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Purpose: Skeletal muscle atrophy linked to neuromuscular inactivity is a complex phenomenon
involving widespread alteration of muscle structure and function. Plakin cross-linking proteins
are important structural elements that are expressed in skeletal muscles, which require resistance to mechanical stress. The plakin proteins most prevalent in skeletal muscles are plectin,
dystonin, and microtubule-actin cross-linking factor (MACF). The expression profile of plakin
cross-linking proteins in skeletal muscles during atrophy is poorly understood. We therefore
investigated the expression profile of plectin, dystonin, and MACF in mouse hindlimb muscles
undergoing denervation-induced atrophy.
Materials and methods: Quantitative polymerase chain reaction and Western blotting were
performed to assess plakin mRNA and protein expression in mouse gastrocnemius muscles
that were denervated for 1 day, 3 days, 7 days, and 14 days. The left hindlimb muscles were
denervated by severing the left sciatic nerve, and the contralateral limb muscles served as sham
control muscles. The mRNA expression of myogenin and acetylcholinesterase was measured
in parallel and served as controls.
Results: As expected, myogenin mRNA expression was substantially induced in denervated
muscles (13-fold induction), whereas acetylcholinesterase expression was significantly and
progressively suppressed (90% reduction) in denervated skeletal muscles. In comparison, we
found that plectin and dystonin mRNA expression were progressively reduced by ~50% at day
14 denervation time point, but the protein levels remained relatively constant. On the other
hand, MACF expression was upregulated approximately threefold by day 7 denervation at both
the mRNA and protein levels.
Conclusion: This study suggests that plakins may be of potential importance in the baseline
preservation of the skeletal muscle structure following short-term denervation-induced atrophy.
These results shed light on the gene expression profile of the skeletal muscle plakins during
short-term denervation-induced atrophy.
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The structural organization of skeletal muscle fibers ensures that the fibers are able to
withstand significant mechanical stress associated with cycles of muscle contraction and
relaxation.1 Proteins belonging to the plakin family are believed to act as scaffolding
proteins to solidify the cytoarchitecture of muscle fibers and other cell types.2–4 Plectin,
dystonin (also known as Bpag1), and microtubule-actin cross-linking factor (MACF)
are plakin family members known to be expressed in skeletal muscles.5–7 Expression
deficiencies in the plectin, dystonin, and MACF genes in rodents can have effects
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ranging from embryonic lethality (MACF null) to severe
skin blistering and death shortly after birth (plectin null) and
death 2–3 weeks after birth (dystonin deficiency).7–13 MACF
is ubiquitously expressed during embryonic development
but is barely detectable in adult skeletal muscles.6 Thus, the
role of MACF, if any, in adult skeletal muscles is currently
not known. Plectin and dystonin are believed to bind and
stabilize sarcomeres at the z-disk7,14,15 and to associate with
mitochondria via interactions with desmin.5,16
Muscle atrophy resulting from neuromuscular inactivation
is a complex molecular process.17–19 Atrophy can be induced
experimentally through hindlimb suspension, hindlimb
immobilization, chemical denervation (botulinum toxin),
and surgical denervation (severing the nerve).20–24 All these
methods share the common trait of reducing or completely
inhibiting neural input to the muscle, which induces atrophy. Denervation of adult muscles can revert the expression
of specific genes to an embryonic expression profile. For
instance, γ-subunits of the Nicotinic acetylcholine receptor
(nAChR) as well as myogenin, which are highly expressed in
embryonic muscles and much less expressed in adult muscles,
are reexpressed following denervation.25–27 In addition, many
cytoskeletal proteins, such as desmin, tubulin, titin, and elements of the dystroglycan complex such as dystrophin and
β-dystroglycan, are differentially regulated following denervation.28–31 There is currently sparse information regarding
the expression patterns of plectin, dystonin, and MACF in
muscles during denervation-induced atrophy. We therefore
assessed the expression of plectin, dystonin, and MACF
in denervated mouse hindlimb muscles after 1 day, 3 days,
7 days, and 14 days of denervation to shed light on the expression pattern of these proteins during early-onset atrophy. We
found MACF upregulation at the protein and mRNA levels,
while plectin and dystonin were downregulated at the mRNA
level and their expression was stable at the protein level.

Materials and methods
Mouse information and denervation
procedure
Two-month-old male CD1 mice were purchased from Charles
River Laboratories (Saint-Constant, QC, Canada) and were
kept in plastic shoebox cages in groups of four to five mice per
cage. Mice had access to food and water ad libitum and were
exposed to a 12-hour light/dark cycle in a climate-controlled
room (23±2°C). Animals were treated in accordance with the
Canadian Council on Animal Care guidelines. This study
was approved by the Laurentian University Animal Care
Committee.
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Mice were anesthetized using isoflurane and were denervated unilaterally by severing the sciatic nerve near the hip
area. The opposite limb was sham-denervated: these limbs
had their sciatic nerve exposed, but it was not severed. Mice
were then sutured with sterile clips and left to recover. Mice
behavior was monitored following surgery and for the length
of the experimental period. Oral analgesics were administered
regularly to the animals within the first 24 hours postsurgery.
None of the mice displayed signs of pain (ie, lack of grooming
and low food intake). The denervation status was confirmed
by the absence of the toe pinch, toe spread, and plantar flexion
reflexes. After 1 day, 3 days, 7 days, or 14 days, mice were
anesthetized with a xylazine (10 mg/kg bodyweight) and
ketamine HCl (100 mg/kg bodyweight) mix, and the gastrocnemius skeletal muscles were carefully harvested from the
denervated and sham hindlimb and quickly frozen in liquid
nitrogen. Muscle samples were stored at -80°C.

Sample preparation
Mice gastrocnemius muscles were divided into two halves;
one half was processed for RNA extraction and the other
half for protein isolation. Before being divided, muscles were
weighed whole while still frozen and their total dry weight was
recorded. For RNA isolation, TRIzol® (Thermo Fisher Scientific, Waltham, MA, USA) was used as per the manufacturer’s
instructions. RNA pellets were resuspended in RNase-free water
and then frozen at -80°C until further use. For protein isolation,
muscle samples were homogenized in radioimmune precipitation assay (RIPA) buffer supplemented with protease inhibitors
(RIPA: 150 mM sodium chloride, 1.0%, v/v, Triton X-100,
0.5%, w/v, sodium deoxycholate, 0.1%, w/v, sodium dodecyl
sulfate, 50 mM Tris, pH 8.0; protease inhibitors: 2 μg/mL
aprotinin, 10 μg/mL leupeptin, 1 μg/mL Pepstatin A, 1 mM
PMSF, 5 mM EDTA, 1 mM EGTA, 10 mM sodium fluoride,
and 1 mM sodium orthovanadate). RIPA buffer (300 μL) was
used per 25 mg of tissue. To homogenize the muscle, a Tissue
Tearor (BioSpec products, Bartsville, OK, USA) was used in
15-second pulses until samples were homogenous. Samples
were then incubated at 4°C for 4 hours under constant agitation and then centrifuged (12,000 rpm at 4°C) for 20 minutes.
The supernatant from each sample was collected and stored at
-80°C until further use. RNA and protein concentrations for
each sample were then determined using standard methods.

Immunoblot analysis
Eight protein samples obtained from sham and denervated
gastrocnemius muscles at each time point (1 day, 3 days,
7 days, and 14 days) were treated with Laemmli’s buffer
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(63 mM Tris HCl, 10%, v/v, glycerol, 2%, w/v, SDS,
0.0025%, w/v, bromophenol blue, pH 6.8, 5% b-mercaptoethanol, v/v) and were heated at 100°C for 5 minutes
and then cooled for 5 minutes on ice prior to loading on
an SDS/4% polyacrylamide gel (100 mg total protein per
sample; 4% stacking, pH 6.8; 4% resolving, pH 8.8) along
with a sample of HiMark pre-stained protein ladder (LC5699;
Thermo Fisher Scientific). Samples were electrophoresed for
120 minutes in SDS electrophoresis buffer (25 mM Tris base,
190 mM glycine, and 0.1%, w/v, SDS) and were then transferred onto a polyvinylidene fluoride membrane (0.45 μM
pore size; EMD Millipore, Billerica, MA, USA) in transfer
buffer (25 mM Tris base, 190 mM glycine, and 15%, v/v,
methanol). Membranes were then blocked for 1 hour in 5%
(w/v) milk in Tween Tris-buffered saline (TTBS) (50 mM
Tris, 150 mM NaCl, 0.05%, v/v, Tween 20, and pH 7.6)
and then incubated with either mouse monoclonal plectin
(sc-33649; Santa Cruz Biotechnology Inc., Dallas, TX, USA),
polyclonal rabbit dystonin (custom; Sigma-Aldrich Co., St
Louis, MO, USA), or mouse monoclonal MACF (sc-68430;
Santa Cruz Biotechnology Inc.) antibody at 1:200 dilution in
5% milk in TTBS overnight at 4°C under constant agitation.
Membranes were then washed in three separate 10-minute
TTBS washes and then incubated with the corresponding
goat antimouse (sc-2005; Santa Cruz Biotechnology Inc.)
or antirabbit (sc-2030; Santa Cruz Biotechnology Inc.) secondary antibody conjugated to horseradish peroxidase at a
dilution of 1:50,000 in 5% milk in TTBS at room temperature
for 30 minutes on a rocking platform (Model 200; VWR
Scientific Mississauga, Ontario, Canada). The membranes
were washed again (3×10-minute washes in TTBS) and
subsequently developed with enhanced chemiluminescence
reagents (RPN2232; GE Healthcare UK Ltd, Little Chalfont,
UK). Then, the membranes were stripped of antibodies, reprobed after each immunoblotting experiment, and stripped
a final time before staining the membrane with Coomassie
brilliant blue to verify protein loading to be used as a loading
control. After Coomassie staining the membranes, they were
imaged using the ChemiDoc XRS machine (Bio-Rad Laboratories Inc., Hercules, CA, USA). Densitometry analyses
were performed by outlining the bands and subtracting the
background intensity from the average band intensity using
the Quantity One software (Bio-Rad Laboratories Inc.).

Quantitative polymerase chain reaction
analysis
RNA was first reverse transcribed using the Qiagen QuantiTect Reverse Transcription kit, as per manufacturer’s
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instructions. One microgram of total RNA was used for the
reverse transcription reaction in a total volume of 20 µL.
For polymerase chain reaction (PCR) analysis, the Qiagen
QuantiTect Primer Assay was used with the following primers: actin (QT00095242), plectin (QT00288589), myogenin
(QT00112378), acetylcholinesterase (AChE; QT00287357),
dystonin (QT01771308), tubulin (QT00116319), MACF
(QT00243670), and ribosomal protein S12 (QT00317317)
as per manufacturer’s instructions. We used 100 ng of total
cDNA in a 25 µL total reaction volume for the PCR. Eight
denervated samples from each (1 day, 3 days, 7 days, and
14 days) time point, along with the corresponding contralateral sham control sample, were loaded in duplicate onto
96-well plates, incubated at 95°C for 15 minutes followed by
40 cycles of denaturation at 94°C for 15 seconds, annealing
at 55°C for 30 seconds, and extension at 72°C for 30 seconds
in a PTC-200 thermal cycler equipped with a Chromo4 RealTime PCR instrument (Bio-Rad Laboratories Inc.). PCR
data were normalized to ribosomal protein S12 as it was
considered to be the most reliable internal control (ie, stably
expressed in sham vs denervated [den] samples) (Figure 1).
Fold change was calculated using the 2(–ΔΔCt) method. The
average quantitative PCR (qPCR) efficiency was 92%.

Data analysis
Data were analyzed using SPSS. Outliers were removed
according to default SPSS settings for outliers, defined as
1.5 times the interquartile (Q3–Q1) range below the first and
above the third quartile. Data were checked for normality and
when the test for normality failed, the data were log-transformed and rechecked for normality. When this improved
normality, log-transformed data were used for analysis. This
was the case for MACF mRNA and protein data. An analysis
of variance (ANOVA) was used to determine differences
between den/sham ratios across the four time points for each
of eight data sets (plectin, dystonin, MACF, myogenin, AChE
mRNA, plectin, dystonin, and MACF protein expression),
and paired t-tests were used to assess the difference between
den and sham pairs within each time point for each of the
protein data sets above. The significance threshold was set
at P<0.05.

Results
Markers of denervation
Frozen mouse gastrocnemius muscles were weighed, and
these values were normalized to total bodyweight of each
mouse (milligram of muscle per gram of bodyweight). These
values are reported in Table 1. As anticipated, significant
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Figure 1 Comparison of four potential normalization candidates for qPCR data.
Notes: Data are expressed as mean ± SD (n=8 for den/sham ratio for each time point). A ratio equivalent to 1 is indicative of similar expression levels in the den and sham
muscle samples. (A) Actin den/sham ratios over the four denervation time points. Actin expression is fairly stable between the den and sham muscles at day 1, day 3, and
day 14 but extremely variable at day 7. (B) Tubulin expression is similar to actin, with high variability at day 7 but also increased variability at day 14. (C) RPS12 was the most
stable of all three potential normalization candidates with minimal variance. (D) The den/sham ratios for actin, tubulin, and RPS12 were collapsed, and the mean and SD were
calculated. The higher variability at day 7 persisted following the average. Based on this high variability at day 7 in all other normalization candidates, RPS12 alone was selected
as the normalization control for the qPCR analyses, because the ratios were closest to one with minimal variance.
Abbreviations: den, denervated; qPCR, quantitative polymerase chain reaction; RPS12, ribosomal protein S12.

Table 1 Mouse gastrocnemius mass (mg) normalized to body
weight (g)
Sham
Den
% change
P-value

Day 1

Day 3

Day 7

Day 14

Control

4.8±0.10
4.5±0.09
-6.6
0.006

4.7±0.11
4.3±0.08
-9.3
0.011

4.8±0.08
3.7±0.09
-23.1
<0.001

4.8±0.10
2.8±0.11
-41.5
<0.001

4.4±0.32
4.4±0.28
0.2
1.000

Notes: Data are presented as mean ± SE (mg/g) (n=10 for sham and den at each
time point and n=4 for control mice). Muscles were weighed whole while frozen,
prior to being divided into two and processed for RNA and protein extraction.
Abbreviations: den, denervated; SE, standard error.

muscle atrophy was observed in denervated hindlimb muscles as revealed by paired t-tests. In particular, normalized
muscle mass had decreased by 6.6% after only 24 hours of
denervation (P=0.006), with a 41.5% reduction after 14 days
of denervation (P<0.001). In comparison, the left and right
gastrocnemius muscles of control mice, which were anesthetized but did not undergo surgery, had nearly identical
muscle mass (P=1.000), thereby indicating that our excision
technique was consistent.
Next, we measured the gene expression levels of myogenin
and AChE in sham vs den skeletal muscle at the same four
denervation time points using qPCR. Myogenin mRNA levels
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Powered by TCPDF (www.tcpdf.org)

Den/sham expression
ratio

Den/sham expression
ratio

10
8
6
4
2
0

Tubulin
12

C
Den/sham expression
ratio

Cell Health and Cytoskeleton downloaded from https://www.dovepress.com/ by 18.206.12.79 on 24-Jan-2020
For personal use only.

12

submit your manuscript | www.dovepress.com

Dovepress

were upregulated 16-fold in day 1 denervated muscle, 24-fold
at day 3 and day 7, and sevenfold at day 14. ANOVA results
comparing the fold increase between 1 day and 2 weeks of
denervation revealed no significant differences between fold
increases at the various time points (F3, 28=2.220, P=0.108).
In contrast, AChE was downregulated, as expected, by ~75%
after 1 day of inactivation, by 87% after 3 days, 65% after
7 days, and 95% after 14 days. In this instance, the ANOVA
was significant (F3, 28=7.468, P=0.001) with day 14 expression levels being significantly lower than day 7 expression
levels. Collectively, the muscle weight and myogenin/AChE
gene expression profiles are in line with the anticipated phenotype of denervated skeletal muscle. We, therefore, proceeded
to measure the expression profile of the three plakin family
members both at the mRNA and protein levels to better
understand how the expression patterns of these cytoskeletal
proteins are impacted in skeletal muscles that have been
inactivated subsequent to motor neuron injury.

mRNA expression of plectin, dystonin,
and MACF in denervated skeletal muscle
Using the same cDNA samples processed for qPCR experiments to measure myogenin and AChE expressions, we
Cell Health and Cytoskeleton 2016:8
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Figure 2 Impact of denervation on plectin, dystonin, and MACF mRNA expression levels.
Notes: Data are expressed as a ratio of mRNA levels in den vs sham muscles (mean ± SE) (n=8 for den/sham ratio for each time point). Both plectin and dystonin gene
expressions were progressively reduced over the denervation time course. By day 14, mRNA levels for plectin and dystonin were reduced by half compared to day 1 levels.
In contrast, MACF gene expression was significantly upregulated at day 3, day 7, and day 14 relative to day 1, with expression in den muscle peaking at roughly three times
the expression levels in the contralateral sham limb. aSignificantly lower than day 1 expression levels. bSignificantly lower than day 7 expression levels. cSignificantly higher
than day 1, day 7, and day 14 expression levels.
Abbreviations: den, denervated; MACF, microtubule-actin cross-linking factor; SE, standard error.

determined the gene expression levels of plectin, dystonin,
and MACF. These results are presented in Figure 2. For
plectin, the mRNA levels were reduced by 68% in day 14
denervated muscle, and this level was significantly lower
than after 1 day of inactivation (68% day 2, F3, 28=3.302,
P=0.035), but no other significant differences were noted
between the time points. Similarly, dystonin was lowered by
63% at day 14 time point, which was different compared to
day 7 denervation time point (F3, 28=3.769, P=0.022). In
contrast, MACF expression was upregulated fourfold after
3 days of denervation compared to all other time points (F3,
27=4.425, P=0.005).

Protein expression of plectin, dystonin,
and MACF in denervated skeletal muscle
Protein levels were determined by “high molecular weight”
Western blotting. Paired t-tests were performed to analyze
the difference between plakin protein expression levels in
den vs sham muscle at each time point. Overall, the protein
levels for plectin remained similar between the sham and den
samples over the denervation time course (Figure 3). The
ANOVA, performed on the den/sham ratios, also revealed
that the ratios were similar over the denervation time course
Cell Health and Cytoskeleton 2016:8

(F3, 24=0.640, P=0.597). However, dystonin expression was
unchanged after 1 day and 3 days of denervation (P=0.857
and P=0.077 respectively), a slight upregulation was detected
after 7 days (50.2% increase, P=0.019) and 14 days of denervation (30.5% increase, P=0.005). Analyses of the den/sham
ratios also indicate that the dystonin expression ratios were
significantly greater at day 7 and day 14 postdenervation (F3,
28=5.083, P=0.006). As for MACF, protein expression was
transiently upregulated in den muscles compared to sham at
day 7 (67.4% increase, P=0.002), and the MACF den/sham
expression ratios at day 7 were significantly greater than
all other denervation time points (F3, 28=4.663, P=0.009)
(Figure 3).

Discussion
The main objective of this study was to determine how the
gene expression of muscle plakin family members (plectin,
dystonin, and MACF) is impacted by neuromuscular inactivation. We used the denervation model, which is the most
extreme model of inactivation, because it ensures that all
aspects of communication between the motor neuron and
skeletal muscle (ie, electrical activation and neurotrophic
interaction) are interrupted.
submit your manuscript | www.dovepress.com
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Figure 3 Impact of denervation on plectin, dystonin, and MACF protein expression levels.
Notes: (A) Data are expressed as a ratio of protein levels in den vs sham muscles (mean ± SE) (n=8 for den/sham ratio for each time point, except plectin where n=6 due to
the removal of outliers). No statistically significant differences were observed for plectin protein expression between all denervation time points. Dystonin protein expression
was slightly higher at day 7 and day 14 postdenervation compared to day 1 expression levels, but the ratios were <1.5. MACF protein levels were significantly upregulated at
day 7, but this increased expression was only transient as protein levels returned to sham levels at day 14 postdenervation. (B) Examples of day 7 immunoblots for plectin
(500 kDa), dystonin (800 kDa), and MACF (600 kDa), with sham samples (S1–S4) and corresponding den (D1–D4) samples. The line to the left of each plakin blot indicates the
location of the 460 kDa marker. The corresponding images of the Coomassie-stained membranes are presented along with the 171 kDa and 238 kDa markers. The area used
for normalization is also indicated with a bracket. aSignificantly different from day 1, day 3, and day 14 expression levels. bSignificantly different from day 1 expression levels.
Abbreviations: den, denervated; MACF, microtubule-actin cross-linking factor; SE, standard error.

Consistent with previous studies, we observed a 10%
decrease in mouse gastrocnemius weight after 3 days of
denervation and a ~40% decrease in muscle weight after
14 days of denervation.25,30,32 Also in line with previous studies, we detected significant upregulation of myogenin and
downregulation of AChE mRNA expression in denervated
42
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skeletal muscle.26,27,33–36 Since these markers of denervation
were aligned with scientific evidence in the literature, we
proceeded to determine the expression profile of the selected
skeletal muscle plakin family members.
The extent to which plectin, dystonin, and MACF expressions are affected in skeletal muscles that have undergone
Cell Health and Cytoskeleton 2016:8
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denervation-induced neuromuscular inactivation has not
been extensively documented in the literature. We therefore
conducted a series of qPCR and Western blot experiments to
measure the mRNA and protein levels of these plakin family
members in sham vs denervated muscles. Different trends
were observed for each of these plakins. At the mRNA level,
plectin was progressively downregulated over the denervation time course, leading to a 46% reduction in expression
after 7 days and a 58% reduction after 14 days. However,
we were unable to detect differences in plectin expression
at the protein level at any of the denervation time points.
In comparison, dystonin mRNA expression was gradually
downregulated by up to 50% at 14 days postdenervation,
whereas a slight increase in dystonin protein levels of ~50%
and 30% were measured at 7 days and 14 days postdenervation, respectively. Finally, the change in MACF mRNA and
protein was similar but slightly different in magnitude. In
particular, both mRNA and protein expressions peaked at
7 days of denervation but mRNA showed a 2.5-fold increase,
while protein expression was enhanced by 67%. We were
unable to detect significant upregulation in MACF protein
expression at any other time point, but mRNA showed a
roughly twofold increase at day 3 and day 14.
Widespread changes in gene expression in various models of muscle atrophy including denervation have led to the
identification of key proteins such as atrogin-1 and MuRF1
that mediate protein degradation during muscle wasting.37,38
In addition, mRNA expression studies in rats using RNA
fingerprinting reveal that the levels of calpain-3, myosin
heavy chain IIB, and muscle-specific enolase mRNA are
downregulated, while TRAP-2 and glutamine synthetase
are upregulated in skeletal muscles denervated for 5 days.39
Other studies report that the expression of myosin and other
related contractile proteins, such as actin and tropomyosin,
is downregulated in denervated muscle.40–44 Disturbances in
calcium balance, related to reduced calcium-ATPase activity, are also noted in denervated muscle.45–47 Furthermore,
immunofluorescence studies have shown desmin and tubulin
protein levels to be upregulated, whereas the giant cytoskeletal protein titin is downregulated.28–30 In another study,
microarray analyses were used to survey the expression of
hundreds of genes in short-term denervated adult mouse.48
The reporting criterion for genes that were upregulated was
set at a minimum of 2× change in mRNA gene expression
in the denervated sample vs the control sample, whereas the
inclusion criterion for downregulated genes was set at ≤0.5×
(denervated/control). By applying similar criteria (ie, minimum twofold increase and 0.5-fold decrease) to the present
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study, our plectin, dystonin, and MACF mRNA expression
data were considered to be significantly different in denervated compared to innervated muscle. Our qPCR results for
MACF are in-line with the microarray analyses performed
using RNA isolated from either short-term (ie, 1 week) and
long-term (ie, 30–90 days) denervated skeletal muscles.48
In these latter two studies, a threefold increase in MACF
expression was reported in denervated muscle compared
to innervated muscle. However, changes in dystonin and
plectin gene expressions were not reported by Magnusson
et al48 or Batt et al,44 suggesting that differences in dystonin
and plectin gene expressions may not have met the threshold
criteria to be reported. It is also possible that the reductions
in dystonin and plectin mRNA expressions within the first
2 weeks as reported here using qPCR are marginally transient
in denervated muscles.
Using Western blot analysis, the levels of dystrophin
and two dystrophin-associated proteins, β-dystroglycan and
adhalin, have been shown to be upregulated after 2 weeks of
denervation in rat skeletal muscles.31 Dystrophin was reportedly increased marginally (1.5×), and β-dystroglycan protein
levels were 2.5× higher in denervated muscle vs control
muscle, but due to the low abundance of adhalin in control
muscle, the change in expression of adhalin could not be as
accurately measured.31 Furthermore, utrophin, a dystrophin
homolog expressed in skeletal muscle, has been shown to be
upregulated both at the mRNA and protein levels in 14-day
denervated rodent muscle.49 For MACF, we observed a similar
trend, whereby both mRNA and protein expressions for MACF
were elevated in denervated muscle. In contrast, our dystonin
and plectin mRNA expression data (reduction after 1 week
and 2 weeks of denervation) do not align with our protein
expression data (marginal increase in dystonin, no change in
plectin). The 30%–50% increase in dystonin protein expression
postdenervation would constitute a marginal change in protein
expression and the extent to which this alteration has any
substantial physiological relevance remains an open question.
Our observation that plectin and dystonin protein levels
remain largely stable postdenervation and that MACF protein
expression increases may suggest that these cytoskeletal
proteins help to preserve muscle fiber structural integrity
following short-term denervation. Dystonin and plectin
share similar functions, such as binding to mitochondria
and localizing in part at the Z-line in muscle.7 Interestingly,
the muscle isoform of dystonin (dystonin-b) binds to plectin
through their respective actin-binding domains, and in plectin-null mice, dystonin protein is less abundant.50 Therefore,
binding of dystonin to plectin could foster protein stability
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p ostdenervation, thereby contributing to their relatively stable
expression at the protein level.
MACF is highly expressed in the nervous system, skin, and
skeletal muscle of embryonic day 17.5 mice, as well as in the
lung right before birth.6 However, MACF expression in muscle
plummets shortly after birth, while it remains strong in the nervous system, skin, and lungs.6 This MACF expression pattern
in skeletal muscle during prenatal (higher) vs postnatal (lower)
development may suggest that MACF plays a more significant
role in muscle cells during embryonic development and that
once innervation is fully established, MACF is not as critically
important. Interestingly, MACF subdomains have been shown
to interact with rapsyn, which is an element of the postsynaptic
compartment of neuromuscular junctions involved in clustering
and stabilizing acetylcholine receptors (AChR).51 However,
whether MACF plays a role in stabilizing AChR clusters in
skeletal muscle fibers has not been ascertained. In denervated
skeletal muscle fibers, the expression of AChR-ε subunit is
suppressed, and that of the embryonic AChR-γ variant is transiently reexpressed in extrasynaptic regions, peaking at ~5 days
postdenervation and returning to levels observed in innervated
muscle after 20 days postdenervation.52–54 The fact that denervation appears to “reboot” the developmental expression profile
of MACF, even transiently, may suggest that MACF potentially
contributes to organizing elements of the postsynaptic region
of neuromuscular junctions prior to innervation. Additional
studies are required to confirm this notion.
In Batt et al,44 the authors sought to uncover a gene expression profile that “protects the reinnervation and functional
recovery potential of denervated muscle”, in short-term
(1 month) and long-term (3 months) denervated muscles. Their
microarray analyses suggest that the expression of tubulin
is maintained after 1 month of denervation. Our own qPCR
data would also support that tubulin expression is maintained
in short-term denervated muscle (Figure 1). In-line with this
evidence, tubulin protein levels are reportedly maintained in
fast muscles (plantaris and gastrocnemius) following 15 days
of hindlimb unloading in rats.55 MACF is thought to be a key
microtubule-interacting protein and is known to stabilize
microtubule networks in a variety of cell types.56 It is, therefore,
possible that the maintenance of tubulin expression and the
microtubule network, within the initial weeks of denervation,
is facilitated by interactions with MACF. Two additional studies
report that tubulin protein accumulates or is more abundant
in denervated, rodent fast-twitch muscles (ie, gastrocnemius
muscle).29,57 This may be important to “maintain or preserve
the integrity of the muscle fiber during progressive atrophy
or regeneration”57 and “could be indicative of an adaptive
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mechanism, designed to maintain the integrity of the muscle
fiber in view of eventual regenerative activities”.29 Both of these
assertions support our hypothesis that cytoskeletal proteins (ie,
possibly the interaction of MACF and microtubules) maintain
some level of myofiber integrity during muscle atrophy.

Conclusion
Collectively, our results indicate that the mRNA and protein
expressions of dystonin, plectin, and MACF are differentially regulated in skeletal muscles undergoing short-term
denervation-induced atrophy. The stable protein expression levels of plectin and dystonin in combination with the
enhanced levels of MACF protein during denervation, at a
time when sarcomeric proteins are being lost, suggest that
these plakin proteins are basic scaffolding elements of the
muscle fiber that are necessary to facilitate recovery in the
event of reinnervation.
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