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Abstract

Mutations in skeletal muscle α-actin (Acta1) cause myopathies. In a mouse model of congenital myopathy, heterozygous Acta1 (H40Y)
knock-in (Acta1+/Ki) mice exhibit features of human nemaline myopathy, including premature lethality, severe muscle weakness,
reduced mobility, and the presence of nemaline rods in muscle fibers. In this study, we investigated the impact of Acta1 (H40Y) mutation
on the neuromuscular junction (NMJ). We found that the NMJs were markedly fragmented in Acta1+/Ki mice. Electrophysiological
analysis revealed a decrease in amplitude but increase in frequency of miniature end-plate potential (mEPP) at the NMJs in Acta1+/Ki

mice, compared with those in wild type (Acta1+/+) mice. Evoked end-plate potential (EPP) remained similar at the NMJs in Acta1+/Ki and
Acta1+/+ mice, but quantal content was increased at the NMJs in Acta1+/Ki, compared with Acta1+/+ mice, suggesting a homeostatic
compensation at the NMJs in Acta1+/Ki mice to maintain normal levels of neurotransmitter release. Furthermore, short-term synaptic
plasticity of the NMJs was compromised in Acta1+/Ki mice. Together, these results demonstrate that skeletal Acta1 H40Y mutation, albeit
muscle-origin, leads to both morphological and functional defects at the NMJ.
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Introduction

Skeletal muscle α-actin, the principle component of the thin
filaments in adult skeletal muscle, is one of the six isoforms
in the family of mammalian actin, including four muscle actins
[(αskeletal-actin (Acta1), αcardiac-actin (Actc1), αsmooth-actin (Acta2),
and γ smooth-actin (Actg2)] and two non-muscle actins [βcyto-actin
(Actb) and γ cyto-actin (Actg1)] [1, 2]. Skeletal muscle α-actin plays
a key role in muscle contraction by interacting with myosin
in thick filaments. Mutations in skeletal muscle α-actin lead
to dire consequence on muscle function. For example, muscle
force production is significantly reduced in mutant mice lacking
skeletal α-actin (Acta1−/−), and Acta1−/− mice die during early
neonatal period [3]. Clinically, mutations in the skeletal Acta1 gene
are associated with a variety of congenital myopathies. These
include nemaline myopathy, intra-nuclear rod myopathy, actin-
accumulation myopathy, central core disease and congenital fiber
type disproportion [4–11]. The human missense mutation H40Y,
located in the DNase I-binding loop of the actin sub-domain
2, greatly disrupts the binding of actin filaments to myosin
molecules and therefore leads to contractile dysfunction and
severe muscle weakness [12]. Human patients with the dominant
ACTA1 (H40Y) mutation develop severe muscle weakness and
nemaline myopathies [4]. In a mouse model of ACTA1 nemaline
myopathy, mice heterozygous for the Acta1 (H40Y) knock-in
mutation (Acta1+/Ki) exhibit clinical pathology of patients with this
mutation, including premature lethality, severe muscle weakness,
reduced mobility, the presence of nemaline rods, and muscle fiber
atrophy [13].

In this study, we sought to assess the impact of Acta1 mutation
(H40Y) on the structure and function of the NMJ. Previous studies
have shown that Acta1 mutation (H40Y) leads to marked muscle
pathology in Acta1+/Ki mutant mice [13, 14], and that muscle
pathology impairs the NMJs during aging [15–18] and muscular
disorders such as Duchenne muscular dystrophy (DMD) [19–21].
Characterizing the effect of a muscle specific mutation such as
Acta1 mutation (H40Y) on the nerves and the NMJs would provide
insights into how changes of muscle function may retrogradely
affect the nerves.

We found significant changes in the structure of the NMJs
in Acta1+/Ki mice when compared with their littermate Acta1+/+

mice. These alterations include increased numbers of fragmenta-
tion in endplates, nerve terminals, and subsynaptic nuclei at the
NMJs. These impairments were commonly displayed among fast-
twitch muscle fibers such as extensor digitorum longus (EDL),
slow-twitch muscle fibers such as soleus (Sol) and a mixed fiber
type such as triangularis sterni muscle (TS). However, NMJ frag-
mentation was affected to the greatest extent in EDL, compared
to Sol or TS muscles. The overall levels of expression of AChR
subunit genes, especially the gamma-subunit, were also markedly
increased. Furthermore, neuromuscular synaptic transmission
was also markedly altered in Acta1+/Ki mutant mice. The size of
spontaneous synaptic transmission, as measured by mEPP ampli-
tude, was reduced, while the mEPP frequency was increased. EPPs
remained similar, but quantal content was increased in Acta1+/Ki,
compared with Acta1+/+ mice. In addition, synaptic plasticity was
compromised in Acta1+/Ki mutant mice, indicated by a reduction
in pair-pulse facilitation and an increase in synaptic depression in
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Table 1. Morphometric analyses of the NMJs in Acta1+/+ and Acta1+/ki mice.

Muscle Variable Acta1+/+ Acta1+/ki P

Sol Percentage of fragmented NMJ (%) 0 2.81 ± 1.28 0.044
Fragment number per endplate 1.07 ± 0.25 1.02 ± 0.21 0.8648
Endplate area (μm2) 320.35 ± 16.88 324.45 ± 11.68 0.8253
Dispersion index 1.57 ± 0.05 1.65 ± 0.04 0.1367
Percentage of NMJ with faint or loss of AChR (%) 4.78 ± 0.58 16.71 ± 3.02 0.0042
AChE area (μm2) 381.16 ± 81.51 312.32 ± 41.36 0.3962
Nerve occupancy 0.73 ± 0.04 0.77 ± 0.02 0.3247
Nerve intersection 4.56 ± 0.1 5.11 ± 0.23 0.0437

EDL Percentage of fragmented NMJ (%) 0 74.52 ± 9 7.51 × 10−5

Fragment number per endplate 1.69 ± 0.2 14.4 ± 1 7.2 × 10−5

Endplate area (μm2) 395.9 ± 20.02 309.24 ± 14.3 0.0066
Dispersion index 1.62 ± 0.04 2.28 ± 0.07 0.0001
Percentage of NMJ with faint or loss of AChR (%) 6.12 ± 1.43 52.72 ± 5.36 6.88 × 10−5

AChE area (μm2) 449.09 ± 33.15 364.2 ± 16.33 0.0481
Nerve occupancy 0.77 ± 0.02 0.67 ± 0.02 0.0036
Nerve intersection 5.28 ± 0.12 8.03 ± 0.33 9.81 × 10−5

TS Percentage of fragmented NMJ (%) 0 56.28 ± 6.81 7.56 × 10−5

Fragment number per endplate 1.58 ± 0.16 11.09 ± 0.71 0.0004
Endplate area (μm2) 345.74 ± 15.51 334.47 ± 12.58 0.9162
Dispersion index 1.81 ± 0.01 2.04 ± 0.04 0.0013
Percentage of NMJ with faint or loss of AChR (%) 2.83 ± 2.12 53.77 ± 3.44 6.62 × 10−5

AChE area (μm2) 505.34 ± 26.05 554.66 ± 19.33 0.1361
Nerve occupancy 0.83 ± 0.02 0.69 ± 0.02 0.0013
Nerve intersection 6.05 ± 0.19 7.57 ± 0.14 0.0003

4 pairs of Acta1+/Ki and Acta1+/+ littermates, aged 2 months, were employed for morphometric analysis. The total numbers of NMJs analyzed for each muscle
type were as following: Acta1+/+: 274 in Sol, 249 in EDL, 295 in TS; Acta1+/Ki: 311 in Sol, 273 in EDL, 305 in TS.

response to trains of nerve stimuli. Together, these results demon-
strate that a mutation in skeletal muscle α-actin (Acta1 H40Y)
leads to profound changes in both the structure and function of
the NMJs.

Results
Fragmentation of endplates in Acta1+/Ki mice
Previous studies have shown that Acta1+/Ki mice exhibit clinical
features seen in human nemaline myopathies, including pre-
mature death, severe muscle weakness, reduced mobility, the
presence of nemaline rods in skeletal muscle fibers, and muscle
regeneration [13]. We sought to determine to what extent the
structure and function of the NMJ in Acta1+/Ki mice are impacted.
We began our studies by comparing the NMJs in Acta1+/Ki mice
with those of their littermate control (Acta1+/+) at 2 months of
age. These analyses, carried out in three muscle groups—Sol, EDL,
and TS muscles, are summarized in Table 1 and the representative
images are shown in Fig. 1.

The endplates of Sol, EDL and TS muscles in Acta1+/+ mice
normally appeared continuous and pretzel-shaped (top row in
Fig. 1A). In contrast, the endplates in EDL and TS muscles of
Acta1+/Ki mice appeared fragmented (arrowheads in Fig. 1A),
although the endplates in Sol muscles were only moderately
affected (Fig. 1A). Quantitative analyses showed that 74.5%, 56.3%
and 2.8% of endplates in EDL, TS and Sol were fragmented
in Acta1+/Ki mice, respectively (Table 1, Fig. 1B). On average, we
found that the fragment numbers per endplate were increased by
approximately 8-fold in EDL and 7-fold in TS muscles in Acta1+/Ki,
compared with those in Acta1+/+ mice (Table 1, Fig. 1C).

Furthermore, the sizes of endplate were significantly decreased
in EDL muscles in Acta1+/Ki mice compared to those in Acta1+/+

mice (Table 1, Fig. 1D). The pattern of AChR localization in the
EDL and TS muscles, visualized by labeling with Texas Red

conjugated α-bungarotoxin, appeared more dispersed in Acta1+/Ki

mice, compared with Acta1+/+ mice (Fig. 1E). Specifically, AChR
staining appeared homogenous in Acta1+/+ muscles (top panel
in Fig. 1F), but heterogeneous in Acta1+/Ki muscles—some regions
were faint or even devoid of α-bungarotoxin labeling (arrowheads
in Fig. 1F). Overall, 17%–54% of the NMJs in Acta1+/Ki muscles
were either faint or lacking AChR labeling, whereas only 3%–
6% of the NMJs in Acta1+/+ muscles showed faint AChR labeling
(Table 1, Fig. 1G). These results suggest a marked loss of AChRs at
the endplates in Acta1+/Ki muscles. Similarly, AChE patches were
fragmented in EDL and TS muscles of Acta1+/Ki mice (Fig. 1H)
and the size of AChE patches in Acta1+/Ki EDL was significantly
reduced compared to the control (Table 1, Fig. 1I).

To determine if endplate fragmentation occurred prior to
2 months of age, we examined mice at earlier stages, including
postnatal 14 days (P14) when NMJs undergo postnatal maturation
and transform from a “plaque-like” shape to a “pretzel-like” shape
[22, 23] and 1-month of age. At P14, endplates in both Acta1+/+

and Acta1+/Ki mice exhibited a “pretzel-like” shape (Fig. 1J). No
fragmentation was observed at this stage. However, at 1 month
of age, fragmented endplates were detected in Acta1+/Ki mice
(arrowheads in Fig. 1K). Together, these results suggest that the
NMJs of Acta1+/Ki mice developed normally up to P14 and became
fragmented as early as 1 month of age.

Presynaptic defects at the NMJs in Acta1+/Ki mice
We next examined presynaptic nerve terminals using antibod-
ies against synaptic vesicle proteins such as anti-synaptotagmin
2 (Syt 2). Consistent with the alterations seen at postsynaptic
AChRs, pre-synaptic nerve terminals in Acta1+/Ki mice appeared
fragmented and exhibited a bead-like staining pattern in EDL and
TS muscles (arrowheads in Fig. 2B and C), but not in Sol muscles
(Fig. 2A). We quantified the ratio of nerve occupancy by dividing
the area of the nerve terminal by the area occupied by AChRs.
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Figure 1. Fragmentation of endplates in Acta1+/Ki mice. (A–B) Whole mounts of soleus (Sol), extensor digitorum longus (EDL) and triangularis sterni (TS)
muscles of Acta1+/Ki and Acta1+/+ mice (2-month) were stained with α-bungarotoxin to label AChRs at the motor endplate. Note that the endplates
in EDL and TS of Acta1+/Ki mice are highly fragmented (arrowheads in A), and a comparison of the percentage of fragmented endplates among Sol,
EDL, and TS in Acta1+/Ki mice is shown in (B). (C) Quantification of the average fragment number per endplate between Acta1+/+ and Acta1+/Ki mice.
(D) Quantification of endplate size in Acta1+/+ and Acta1+/Ki mice. The endplate size in EDL, but not in Sol or TS, is significantly reduced in Acta1+/Ki

mice compared with that in Acta1+/+ mice. (E) The dispersion index of EDL and TS, but not Sol muscles, is significantly increased in Acta1+/Ki mice
compared with Acta1+/+ mice. (F) High magnification views of endplates labeled with α-bungarotoxin. Note that some regions of endplates in Acta1+/Ki

mice are devoid of α-bungarotoxin labeling (arrowheads). (G) Quantification of the percentages of the NMJ with faint or no AChR staining in Acta1+/+
and Acta1+/Ki mice. (H and I) Whole mounts of Sol, EDL and TS muscles were labeled with antibodies against AChE. The area of AChE patches in EDL
muscles is significantly decreased in Acta1+/Ki mice compared with that in Acta1+/+ mice. (J and K) Endplates in TS muscles at P14 (J) and 1 month (K).
Endplate fragmentation was detected at 1 month, but not 14 days (P14), of age in Acta1+/Ki mice. Scale bars: A, 20 μm; F, 5 μm; H, 20 μm; J and K, 10 μm.

The nerve occupancy ratio was comparable in Sol muscles of
Acta1+/+ and Acta1+/Ki mice. However, the nerve occupancy ratio
in Acta1+/Ki mice was significantly reduced in EDL and TS muscles
compared to in Acta1+/+ mice (Table 1 and Fig. 2D). Nevertheless,
presynaptic nerve terminals in Acta1+/Ki muscles were juxtaposed
with the postsynaptic endplate; no denervated endplates were
detected. Using anti-syntaxin1 antibodies to label pre-terminal
axons, we noticed that nerve terminals appeared more complex

in Acta1+/Ki mice compared to Acta1+/+ mice (Fig. 2E). To quantify
this phenotype, we drew a line along the longest axis across the
nerve terminal and counted the number of intersections between
the line and the nerve (Fig. 2E). Indeed, the number of nerve
intersections was markedly increased in Sol, EDL and TS NMJs of
Acta1+/Ki mice (increase by 12% in Sol, 52% in EDL and 25% in TS,
respectively), compared to those of Acta1+/+ mice (Table 1, Fig. 2F).
Increase in nerve branching has previously been reported in aging
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Figure 2. Pre-synaptic abnormalities in Acta1+/Ki mice. (A–C) Examples of the NMJs (2-month) revealed by double-labeling with anti-synaptotagmin
2 antibodies (nerve terminal) and α-bungarotoxin (AChR). Arrowheads point to fragmentations at the NMJs seen in EDL and TS muscles of Acta1+/Ki

mice. (D) Quantification of nerve occupancy as a ratio of nerve terminal area over endplate area. Compared with Acta1+/+ mice, nerve occupancy is
significantly reduced at the NMJs in EDL and TS, but not Sol, of Acta1+/Ki mice. (E and F) Examples of pre-synaptic morphology (2-month) revealed by
anti-syntaxin 1 antibody labeling, which labels both the pre-terminal nerves and the nerve terminals. To quantify the presynaptic nerves, a line was
drawn along the longest axes of the terminal area and the number of intersections between the line and the nerve terminal was counted, and graphed
(F). The average numbers of nerve intersection are significantly higher in Acta1+/Ki mice compared with Acta1+/+ mice. (G) Examples of the NMJs in
9-month old TS muscles of Acta1+/Ki and Acta1+/+ mice, revealed by double-labeling using anti-syntaxin 1 antibodies and α-bungarotoxin. Scale bars:
A–C, E, G: 20 μm.

[15, 17] and dystrophic mice (such as Duchenne muscular dystro-
phy) [24], both of which also exhibit endplate fragmentation.

To determine if the endplate fragmentation was a precursor
of denervation through die-back neuropathy that was seen in
other neuromuscular disease models such as ALS, we examined
NMJs in older Acta1 mutant mice (9 months of age). We observed
persisting, severe NMJ fragmentation, but not denervation, in
these 9-month-old Acta1+/Ki mice (Fig. 2G). Thus, NMJ fragmenta-
tion phenotype does not appear as a precursor of denervation in
Acta1+/Ki mice.

Increased numbers of subsynaptic nuclei in
Acta1+/Ki muscles
Nuclei within the synaptic region of a muscle fiber (subsynaptic
nuclei) contribute to synapse-specific gene expression at the NMJ
and therefore are transcriptionally distinct from those in the
extra-synaptic region [25, 26]. Subsynaptic nuclei are defined as
those within the synaptic region or that cross the boundary of the
synaptic region [24]. Examples are shown in Fig. 3A. To distinguish
myonuclei from Schwann cell nuclei, we performed triple-labeling
analyses using ToPro-3, Texas Red conjugated α-bungarotoxin and
S100β in whole-mount muscles (Fig. 3B and C). We counted the
numbers of subsynaptic myonuclei and normalized this number
to the area of the synaptic region (nuclei number per 100 μm2

synaptic area) (Fig. 3D and E). We found that the density of subsy-
naptic nuclei was significantly increased in Acta1+/Ki mice when
compared with Acta1+/+ mice (increase by 50% in Sol, 86% in EDL,
and 48% in TS respectively). These results are similar to those
reported in mdx mice [24].

Increased levels of AChR subunit gene
expression in Acta1+/Ki mice
To determine if the levels of gene expression were altered in
Acta1+/Ki muscles, we performed real-time quantitative PCR to
measure gene expression levels of Rapsyn, MuSK, and AChR sub-
units including α-, β-, δ-, ε-, and γ -subunit. We analyzed both EDL
and Sol muscles from 4 pairs of Acta1+/Ki and their littermate
Acta1+/+ mice. As shown in Fig. 4, in both EDL and Sol muscles,
the expression levels of Rapsyn and MuSK were similar between
Acta1+/+ and Acta1+/Ki mice. However, the expression levels of
AChR subunit genes were significantly increased in Acta1+/Ki mus-
cles compared with Acta1+/+ muscles. In the EDL muscles, the
expression levels of all five AChR subunits were significantly
increased (Fig. 4A), and the levels of AChR γ -subunit expression
were increased more than 10-folds in Acta1+/Ki mice compared
with that in Acta1+/+ mice. In Sol muscles, the levels of expression
of AChR β and γ subunits were also significantly increased in
Acta1+/Ki mice compared with Acta1+/+ mice (Fig. 4B).

Altered synaptic transmission at the NMJs in
Acta1+/Ki mice
Next, we carried out electrophysiological analysis to assess the
NMJ function. We focused our analysis on EDL and Sol muscles of
Acta1+/Ki and Acta1+/+ mice at 2 months of age. We found that the
resting membrane potentials were comparable between Acta1+/+

and Acta1+/Ki muscles: Acta1+/+ (EDL: −70.16 ± 1.73 mV, N = 4
mice, n = 46 cells; Sol: −68.91 ± 1.34 mV, N = 4, n = 47); Acta1+/Ki

(EDL: −68.74 ± 2.1 mV, N = 4, n = 46; Sol: −68.6 ± 2.31 mV, N = 4,
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Figure 3. The number of subsynaptic nuclei is significantly increased in Acta1+/Ki mice compared with Acta1+/+ mice. (A) Examples of endplate and
distribution of nuclei in whole mounts of Sol, EDL and TS muscles of Acta1+/Ki and Acta1+/+ mice (2-month old), double-labeled with α-bungarotoxin
for AChR and ToPro-3 for nuclei. The endplate regions are highlighted by dotted lines. In both Acta1+/+ and Acta1+/Ki muscles, clusters of nuclei are
detected within the endplate region. (B) An example of the NMJ triple-labeled with α-bungarotoxin for AChR, ToPro-3 for nuclei and antibodies against
S100β for Schwann cells. The images are maximum projection view of Z-stack sections. (C) A single section from the Z-stack in B but viewed at the Z
plane by rotating the section vertically. This view plane makes it possible to distinguish subsynaptic nuclei in myofibers (arrowheads) from Schwann
cells nuclei (arrow). (D) The numbers of subsynaptic nuclei are significantly increased in Acta1+/Ki mice compared with Acta1+/+ mice (Sol, Acta1+/Ki:
6.27 ± 0.38 vs Acta1+/+: 5.15 ± 0.32; EDL, Acta1+/Ki: 6.97 ± 0.52 vs Acta1+/+: 4.91 ± 0.33; TS: Acta1+/Ki: 6.4 ± 0.19 vs Acta1+/+: 5.38 ± 0.26). E: Normalized
number of subsynaptic nuclei to endplate region (per 100 μm2). (Sol, Acta1+/Ki: 1.54 ± 0.13 vs Acta1+/+: 1.03 ± 0.06; EDL, Acta1+/Ki: 1.6 ± 0.16 vs Acta1+/+:
0.86 ± 0.1; TS: Acta1+/Ki: 0.93 ± 0.06 vs Acta1+/+: 0.63 ± 0.03.) scale bar in A, B: 20 μm; C: 10 μm.

Figure 4. Elevated expression of AChR subunit genes in Acta1+/Ki mice. RT-qPCR analyses show relative expression levels of Rapsyn, MuSK and AChR α,
β, δ, ε, γ subunits in EDL (A) and Sol (B) muscles of Acta1+/Ki and Acta1+/+ mice (2-month old). In EDL muscles, the expression levels of all AChR subunit
genes are significantly increased in Acta1+/Ki compared with Acta1+/+ mice (A). Most notably, the expression of AChR γ -subunit is increased more than
10-folds in EDL muscles in Acta1+/Ki compared with that in Acta1+/+ mice (A). In Sol muscles, the expression levels of AChR β and γ subunits, but not α,
δ, ε subunits, are significantly increased in Acta1+/Ki mice compared with those in Acta1+/+ mice. In contrast, the expression levels of Rapsyn and MuSK
in both EDL and sol muscles remain similar between Acta1+/Ki and Acta1+/+ muscles. ∗: P < 0.05; ∗∗: P < 0.01; ∗∗∗: P < 0.001; by student t-test.

n = 42). However, in Acta1+/Ki mice, the frequency of spontaneous
neurotransmitter release (mEPP) was increased by 48% in EDL
muscles and 52% in Sol muscles, compared to Acta1+/+ EDL and

Sol. On the other hand, mEPP amplitudes were reduced by 22% in
EDL and 18% in Sol muscles in Acta1+/Ki mice compared to those in
Acta1+/+ mice. No significant changes were detected in rise time
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Table 2. Electrophysiological analyses of NMJs in Acta1+/+ and Acta1+/ki mice.

Muscle Variable Acta1+/+ Acta1+/ki P

EDL MEPP frequency (Hz) 0.86 ± 0.13 1.27 ± 0.05 0.0136
MEPP amplitude (mV) 0.96 ± 0.09 0.75 ± 0.04 0.0468
MEPP rise time (ms) 1.22 ± 0.15 1.65 ± 0.17 0.0725
MEPP decay time (ms) 2.42 ± 0.19 2.77 ± 0.41 0.305

Sol MEPP frequency (Hz) 1.27 ± 0.08 1.93 ± 0.24 0.0207
MEPP amplitude (mV) 1.11 ± 0.06 0.91 ± 0.06 0.0292
MEPP rise time (ms) 1.43 ± 0.19 2.12 ± 0.28 0.0586
MEPP decay time (ms) 3.49 ± 0.51 4.03 ± 0.42 0.3787

EDL EPP amplitude (mV) 14.62 ± 1.89 17.9 ± 1.61 0.1781
Quantal content 17.93 ± 2.63 25.47 ± 1.99 0.0282
EPP rise time (ms) 1.1 ± 0.16 1.19 ± 0.07 0.389
EPP decay time (ms) 6.88 ± 0.56 6.87 ± 0.72 0.6026

Sol EPP amplitude (mV) 22 ± 0.95 24.3 ± 0.44 0.0531
Quantal content 22.86 ± 1.33 26.71 ± 1.43 0.0355
EPP rise time (ms) 1.24 ± 0.03 1.7 ± 0.23 0.0827
EPP decay time (ms) 9.77 ± 0.42 11.05 ± 1.34 0.2806

4 pairs of Acta1+/Ki and Acta1+/+ littermates, aged 2 months, were employed for electrophysiological analysis. The total numbers of NMJs analyzed for each
muscle type were as following: Acta1+/+: 46 in EDL, 46 in Sol; Acta1+/Ki: 46 in EDL, 42 in Sol.

and decay time in both EDL and Sol muscles between Acta1+/Ki

and Acta1+/+ mice (Table 2, Fig. 5A–E).
To examine neurotransmitter release evoked by nerve action

potentials, we recorded EPPs. Intriguingly, there was no significant
change in EPP amplitude between Acta1+/Ki and Acta1+/+ mice in
both EDL and Sol muscles. However, the quantal content, which
represents the quantal number of transmitter release in response
to a nerve impulse, was increased by 42% in EDL and 17% in Sol
in Acta1+/Ki mice, compared to those in Acta1+/+ mice (Table 2 and
Fig. 5F–I). Consistent with previous reports on the size of EPP [27],
the amplitude of EPPs in Sol muscles was significantly larger than
that of EDL muscles in both Acta1+/+ and Acta1+/Ki mice.

Altered short-term synaptic plasticity in Acta1+/Ki

mice
We next examined short-term facilitation by applying twin pulses
at variable intervals ranging from 20–50 ms to the nerve and
recorded the evoked EPPs at the NMJ (Fig. 6A). The resulting
pair-pulse facilitation—a greater EPP at the second pulse [EPP(2)]
compared with the first pulse [EPP(1)] has been attributed largely
to the presence of residual Ca2+ in the nerve terminal follow-
ing the first pulse [28, 29]. We found that the pair-pulse ratios
[EPP(2)/EPP(1)] were significantly reduced in the NMJs of both EDL
and Sol of Acta1+/Ki mice compared with those of Acta1+/+ mice
(Fig. 6C and D).

To further examine synaptic plasticity at the NMJs, we applied
repetitive stimulation (1-s, 30 Hz) to the nerve and recorded
EPPs in the muscle (Fig. 6E and F). In Acta1+/+ muscles, EPPs
initially exhibited moderate facilitation, and then progressed to
depression before eventually reaching a plateau. EPPs recorded
in Acta1+/Ki EDL and Sol muscles showed patterns like those in
Acta1+/+ muscles but exhibited significantly greater depression
before reaching a plateau (Fig. 6G and H). These results indi-
cate that short-term synaptic plasticity was compromised in
Acta1+/Ki mice.

Discussion
In this study, we report changes at the NMJs in Acta1+/Ki mice.
Previous studies have shown that these mutant mice exhibit
clinical features of human congenital myopathies [4, 13], but

the NMJs in these mutant mice has not been characterized. We
found that Acta1+/Ki mice exhibit increased endplate fragmenta-
tion, nerve terminal complexity, subsynaptic nuclei numbers, and
AChR subunit gene expression levels. Our electrophysiological
analyses further show altered synaptic function at the NMJs in
Acta1+/Ki mice.

As shown previously, Acta1+/Ki mice display a noteworthy dis-
parity in premature mortality rate between male and female
mice - approximately 52%–61% of mutant males die, but only
3%–5% of mutant females died by 13 weeks of age [13]. Our
morphological and electrophysiological analyses reveal similar
phenotype between male and female Acta1+/Ki mice (both EDL
and Sol muscles) at 2 months of age (8.5 weeks). These results
are consistent with the previous study by Nguyen et al. [13], in
which they report that the reduction in twitch and titanic forces
is comparable between male and female Acta1+/Ki mice at 8 weeks
of age. Thus, despite differences in the rates of early lethality
between male and female Acta1+/Ki mice at 13 weeks of age,
both the muscle and NMJ phenotypes appear similar between
male and female Acta1+/Ki mice at earlier time point (8 weeks
of age).

NMJ fragmentation has been previously reported in aged and
dystrophic muscle [16, 18, 19, 24, 30–32].

The mechanisms underlying NMJ fragmentation remain
unclear. The NMJ undergoes remodeling and reorganization in
response to muscle damage. Previous studies on the NMJs in
sarcopenia and Duchenne muscular dystrophy (DMD) indicate
that endplate fragmentation is likely the consequence of muscle
fiber damage and degeneration [18–20, 33, 34]. Signs of focal
myofiber damage (lack of eosin staining in some myofiber
areas) and muscle degeneration (muscle fibers with internal
nuclei) are reported in Acta1+/Ki mice [13]. Additionally, it has
also been suggested that endplate fragmentation is a feature
of regeneration, and therefore a process by which the efficacy
of the NMJ is maintained during aging or diseases [33–37].
Our data showed that the numbers of subsynaptic nuclei
are significantly increased, suggesting that regeneration and
remodeling occurred at the synaptic site in Acta1+/Ki mice.
Consistent with this possibility, our quantitative RT-PCR analyses
showed significant increases in expression levels of AChR subunit
genes in Acta1+/Ki mice.
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Figure 5. Alterations in transmitter release at the NMJs in Acta1+/Ki mice. (A and B) Sample traces representing a continuous recording of spontaneous
activity (mEPP) for 10 s (each horizontal trace represents a 1-s recording). (C) Examples of single mEPPs at magnified scale. (D and E) Quantification
of mEPP frequency, amplitude, rise time (10%∼90%) and decay time (100%∼50%) in EDL (D) and Sol (E). MEPP frequency is significantly increased in
Acta1+/Ki mice compared with Acta1+/+ mice. MEPP amplitude (normalized) is significantly reduced in Acta1+/Ki mice compared with Acta1+/+ mice. (F
and G) Sample EPP traces. (H and I) Quantification of EPP amplitude (corrected for non-linear summation), quantal content, rise time (10%∼90%) and
decay time (90%∼10%). While EPP amplitudes were comparable between Acta1+/Ki and Acta1+/+ mice, quantal content was significantly increased in
Acta1+/Ki mice compared with that in Acta1+/+ mice.

The anchoring of AChRs within the postsynaptic membrane
plays crucial roles for the maturation and maintenance of the
NMJ. Evidence suggests that this anchoring process is facilitated
by the dystrophin-glycoprotein complex (DGC), a multicompo-
nent structure that bridges AChR clusters between the intra-
cellular actin cytoskeleton and the extracellular matrix [38–40].

Both human patients with Duchenne muscular dystrophy (DMD)
and animal models such as mdx mice exhibit severe endplate
fragmentation [18, 19, 24], similar to what we have observed in
Acta1+/Ki mice. Additionally, as reported in nemaline myopathy,
disorganized cortical cytoskeleton caused by mutations in α-actin
may impair muscle nuclear shape, envelope and distribution [41].
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Figure 6. Impaired short-term plasticity at the NMJs in Acta1+/Ki mice. (A and B) Sample EPPs responding to pair-pulse stimulation to the nerve at various
inter-pulse intervals (20–50 ms). (C and D) Quantification of pair-pulse ratio [EPP(2)/EPP(1)]. Pair-pulse facilitation is significantly decreased in both EDL
and Sol in Acta1+/Ki mice compared with Acta1+/+ mice. (E and F) Sample EPPs in response to a train stimulation of the nerve (1-s, 30 Hz). (G and H)
Quantification of EPP run-down [EPP(n)/EPP(1)]. The ratio of EPP(n)/EPP(1) is significantly reduced in Acta1+/Ki mice compared with Acta1+/+ mice.
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Thus, it is plausible that altered anchorage due to disrupted
cytoskeleton may contribute to endplate fragmentation and loss
of AChRs in Acta1+/Ki mice.

In Acta1+/Ki mice, the degree of NMJ fragmentation varies
among EDL, TS and Sol muscles. The difference in susceptibility
to NMJ fragmentation could be due to the different extent of
myopathies in different muscle fiber types in Acta1+/Ki mice. The
EDL is a fast twitch muscle which is predominantly composed of
Type IIb fibers, whereas the Sol is a slow twitch muscle mainly
consisting of Type I and IIa fibers [42]. Indeed, a previous study
has reported different muscles in Acta1+/Ki mice exhibit different
extents of muscle damage [13]. While muscle fibers with internal
nuclei are detected in both EDL and Sol muscles of Acta1+/Ki

mice, the percentage of fibers with internal nuclei is significantly
higher in EDL than that in Sol. In addition, as a common feature
of nemaline myopathies, the shift towards slow fiber types (an
increase in type I fiber and a concomitant decrease in type IIa
fibers) is also observed in the Sol muscle of Acta1+/Ki mice [13].
Analogous muscle and fiber-type specificity in NMJ morphological
alteration has been observed during aging and in neuromuscular
diseases [30, 43]. For example, NMJs in EDL muscle are highly
susceptible to aging; however, NMJs in extraocular muscle are
strikingly resistant to damages [43]. Similarly, fast muscle fibers
(type IIb) have been shown to degenerate first in Duchenne
muscular dystrophy [44].

Intriguingly, mEPP frequencies are significantly increased in
Acta1+/Ki mice. This suggests possible compensatory changes at
affected synapses to increase presynaptic transmitter release, a
homeostatic mechanism common to synapses [45, 46]. Further-
more, Acta1+/Ki mutant NMJs exhibit increased quantal content
and thus normal EPP amplitude, which also indicate synaptic
homeostatic modulations at Acta1+/Ki NMJs. Such mechanisms
would allow synapses to enhance the release of transmitters in
order to offset the reduction in AChRs and maintain the safety
factor of the NMJ [46, 47]. Synaptic homeostatic compensatory
mechanisms occur during aging [27, 48] as well as in neuromus-
cular diseases such as myasthenia gravis (MG) [49] and Duchenne
muscular dystrophies [20].

In Acta1+/Ki mice, alternations at both pre-synaptic (increased
release probability) and post-synaptic (increased AChR expres-
sion) at the NMJs appear insufficient to significantly improve
neuromuscular function. This suggests that additional strategies
are necessary to treat patients with ACTA1 myopathy. One such
strategy is to target the skeletal muscle Cl- channels (CLC-1).
This is based on previous elegant studies, which demonstrate
that inhibition of CLC-1 via application of anthracene-9-
carboxylic acid (9-AC) leads to muscle force recovery [50, 51].
Thus, it is conceivable that a similar strategy of applying 9-
AC to inhibit CLC-1 may help alleviating myopathy in ACTA1
patients.

Materials and Methods
Mice
Heterozygous Acta1 (H40Y) mutant mice (also known as 129-
Acta1tm1(H40Y;neo)Hrd, hereafter as Acta1+/Ki) were obtained from the
Jackson Laboratory at Bar Harbor, Main, USA (strain # 018284, MGI:
5424775, RRID:IMSR_JAX:018284). These mice were originally gen-
erated in the laboratory of Dr Edna Hardeman (The University of
New South Wales, Sydney, Australia) [13]. The endogenous ACTA1
in these mutant mice was replaced by a mutant ACTA1 [Acta1
(H40Y) knock-in allele] carrying a single amino acid substitution
of histidine to tyrosine at codon 40 (H40Y). These mice were bred

with C57BL/6 J mice to generate Acta1+/Ki and littermate wild type
(Acta1+/+) mice for experiments.

As described previously, Acta1+/Ki mice die prematurely at
13 weeks of age [13]. Therefore, we focused our experiments on
mice at 2-month of age (8.5 weeks of age, prior to premature
death). Both male and female mice were included in this
study. We observed no gender differences in morphological and
electrophysiological analyses at the age of 2 months. Thus, the
data from both sexes were combined for quantitative analyses.
A total of 36 mice were analyzed, including 18 Acta1+/Ki and 18
Acta1+/+ littermate mice. All experimental protocols followed
National Institutes of Health Guidelines and were approved by
the University of Texas Southwestern Institutional Animal Care
and Use Committee.

Immunofluorescence
Whole mount immunofluorescence staining was carried out as
previously described [52]. Soleus (Sol), extensor digitorum longus
(EDL), and triangularis sterni (TS) muscles from Acta1+/Ki and
wild type (Acta1+/+) mice of postnatal 14 days (P14), 1-month, 2-
month or 9-month old were fixed with 2% paraformaldehyde in
0.1 M phosphate buffer (pH 7.3) overnight at 4◦C. Muscle samples
were extensively washed with PBS and then incubated with Texas
Red conjugated α-bungarotoxin (α-bgt) (2 nM, Invitrogen, Carls-
bad, California, USA) for 30 min at room temperature. Samples
were then incubated with primary antibodies overnight at 4◦C.
The following polyclonal antibodies were used: anti-syntaxin 1
(I375) and anti-synaptotagmin 2 (I735) (generous gifts from Dr
Thomas Südhof, Stanford University School of Medicine, Palo Alto,
CA, USA), anti-acetylcholinesterase (AChE) (generous gifts from
Dr Palmer Taylor, Skaggs School of Pharmacy & Pharmaceutical
Sciences, UC San Diego, CA, USA), and anti-S100β (Dako, Carpin-
teria, CA). All primary antibodies were diluted by 1:1000 in anti-
body dilution buffer (500 mM NaCl, 0.01 M phosphate buffer, 3%
BSA, and 0.01% thimerosal). After extensive washes, muscle sam-
ples were then incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit IgG (1:600, Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) overnight at 4◦C. For the
nuclei labeling experiment, muscle samples were further incu-
bated in ToPro-3 (1:3000, Eugene, Oregon, USA) for 30 min at room
temperature. Muscle samples were mounted in the Vectashield
mounting medium (H-1000, Vector Laboratories, Inc., Burlingame,
CA, USA). Images were captured using a Zeiss LSM 880 confocal
microscope.

Morphometric analyses
Morphometric analyses were carried using ImageJ on confocal
images captured at high magnification (63× oil/N.A. 1.4). Endplate
fragmentation was quantified by counting the number of discrete,
fragmented AChR islands at the NMJ, based on the criteria defined
by Valdez et al. [53] - an endplate was considered fragmented
when at least 5 or more AChR islands were detected at the NMJ.
The synaptic area was outlined and measured using NMJ-morph
workflow similar to the procedure described in Jones et al. [54]. The
endplate or AChE area was measured based on the area labeled
by α-bungarotoxin (α-bgt) or anti-AChE antibodies, respectively. A
dispersion index was obtained by dividing the synaptic area by
the endplate area of the same NMJ according to the procedure
described in Haddix et al. [34]. Presynaptic area was measured
as the thresholded area labeled by anti-synaptotagmin-2 (Syt2)
antibodies, which specifically labels synaptic nerve terminal but
not the pre-terminal nerves. The ratio of presynaptic (nerve) area
to postsynaptic (endplate) area was calculated to determine the
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occupancy of presynaptic nerves at the NMJ [24]. The nerve com-
plexity within the NMJ was determined using a procedure similar
to that described by Kaplan et al. [55]. First, confocal images were
obtained after anti-syntaxin-1 antibody staining, which labels
both nerve terminals and the pre-terminal nerves. Second, a line
was drawn along the longest axis across the NMJ using ImageJ.
And the third, the number of intersections between the line and
the axon labeled by syntaxin-1 was counted.

To quantify the numbers of subsynaptic myonuclei, whole
mount muscles (EDL, Sol and TS) were triple-labeled with Texas
Red conjugated α-bungarotoxin for endplates, antibodies against
S100β for Schwann cells and ToPro-3 for nuclei. Subsynaptic
nuclei were identified as those within the synaptic region or
that cross the boundary of the synaptic region, using the cri-
teria previously defined in Pratt et al. [24]. To distinguish the
subsynaptic nuclei in myofibers from nuclei in Schwann cells,
we adapted a procedure of optical sectioning of whole mount
muscle using the procedures described previously [56, 57]. Briefly,
using ImageJ analysis, z-stack sections were flipped vertically and
viewed at z planes (Fig. 3C). In this angle, the location of nuclei was
determined by their association with either muscle (as labeled
by Texas Red conjugated α-bungarotoxin) or Schwann cells (as
labeled by S100β). In this way, only the subsynaptic nuclei within
the myofibers were counted; those localized in Schwann cells
were excluded.

Quantitative RT-PCR
Analyses were performed using EDL and Sol muscles dissected
from 4 pairs of Acta1+/Ki and Acta1+/+ littermates at 2 months
of age. Total RNAs were isolated by using TRI reagent (Molecular
Research Center). First strand cDNAs were synthesized by using
SuperScript IV VILO kit (Invitrogen). Quantitative real time PCR
was carried out by using iTaq Universal SYBR Green Supermix
(BIO-RAD) on a QuantStudio 6 Pro Real-Time PCR System (Ther-
moFisher). Housekeeping gene GAPDH was used as an internal
control for quantification. The relative expression levels of the
genes of interest were normalized to the levels of GAPDH of the
same sample by using ��Ct method.

The following primers were used for PCR amplification:
GAPDH, forward 5’-CCCACTCTTCCACCTTCGATG-3′, reverse 5’-
GTCCACCACCCTGTTGCTGTAG-3′ [58]; AChR α subunit, forward
5’-CGTCTGGTGGCAAAGCT-3′, reverse 5’-CCGCTCTCCATGAAGTT-
3′; AChR δ subunit, forward 5’-GTGATCTGTGTCATCGTACT-
3′, reverse 5’-GCTTCTCAAACATGAGGTCA-3′; AChR ε subunit,
forward 5’-AGACCTACAATGCTGAGGAGG-3′, reverse 5’-GGATGA
TGAGCGTATAGATGA-3′; AChR γ subunit, forward 5’-ACGGTTGT
ATCTACTGGCTG-3′, reverse 5’-GATCCA CTCAATGGCTTGC-3′ [59].
AChR β subunit, forward 5’-CAAGGCACCATGCTCAGCCTC-3′,
reverse 5’-TCAGGAGCTACGAGAGGTCAT-3′ [60]. Rapsyn, forward
5’-ATATCGGGCCATGAGCCAGTAC-3′, reverse 5’-TCACAACACTCC
ATGGCACTGC-3′ [61]. MuSK, forward 5’-CTCGTCCTCCCATTAAT
GTAAAAA-3′, reverse 5’-TCCAGCTTCACCAGTTTGGAGTAA-3′ [59].

Electrophysiology
Neuromuscular synaptic activity was analyzed by intracellular
recording on both Sol and EDL muscles isolated from 4 pairs of
Acta1+/Ki and Acta1+/+ littermates at 2 months of age, using proce-
dures previously described [62]. Briefly, Sol and EDL muscles (with
nerve attached) were dissected and mounted on a Sylgard coated
dish, and bathed in oxygenated (95% O2, 5% CO2) Ringer’s solution
(136.8 mM NaCl, 5 mM KCl, 12 mM NaHCO3, 1 mM NaH2PO4,
1 mM MgCl2, 2 mM CaCl2, and 11 mM d-glucose, pH 7.3). End-
plate regions were visually identified under a water-immersion

objective and impaled with glass microelectrodes (resistance 20–
40 MΩ) filled with 2 M potassium citrate and 10 mM potassium
chloride. Supra threshold stimuli (2–5 V, 0.1 ms) were applied to
the nerve via a glass suction electrode connected to an extra-
cellular stimulator (SD9, Grass-Telefactor, West Warwick, RI). To
prevent muscle contractions, μ-conotoxin GIIIB (2 μM; Peptides
International) was added to the bath solution 30 min prior to
recording. Miniature endplate potentials (mEPPs) and evoked end-
plate potentials (EPPs) were acquired with an intracellular ampli-
fier (AxoClamp-2B) and digitized with Digidata 1332A (Molecular
Devices, Sunnyvale, CA, USA).

To calculate quantal content, EPP and mEPP amplitudes
were recalibrated for non-linear summation using the methods
described by Wood and Slate [63] and Roza et al. [64]. Data were
analyzed with pClamp 10.7 (Molecular Devices) and Mini Analysis
Program (Synaptosoft, Inc., Decatur, GA). The amplitudes of
mEPPs and EPPs were normalized to −75 mV by using the formula
EPPnormalized = EPP × (−75/Vm) where Vm was the measured resting
membrane potential [64]. Then, the EPPnormalized was corrected for
non-linear summation by using the formula EPP’ = EPPnormalized/[1
– f (EPPnormalized/E)] [65]. The value f is a factor that improves the
accuracy of non-linear summation with a consideration of the
capacitance of the muscle membrane and is set to 0.8 [65, 66]. E is
the difference between the resting membrane potential (Vm) and
the reversal potential for ACh current, which is assumed as 0 mV
[67, 68]. Next, the quantal content (the number of acetylcholine
quanta released in response to a single nerve impulse) was
calculated by dividing the amplitude of EPP’ by the amplitude of
mEPPnormalized [63, 69]. Rise time of mEPPs or EPPs was calculated
as the time for the membrane potential to rise from 10% to 90%
of the peak value of mEPPs or EPPs. Decay time of mEPPs was
calculated as the time for the membrane potential to decay from
100% to 50% of the peak value of mEPPs. Decay time of EPPs was
calculated as the time for the membrane potential to decay from
90% to 10% of the peak value of EPPs.

Statistical analyses
Statistical analyses were performed based on the total num-
ber of mice (N) in each group, i.e. by comparing the wildtype
(Acta1+/+) vs the mutant (Acta1+/Ki) mice. Data were presented
as mean ± standard error of the mean (SEM). SigmaPlot 11.0 and
Excel were used for statistical analyses. A difference with p-value
of 0.05 or less would be considered statistically significant.

For quantitative morphometric analyses, statistical differences
between wildtype (Acta1+/+) (N = 4) and mutant (Acta1+/Ki) (N = 4)
were calculated using student t-test for the following parameters:
the percentage of fragmented NMJs, average fragment number
per endplate, endplate and AChE patch size, dispersion index of
AChR, percentage of the NMJ with faint or loss of AChR stain,
nerve occupancy to the endplate, nerve intersection number
and subsynaptic nuclei number and density. These analyses
were carried for all three muscle groups: Sol, EDL and TS
muscles.

For electrophysiological data, student t-test was applied for
the following parameters: mEPP frequency, amplitude, rise time
(10%∼90%), decay time (100%∼50%) and EPP amplitude, quantal
content, EPP rise time (10%∼90%) and decay time (90%∼10%). And
student paired t-test were applied for paired-pulse and repeti-
tive stimulation analyses. Statistical differences between wildtype
(Acta1+/+) (N = 4) and mutant (Acta1+/Ki) (N = 4) were determined.
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