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A B S T R A C T   

Huntington’s disease (HD) causes neurological impairments, as well as muscle dysfunction, including smaller 
neuromuscular junctions (NMJs). This study assessed the expression levels of the subunits of the nicotinic 
acetylcholine receptor (nAChR) in muscles of the R6/2 mouse model of HD. Based on our previous findings of 
reduced NMJ size in R6/2 mice, it was hypothesized that muscles from R6/2 mice would also show an altered 
expression pattern of nAChR subunits compared to wild-type (WT) mice. Therefore, the mRNA levels of nAChR 
subunits were quantified in R6/2 and WT mouse muscles using qRT-PCR. Denervated muscles from WT mice 
served as positive controls for alterations in nAChR expression. Although some changes in nAChR subunit 
expression occurred in R6/2 muscles, the expression levels closely resembled WT. However, the expression of 
nAChR subunit-ε (Chrne) was significantly decreased in R6/2 muscles relative to WT. This study demonstrates 
that only minor changes in nAChR subunit expression occurs in R6/2 mouse muscles and that reduction in Chrne 
expression may be related to a reduction in NMJ size in R6/mice.   

1. Introduction 

Huntington’s Disease (HD) is a heritable (autosomal dominant) 
neurodegenerative disease that results in progressive loss of both 
cognitive and neuropsychological functions [1,2]. While multiple 
studies have focused on the progressive debilitations in neurological 
function associated with HD [3], a primary hallmark of HD is a pro-
gressive loss of motor function including chorea (uncontrollable 
dance-like movements), rigidity (rigid muscular contractions), dystonia 
(abnormal repetitive movements or posture), and bradykinesia (slower 
than normal movements) [4]. The abnormalities in motor function are 
associated with a loss of body mass in human subjects and animal 
models [5] and a loss of muscle mass in animal models of the disease 
[6–8]. 

At the molecular and cellular levels, HD is caused by a trinucleotide 
(CAG) repeat expansion (TRE) in the first intron of the human IT15 gene 
(interesting transcript 15, also known as HTT) that encodes for a protein 
now known as Huntingtin [9]. Normally the HTT gene includes a tract of 
~19 CAG trinucleotide repeats in the first exon of the gene that upon 
translation encode a polyglutamine (polyQ) tract in the amino terminal 
region of the protein. In HD individuals the length of the CAG tract is 

expanded to 40 or more CAG repeats. The length of the CAG repeat is 
also related to the age of disease onset, with a longer CAG tract corre-
lating with an earlier age of disease onset [10] and a greater deficit in 
body mass in humans and mouse models of the disease [6]. Multiple 
transgenic and knock-in animal models of HD have been generated to 
replicate the pathology of HD [11]. The most commonly used model 
being the R6/2 transgenic mouse which includes the first intron of the 
human HTT gene (including ~144 CAG repeats) inserted into the mouse 
genome [12]. 

Although specific defects in muscle metabolism, RNA processing, 
and function have been observed in mouse models of HD [13–16], the 
loss in motor function has been largely attributed to decrements in 
central nervous system control of movement and muscular symptoms 
described as “denervation-like” [17]. Recent studies have suggested that 
limb muscle fiber denervation and reinnervation, due to the possible loss 
or dysfunction of spinal motoneurons and subsequent reinnervation by 
functional motoneurons, may play a role in the muscle debilitations in a 
different animal model of HD, the BACHD mouse [18,19]. However, we 
recently demonstrated that neither muscle fiber denervation, as deter-
mined by both anatomical and functional analyses, nor expression of 
some key molecular markers of denervation were evident in late-stage 
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R6/2 mouse muscle [20]. However, we did find that the NMJs in R6/2 
mice were smaller than in WT mice. Therefore, we assessed the 
expression levels of all five of the nAChR subunits in multiple muscles of 
late stage R6/2 mice in order to determine if altered expression levels of 
any of the subunits might help to explain the reduction in NMJ size. 

2. Materials and methods 

All animal procedures were approved by the Animal Care and Use 
Committee of Wright State University and followed all guidelines and 
regulations set forth by the Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health (NIH Publication No. 8023). 
Animals were obtained from a breeding colony of R6/2 mice at Wright 
State University, housed and maintained as previously described [20]. 
Animal genotypes were determined from tail DNA from young mice 
(7–14 days of age) performed by Laragen Inc. (Culver City, CA). Mice 
were euthanized by isoflurane inhalation (~2 g/L), followed by cervical 
dislocation. For the majority of analyses, the R6/2 and wild-type mice 
used in this study were between 11 and 14 weeks of age and considered 
late-stage. To assess for potential changes in Chrng (γ-subunit) mRNA 
expression at earlier ages, the tibialis anterior (TA) muscle from mice 
ranging in age from 3 to 14 weeks were utilized. For these analyses, 
animals were grouped as follows: early-stage, ages 23–46 days of age; 
mid-stage, ages 47–69 days of age; and late-stage, ages 70–92 days of 
age [16]. No effort was made to select mice of a specific sex. Further, to 
our knowledge, sex has not been shown to impact the expression of the 
nAChR subunits in skeletal muscle. The sexes of the animals used for this 
study are as follows: Denervated (see methodology below) and control 
gastrocnemius from SWR/J mice (n = 7 male and 0 female for control; 
and 7 male and 0 female for denervated); late-stage R6/2 and WT 
gastrocnemius (n = 5 male and 1 female for WT; and 1 male and 5 fe-
male for R6/2), late-stage R6/2 and WT extensor digitorum longus 
(EDL) (n = 5 male and 1 female for WT; and 1 male and 5 female for 
R6/2), late-stage R6/2 and WT soleus (n = 6 male and 4 female for WT; 
and 6 male and 4 female for R6/2); early-stage R6/2 and WT TA (n = 9 
male and 1 female for WT; and 6 male and 4 female for R6/2); mid-stage 
R6/2 and WT TA (n = 2 male and 7 female for WT; and 3 male and 7 
female for R6/2); and late-stage R6/2 and WT TA (n = 5 male and 1 
female for WT; and 1 male and 5 female for R6/2). 

As a positive control for altered expression of nAChR subunits, the 
expression levels of the nAChR subunits were analyzed in denervated 
muscles of mice. For these procedures, SWR/J mice were anesthetized 
with isoflurane and the left hindlimb muscles denervated via complete 
transection (and removal of a 3 mm section) of the sciatic nerve as 
previously described [20]. Animals were denervated for a period of 7 
days and euthanized as described above. 

The gastrocnemius, EDL, soleus, and TA muscles were removed from 
R6/2 and WT mice. The muscles were rapidly weighed, snap frozen in 
liquid nitrogen, and stored at − 80 ◦C until analyzed. Total RNA was 
isolated using the trizol technique and stored at − 80 ◦C. One μg of total 
RNA was used for the synthesis of cDNA using SuperScript III reverse 
transcriptase (ThermoFisher). Quantitative real-time polymerase chain 
reaction (qRTPCR) methods were used for the quantification of the 
nAChR subunit mRNAs, and Scn5a using TaqMan® based assays 
(Applied Biosystems™, Foster City, CA) for each specific transcript 
along with β-2-microglobulin as a normalizing gene (Table 1). The 
ΔΔCT method was used for calculation of relative expression levels [21]. 
For analyses of age-related (early-, mid-, late-stages) changes in nAChR 
subunits expression, the Chrng (γ-subunit) mRNA was chosen, because 
our current data (as shown in Fig. 2A) suggest that it is the gene that is 
most highly responsive to denervation. 

The data are graphed as box and whisker plots with the mean 
(dashed line) and median (solid line) displayed in the middle of each 
box. The whiskers extend from the upper and lower quartiles to the 
upper and lower extremes, respectively and outliers are displayed as 
individual points. Two-tailed Student’s t-tests were used for statistical 

comparisons between groups (WT vs R6/2 or control vs denervated) 
using SigmaPlot 13 software with a p-value ≤ 0.05 denoting statistical 
significance (Systat Software, San Jose, CA). 

3. Results 

A reduction in muscle mass was observed for both HD and dener-
vated muscles compared to wild-type controls (Fig. 1). As expected, the 
expression of all five nAChR subunits were significantly altered 
following denervation of mouse gastrocnemius muscle (Fig. 2A). After 

Table 1 
Reverse transcriptase polymerase chain reaction gene expression assays.  

Common Name Gene 
nomenclature 

TaqMan® Expression 
Assaya 

nAChR, α subunit Chrna1 Mm00431629_m1 
nAChR, β subunit Chrnb1 Mm00680412_m1 
nAChR, δ subunit Chrnd Mm00445545_m1 
nAChR, ε subunit Chrne Mm00437411_m1 
nAChR, γ subunit Chrng Mm00437419_m1 
Voltage-gated Na+ channel, 

cardiac isoform 
Scn5a Mm01342518_m1 

β-2-microglobulin B2m Mm00437762_m1  

a All TaqMan® Expression Assays were obtained from Applied Biosystems™, 
Foster City, CA. Abbreviations: nAChR, nicotinic acetylcholine receptor. 

Fig. 1. A) Gastrocnemius (Gastroc) muscle masses from control (n = 7) and 
denervated (n = 7) mice. Denervation resulted in a near 50% loss in muscle 
mass. B) Gastroc (n = 6 per group), extensor digitorum longus (EDL, n = 6 per 
group), and soleus (n = 11 WT and 10 R6/2) muscle masses from late-stage R6/ 
2 and wild type (WT) mice. Muscles in R6/2 mice show significant reductions in 
muscle mass. The asterisks denote significantly different from control at p 
< 0.05. 
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denervation, Chrna1 (α-subunit), Chrnb1 (β-subunit), Chrnd (δ-subunit), 
Chrng (γ-subunit) were significantly elevated by 18x, 5.5x, 61x, and 
916x, respectively, whereas the Chrne (ε-subunit) was decreased to 
~57% of control (Fig. 2A). In contrast, in HD mice, the nAChR subunit 
Chrne (ε-subunit) was significantly decreased in all muscles of R6/2 mice 
relative to WT. The only nAChR subunit that was upregulated in R6/2 
mice was the Chrna1 (α-subunit) in the gastrocnemius muscle, and it was 
only increased by 3x (Fig. 2B). Further, Chrnd (δ-subunit) was decreased 
in the EDL (Fig. 2B–D). There were no other instances of an elevated 
nAChR subunit in HD muscle (Fig. 2B–D). The cardiac isoform of the 
Na+ channel, Scn5a, was significantly elevated (67x) only in denervated, 
but not HD muscle (Fig. 3A). 

To assess the potential for changes in nAChR subunit expression at 
younger ages in R6/2 mice relative to controls, we assessed the 
expression of Chrng (γ-subunit), because it was the nAChR subunit that 
was the most sensitive to denervation as shown in Fig. 2A. As shown in 
Fig. 3B, there were no significant differences in Chrng expression at any 
of the three stages in the tibialis anterior muscle. 

4. Discussion 

The only consistent change in expression of the nAChR subunits in 
HD muscles was a reduction in ε-subunit (Chrne) expression. This may 
relate to the reduction in miniature endplate currents, evoked endplate 
currents, and the size of the motor endplates in fast HD muscle fibers, as 
identified using voltage-clamp electrophysiology and α-bungarotoxin 
labeling [20]. It is possible that the reduced expression of one of the 
subunits (in this case ε) could result in a reduced number of fully formed 
receptors and junctional size, which could explain the smaller endplate 
size and currents in fast R6/2 muscle fibers. As α-bungarotoxin labels the 
motor endplate by binding to the fully formed nAChRs present at the 
endplate, a reduction in the number of fully formed nAChRs might result 
in a physically smaller endplate as assessed by α-bungarotoxin labeling 

[20]. However, it must be emphasized that, despite their smaller size, all 
neuromuscular junctions (NMJ) analyzed by Khedraki et al. [20] in HD 
muscle showed an anatomically and physiologically intact synapse. 
Thus, the molecular changes in R6/2 skeletal muscle, such as Clcn1 
miss-splicing, more likely reflect a myopathy triggered by muscle 
autonomous expression of the mutant Htt gene rather than occurring 
consequential to denervation and are consistent with a less-mature 
muscle phenotype [16]. 

HD muscle does not respond like denervated muscle, as the profile of 
expression of the subunits of the nAChR in HD muscle does not mimic 
the changes that occur with denervation. Following denervation, the 
mouse gastrocnemius showed greatly elevated levels of the mRNAs for 
the Chrna1 (α-subunit, 18x), Chrnb1 (β-subunit, 5.5x), Chrnd (δ-subunit, 
61x), and particularly Chrng (γ-subunit, 916x). The highly elevated 
expression of the nAChR γ-subunit after denervation is consistent with 
our previous data on the mouse gastrocnemius muscle [20] and several 
other studies. That the γ-subunit was not elevated in HD muscle, as 
shown by the present study (soleus, EDL, and gastrocnemius muscles), 
nor at any stage of development of the HD symptoms in R6/2 mice 
(Fig. 3), and our previous study on soleus and tibialis anterior muscles 
[20] implies that denervation is likely not present in late-stage HD 
muscle. Also, the expression of the cardiac isoform of the voltage gated 
sodium channel, Scn5a, which is a positive marker for denervation, was 
not increased in late-stage HD muscle. Thus, the muscles from HD mice 
do not appear to be responding to a denervation signal (or lack of 
innervation signal). 

Regarding a potential mechanism for the reduction in Chrne 
expression, altered Chrne expression has been linked to alterations in 
growth factor expression (specifically neuregulin) in the central nervous 
system of schizophrenia patients [22]. In addition, altered splicing 
patterns of Chrne, as induced by genetic mutations that result in 
expression of a truncated Chrne, have been implicated in causing 
congenital myasthenic syndrome [23]. Further, single-nucleotide 

Fig. 2. Relative expression levels as determined by real-time RT-PCR for the subunits of the nicotinic acetylcholine receptor: Chrna1 (alpha); Chrnb1 (beta); Chrng 
(gamma); Chrnd (delta); and Chrne (epsilon) in A) Denervated gastrocenemius muscle (n = 7 per group) relative to control; B) gastrocnemius muscle (n = 6 per 
group) from late-stage R6/2 and WT mice; C) EDL muscle (n = 6 per group) from late-stage R6/2 and WT mice; and D) soleus muscle (n = 11 WT and 10 R6/2) from 
late-stage R6/2 and WT mice. Denervation (A) resulted in major elevations in the expression levels of all subunits except Chrne which was reduced. In contrast R6/2 
mice show no (or minor) changes in nicotinic acetylcholine receptor subunits, except for a consistent decrease in Chrne. The asterisks denote significantly different 
from control at p < 0.05. 
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polymorphisms in the neuregulin-1 gene are associated with psychosis 
in Huntington’s disease patients [24,25]. Finally, fibroblast growth 
factor 18 (FGF18), expressed in spinal motor neurons, appears to posi-
tively modulate the expression of Chrne at neuromuscular junctions 
during development via the FGF receptor 2, whereas absence of FGF18 
results in smaller NMJs and reduced Chrne in NMJs [26]. Thus, future 
studies will address these relationships to skeletal muscle in Hunting-
ton’s disease by assessing whether reductions in neural and non-neural 
growth factors (including neuregulin) may be modulating the expression 
and pre-mRNA splicing of Chrne in skeletal muscle and in turn limit the 
amount of available Chrne for formation of a normal sized and func-
tional synapse at the neuromuscular junction, as well as possibly 
impacting growth and atrophy of skeletal muscle in R6/2 mice. 

In summary, skeletal muscles from late-stage HD mice do not show 
major alterations in nAChR subunit expression, other than a consistent 
reduction in Chrne in fast muscles. This reduction in Chrne expression 
could partially explain the reduced size and functional alterations of R6/ 

2 mouse NMJs that likely contribute to muscle hyperexcitability [20] 
and are consistent with a less-mature muscle phenotype [16]. In total, 
these data support the idea that HD is a multisystem disorder and that 
muscular changes are a consequence of muscle autonomous expression 
of the mutant Htt gene. 
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