A value of 1 indicates that each pixel of bassoon staining (green) colocalized with red pixels
(nAChR). *Indicates a significant difference compared with control NMJs. Error bars are �SEM.
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the hyperexcitability in R6/2 skeletal muscle was the result of
denervation. Considering that denervation is known to cause
skeletal muscle atrophy and hyperexcitability (Albuquerque and
McIsaac, 1970; Thesleff and Ward, 1975), it was important to
further examine whether denervation occurs in HD.

We found that all of the postsynaptic sites were adjoined to
presynaptic terminals in R6/2 muscle, tight bassoon and nAChR
colocalization, and that the expression level of nAChR�, SK3, and
Scn5a, all of which upregulate upon denervation, were normal or
downregulated in R6/2 muscle. Also, if R6/2 muscle were dener-
vated, we would expect to find a mixed population of fibers with
distinct excitability and NMJ characteristics, as is seen in other
motor neuron diseases that display denervation/reinnervation
patterns, such as ALS (Rocha et al., 2013). However, we found

that the hyperexcitability of the fibers and the characteristics of
neuromuscular transmission were normally distributed.

Perhaps the examination of R6/2 motor unit number (Miel-
carek et al., 2015) was influenced by motor neuron hyperexcit-
ability; their method of quantifying motor units assumes that
motor nerve excitability is the same in disease and control mus-
cle. Supporting this possibility, hyperexcitability or decreased po-
tassium currents have been reported in medium spiny neurons
and astrocytes in mouse models of HD (Ariano et al., 2005; Rocha
et al., 2013; Tong et al., 2014).

This study and the results from Ribchester et al. (2004) show
that denervation is not occurring or only develops in an ex-
tremely small number of R6/2 muscle fibers. The “denervation-
like” effects found in R6/2 muscle likely arise from decreases in
the resting chloride and potassium currents that coincide with
aberrant mRNA processing (Waters et al., 2013; Miranda et al.,
2017).

Voltage-clamp analysis of neuromuscular transmission
Because the muscle membrane potential does not change during
our voltage-clamp recordings, mEPCs and eEPCs are indepen-
dent of the muscle membrane properties. Previous studies of
HD neuromuscular transmission, mostly completed before we
showed the disrupted R6/2 muscle membrane properties, used
current-clamp recordings (Ribchester et al., 2004; Romero et al.,
2008; Rozas et al., 2011; de Aragão et al., 2016). One study cor-
rected for nonlinearities using methods that assume the postsyn-
aptic membrane properties are unaltered, including a correction
factor for membrane capacitance (Rozas et al., 2011). To assess
the effect of the altered R6/2 muscle membrane conductances
and capacitance (Waters et al., 2013; Miranda et al., 2017) on the
corrected data, we measured neuromuscular transmission in the
same fibers under current and voltage-clamp. In voltage-clamp,
the spontaneous and evoked responses in R6/2 fibers were de-
creased relative to control, whereas under current-clamp they
were larger. Thus, because of the altered muscle membrane prop-
erties, reduced synaptic transmission may actually appear en-
hanced in current-clamp records. These results highlight the
need to account for the postsynaptic membrane properties in
synaptic studies and, if possible, record the endplate currents in
voltage-clamp. Such voltage-clamp studies may be exceedingly
difficult or impossible with central synapses, but can be achieved
in large monosynaptic muscle fibers.

Neuromuscular transmission in HD
Under conditions of low Ca 2� and high Mg 2�, we found no clear
impairments in R6/2 neuromuscular transmission. If anything,
the trend was for larger R6/2 eEPCs and QC compared with
control in the low Ca 2� conditions. Thus, under conditions in
which vesicle release and the need for vesicle mobilization are
minimized, synaptic transmission in R6/2 muscle is normal.

However, in normal extracellular Ca 2� and Mg 2�, the mEPC
and eEPC charge are reduced in R6/2 compared with controls
NMJs. Additionally, the mEPCs and eEPCs are prolonged in R6/2
fibers. A decrease in acetylcholinesterase function would explain
the prolonged mEPC and eEPC kinetics but is contradicted by the
decrease in mEPC and eEPC charge. A change in the nAChR
isoform seems unlikely because we found no change in the ex-
pression level of nAChR�. Moreover, a previous study found no
change in the density of nAChRs in R6/2 NMJs (Ribchester et al.,
2004). Possible explanations for the mEPC and eEPC properties
are impaired vesicle fusion and posttranslational modification of
nAChRs.

Figure 11. eEPC depression during high-frequency (50 Hz) stimulation trains. A, B, Repre-
sentative raw traces for control (A) and R6/2 (B) NMJs. C, Average control (10 mice) and R6/2
(7 mice) eEPC amplitudes normalized to the peak eEPC amplitude in a train of 10 eEPCs at 50 Hz
stimulation. Error bars are �SEM.
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Our analysis of eEPC variance suggests a reduction in the
number of R6/2 vesicle release sites (n), which we found coin-
cides with a decrease in the synaptic area of R6/2 NMJ. At first
pass, a decrease in the physical number of active sites may not
seem compatible with our observed dependence of QC on Ca 2�

(normal QC in low but reduced in normal Ca 2�). However, re-
cent reports show that n is dependent on Ca 2� (Wang et al.,
2010), indicating that n also depends on physiological factors
such as vesicle mobilization.

Our data showing depression in neuromuscular transmission
under trains of stimulation, even at 0.5 Hz stimulation, indicate
impaired vesicle mobilization in HD. Other neuromuscular stud-
ies using FM styryl dyes have produced conflicting results, with
no changes in vesicle recycling reported in R6/1 mice (Rozas et
al., 2011) and depressed vesicle exocytosis reported for BACHD
mice (de Aragão et al., 2016). Supporting defects in vesicle mo-
bilization, the huntingtin protein is thought to interact with
clathrin-coated vesicles and proteins involved in vesicle traffick-
ing (Velier et al., 1998). Furthermore, a study on CNS synapses in
HD found that R6/2 mice demonstrated a progressive loss of
complexin II, a known SNARE complex-binding protein be-
lieved to be involved in exocytosis modulation and vesicle release
synchronization (Morton and Edwardson, 2001; Morton et al.,
2001; Freeman and Morton, 2004; Lin et al., 2013). Thus, a de-
crease in complexin activity could result in an apparent decrease
in functional active sites as vesicle fusion is stimulated.

The neuromuscular depression in late-stage HD muscle likely
depends on disease progression and may compensate for the
muscle hyperexcitability. Similarly, the depolarized resting mem-
brane potential may further counter the muscle hyperexcitability.
Previous studies using the R6/1 mouse and Drosophila models of
HD at an earlier stage of the disease show increased neuromus-
cular transmission (Romero et al., 2008; Rozas et al., 2011). These
results cannot be fully explained by their use of current-clamp
instead of voltage-clamp. For example, we found a significantly
lower mEPC frequency in late-stage R6/2 muscle, which is con-
sistent with a previous current-clamp study (Ribchester et al.,
2004) and is independent of using voltage- or current-clamp. In
comparison, the frequency of mEPPs was not significantly differ-
ent in early-stage HD muscle from R6/1, R6/2, and BACHD mice
as well as Drosophila (Ribchester et al., 2004; Romero et al., 2008;
Rozas et al., 2011; de Aragão et al., 2016). A time-course study of
the NMJ, with voltage-clamp recordings, will be necessary to
determine whether HD neuromuscular transmission transitions
from elevated to depressed during disease progression. Such
studies can help us determine whether the depressed neuromus-
cular transmission we observed in late-stage R6/2 compensates
for the muscle hyperexcitability. This would be supported by
NMJ depression beginning after the onset of the muscle mem-
brane defects, which we have shown begins at or before 5 weeks of
age in R6/2 mice (Miranda et al., 2017). Similarly, enhanced neu-
romuscular transmission in young R6/2 muscle, as observed in
Drosophila larva (Romero et al., 2008), would support nerve-to-
muscle effects.

It has become increasingly accepted that HD is a multisystem
disorder. Defects in both the brain and skeletal muscle likely
contribute to the motor symptoms, perhaps in a vicious cycle.
Adding to this, the defects we found in neuromuscular transmis-
sion could arise from mutant huntingtin expression in motor
neurons. The NMJ is an excellent model to examine the interplay
between neuronal and muscle defects in HD. Furthermore, our
use of voltage-clamp to measure neuromuscular transmission
provides the most detailed analysis of synaptic transmission in

HD to date and can serve as a model for the less accessible mul-
tisynaptic networks of the CNS. Clinically, the striking depres-
sion we observed in R6/2 neurotransmission, even at 0.5 Hz
stimulation, could help explain the motor impersistence experi-
enced by many HD patients (Gordon et al., 2000; Reilmann et al.,
2001). Time-course studies, although resource-intensive, could
help reveal an underlying primary defect in the muscle, motor
neuron, or CNS that drives secondary defects in the other sys-
tems. Perhaps more likely, the widespread expression of mutant
huntingtin causes independent and subsequently interacting de-
fects in multiple tissues. Regardless, therapies that enhance neu-
romuscular transmission or reduce muscle hyperexcitability
represent a largely unconsidered class of agents that may lessen
the motor symptoms in late-stage HD patients.
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