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Abstract
Desminopathy is the most common intermediate filament disease in humans. 
The most frequent mutation causing desminopathy in patients is a R350P DES 
missense mutation. We have developed a rat model with an analogous mutation 
in R349P Des. To investigate the role of R349P Des in mechanical loading, we 
stimulated the sciatic nerve of wild-type littermates (WT) (n = 6) and animals 
carrying the mutation (MUT) (n = 6) causing a lengthening contraction of the 
dorsi flexor muscles. MUT animals showed signs of ongoing regeneration at 
baseline as indicated by a higher number of central nuclei (genotype: P < .0001). 
While stimulation did not impact central nuclei, we found an increased number 
of IgG positive fibers (membrane damage indicator) after eccentric contractions 
with both genotypes (stimulation: P < .01). Interestingly, WT animals displayed 
a more pronounced increase in IgG positive fibers with stimulation compared to 
MUT (interaction: P < .05). In addition to altered histology, molecular signaling 
on the protein level differed between WT and MUT. The membrane repair pro-
tein dysferlin decreased with eccentric loading in WT but increased in MUT (in-
teraction: P < .05). The autophagic substrate p62 was increased in both genotypes 

www.wileyonlinelibrary.com/journal/fsb2
mailto:﻿
https://orcid.org/0000-0003-1838-4279
https://orcid.org/0000-0002-7610-4231
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:htlanger@ucdavis.edu


2 of 16  |      LANGER et al.

1   |   INTRODUCTION

Desmin is the primary intermediate filament in skeletal 
and cardiac muscle. In concert with the three main fil-
aments of the sarcomere, actin, myosin, and titin, it is 
involved in the organization of myofibrils and ensures 
structural integrity by forming three dimensional scaf-
folds that span the diameter of the muscle fiber.1 Desmin 
is thought to surround z-lines and connect them with the 
sarcolemma at the costamere. Through its binding part-
ner synemin, desmin is also known to interact with the 
dystrophin associated glycoprotein complex, linking the 
z-line to the extracellular matrix.2 Beyond its structural 
role in skeletal muscle, there is also emerging evidence 
for several additional functions of desmin. Among its 
many interaction partners are chaperones and proteins in-
volved in proteolysis, posttranslational modification, and 
mitochondrial function.3 The complete lack of desmin in 
mice results in a progressive myopathy, characterized by 
z-line streaming, reduced ability to produce force and mis-
aligned myofibrils.4 Myofibers of knockout mice have an 
increased susceptibility to break in the face of mechanical 
stress and show signs of degeneration and regeneration.5 
In the heart, the absence of desmin causes a concentric 
cardiomyocyte hypertrophy in addition to ventricular di-
lation and altered systolic function.6 The heart of desmin 
knockout animals also shows decreased ejection fraction 
from both ventricles, reduced cardiac output and in-
creased susceptibility to ventricular arrythmias.5

Even though desmin knockout models allow for im-
portant insights into fundamental functions of the protein, 
clinically a complete lack of desmin is exceptionally rare. 
Most patients with a desmin associated myopathy suffer 
from a mutation to, rather than the absence of, desmin.7 
This is significant since one of the hallmarks of human 
desminopathy is the buildup of desmin positive protein 
aggregates in myofibers and these aggregates are thought 
to directly contribute to muscle degeneration.8 The most 
prevalent mutation in humans is caused by the exchange 
of a single amino acid: arginine to proline at position 350 

of DES (R350P).9,10 In vitro, cells transfected with R350P 
DES were unable to form intermediate filament networks 
and started to buildup pathological protein aggregates in 
the cytoplasm, not unlike the aggregates that have been 
found in histological sections of patients.9 R350P muta-
tion causes a progressive muscle disease in patients, af-
fecting skeletal and cardiac muscles. Distal and proximal 
limb and shoulder weakness, disturbed electrical signal 
conduction across the myocardium, dyspnea, and other 
cardio-respiratory problems are among the clinical symp-
toms reported in families with the mutation.9 Mice car-
rying an orthologous mutation in R349P showed protein 
aggregates and disorganized intermediate filament struc-
tures, resulting in muscle weakness and dilated cardio-
myopathy.11 More recently, we created a CRISPR-Cas9 
engineered knock-in rat with the same mutation in order 
to have a model organism that is genetically and physi-
ologically closer to humans.12 At baseline, we found in-
creased central nuclei in the skeletal muscle of mutants, 
a higher number of small muscle fibers and an altered 
fiber type distribution.12 Various force transfer proteins 
were increased in mutant rats, potentially compensat-
ing for the lack of functional desmin. When challenged 
with two weeks of synergist ablation, the mutant animals 
demonstrated impaired adaptation, and less fiber hyper-
trophy, even though muscle mass and force did not differ 
significantly from wild-type littermates.12 This pointed to 
an inability of R349P rat muscle to maintain structural in-
tegrity in the face of mechanical stress and impaired adap-
tation relative to wild-type muscle. We hypothesized that 
this could indicate that mechanical stress through physi-
cal activity could exacerbate the disease course in desm-
inopathy. However, since synergist ablation is an extreme 
and chronic stimulus, the question remained whether the 
same would happen in an acute setting with a more phys-
iological type of loading. This is of high clinical relevance, 
as currently no cure for desminopathy exists and physical 
therapy is the only treatment available.

To determine whether a mutation in desmin causes 
increased susceptibility to injury after acute exercise, we 

with loading (stimulation: P < .05) but tended to be more elevated in WT (inter-
action: P = .05). Caspase 3 levels, a central regulator of apoptotic cell death, was 
increased with stimulation in both genotypes (stimulation: P < .01) but more so 
in WT animals (interaction: P < .0001). Overall, our data indicate that R349P Des 
rats have a lower susceptibility to structural muscle damage of the cytoskeleton 
and sarcolemma with acute eccentric loading.

K E Y W O R D S

exercise, filament, injury, intermediate, muscle, signaling



      |  3 of 16LANGER et al.

loaded the lower limbs of rats using eccentric contractions. 
We hypothesized that eccentric contractions would cause 
a greater injury response and increased muscle remodel-
ing in desmin mutants compared to control animals.

2   |   METHODS

2.1  |  Animal model

All procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the University of 
California, Davis, which is an AAALAC-accredited insti-
tution. Animal housing was in accordance with recom-
mendations of the Guide for the Care and Use of Laboratory 
Animals. Animals were housed in 12:12 hours light-dark 
cycles, fed ad libitum in a conventional vivarium and were 
specific pathogen free. Male and female rats aged between 
400 and 500 days were selected to study functional, his-
tological, and biochemical differences between CRISPR-
Cas9 created knock-in animals carrying a mutation in 
desmin (MUT; n  =  6) or healthy, wild-type littermates 
(WT; n = 6) after eccentric contractions of the tibialis an-
terior and extensor digitorum longus (EDL) muscle.

2.2  |  Stimulation protocol and muscle 
collections

Animals were anesthetized (2.5% isoflurane) and the sci-
atic nerve stimulated as described previously.13 Briefly, the 
sciatic nerve was exposed by surgically opening the fascia 
between the vastus lateralis and the biceps femoris of the 
rats. The nerve was hooked onto a platinum electrode, 
connected to a Grass S5 stimulator (Grass Instruments, 
USA) and stimulated at a frequency of 100 Hz and 4-6 V, 
causing eccentric contractions of the tibialis anterior and 
EDL muscles.14 Each contraction lasted 2  seconds, with 
10 seconds delay before the next contraction. After six rep-
etitions, the animals rested for 1 minute, before the next 
set was performed. Every animal was stimulated for six 
sets of six repetitions, a total of 36 contractions. Following 
the end of the stimulation, the incision site was sutured, 
and the animals received 0.1  mg/kg buprenorphine 
(0.03  mg/mL solution; JHP Pharmaceuticals, USA) as 
analgesic. We collected the tibialis anterior and the EDL 
muscles 24 hours after conclusion of the stimulation.

2.3  |  Muscle force measurements

Four weeks before collection of the animals, a series of six 
isometric contractions was used to determine the maximal 

force of the ankle dorsi flexor muscles (tibialis anterior and 
EDL). The rats were anesthetized (2.5% isoflurane), placed 
in a supine position, and the right foot of the lower limb 
secured to a footplate attached to an Aurora Scientific 300B 
(Aurora, Canada) servomotor. The right leg was clamped in 
place so that both the knee and ankle were at an angle of 
90°. The dorsi flexors were stimulated by needle electrodes 
inserted into the tibialis anterior muscle.

Torque was measured at stimulation frequencies of 
20, 40, 60, 80, 100, and 125 Hz, with the force at 125 Hz 
being equivalent to the maximal force. Contractions lasted 
200 ms, with 45 seconds rest between contractions. Data 
acquisition and analysis were performed using Dynamic 
Muscle Control and Dynamic Muscle Analysis software 
(Aurora, Canada).

2.4  |  Intraperitoneal glucose 
tolerance test

The intraperitoneal glucose tolerance test (IPGTT) was 
also done four weeks before the stimulation and collec-
tion of the animals. Animals were placed in cages with 
water and without food access from 6  PM on the previ-
ous day to ensure a postabsorptive state. The IPGTT was 
begun at 8 AM on the following morning by taking the 
fasted blood sugar values of every animal via a One Touch 
Ultra 2 device (Life Scan, USA). This measurement was 
immediately followed by injecting the rats with a solution 
of 2 g glucose × kg–1 body weight (0.3 g glucose/mL saline 
(0.9% NaCl)) intraperitoneally (i.p.). Following injection, 
blood glucose levels were determined at 15, 30, 60, 90, and 
120  minutes, before the animals were returned to their 
original cages and returned to ad libitum feeding.

2.5  |  Histochemistry

Following collection, the frozen TA muscles were blocked 
and serial cross-sections were cut at 10 μm. For hematoxy-
lin and eosin (H&E) staining, sections were consecutively 
submerged in EtOH 90% and then tap water. 400 µL Mayer's 
hemalum solution (Merck, Darmstadt, Germany) was ap-
plied per slide and left to incubate for 6 minutes. Slides were 
then blued under running lukewarm tap water before being 
dipped in tap water for another 8 minutes. 300 µL 0.5% aque-
ous eosin γ-solution (Merck, Darmstadt, Germany) were ap-
plied to each slide for 1 minute. Sections were dehydrated in 
sequential steps using 70%, 90%, and 100% EtOH. Sections 
were submerged in Xylene, air dried, and mounted with 
DPX Mountant for histology (Sigma, Darmstadt, Germany).

For immunohistochemistry, TA sections were fixed in ace-
tone, washed, and blocked with 5% natural goat serum (NGS) 
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for 30  minutes. For determination of fiber types, we used 
SC-71 (myosin heavy chain 2A, mouse, IgG1, 1:250 in NGS), 
BF-F3 (myosin heavy chain 2B, mouse, IgM, 1:250 in NGS), 
and a polyclonal laminin antibody (rabbit, IgG (H + L), 1:500 
in NGS). For detection of desmin aggregates, a monoclonal 
desmin antibody (mouse, IgG2a, 1:200 in NGS) was used. 
Secondary antibodies (goat anti-mouse Alexa Fluor 488 and 
555, Life Technologies and goat-anti-rabbit AlexaFluor 647 
for fiber typing, goat anti-mouse Alexa Fluor 488 for desmin) 
were incubated for 30 minutes at room temperature. Anti-
myosin heavy chain antibodies were purchased from the 
Developmental Studies Hybridoma Bank (Iowa City, Iowa), 
anti-laminin antibody was purchased from Sigma Aldrich (St 
Louis, Missouri), anti-desmin antibody was purchased from 
Santa Cruz Biotechnology (Dallas, Texas).

Slides were imaged using a Leica DMi8 inverted micro-
scope using the HC PL FLUOTAR 10x/0.32 PH1 objective 
(Leica Microsystems, Wetzlar, Germany). For comparative 
analysis, exposure length remained fixed for all samples. 
For all stains, overlapping images were stitched together 
such that the entire muscle could be analyzed.

Muscle fiber properties, fiber types, and central nuclei 
were analyzed using FIJI and SMASH (MATLAB) as de-
scribed previously.12

2.6  |  Western blots

Frozen powdered tibialis anterior muscles were homog-
enized in 200 µL sucrose lysis buffer (SLB; 50 mM Tris pH 
7.5, 250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1% Triton 
X-100, 1% protease inhibitor complex) on a vortexer for 
60 minutes at 4℃. Following centrifugation at 10 000 g for 
10  minutes, the supernatant was collected. To ensure that 
desmin levels in the supernatant are representative of the 
whole muscle, we conducted a control experiment on the pel-
let and solubilized it using a high salt buffer similar to what 
has been described by Solaro and colleagues (Figure S1).15 
Protein concentrations were determined in triplicates using 
the DC protein assay (Bio-Rad, Hercules, CA, USA). Sample 
concentrations were adjusted using SLB. Following dilution 
in Laemmli sample buffer (LSB), 1 µg protein/µL were de-
natured at 100℃ for 5 minutes. Protein (10-15 µg protein per 
lane) was loaded on 4%-20% Criterion TGX Stain-free gels 
(Bio-Rad), run for 45 minutes at 200V and visualized after 
a UV-induced 1-minute reaction to produce fluorescence. 
Following quantification, proteins were transferred to nitro-
cellulose or polyvinylidene difluoride (PVDF) membrane at 
100V for 30-60 minutes, depending on the size of the protein 
of interest. Efficient transfer was confirmed using Ponceau 
staining of the membrane. Membranes were then air dried 
and directly incubated with the primary antibody, or washed 
and blocked in 1% fish skin gelatin dissolved in Tris-buffered 

saline with 0.1% Tween-20 (TBST) for 1 hour, rinsed and then 
incubated with the primary antibody overnight at 4⁰C. The 
next day, membranes were washed and incubated with HRP-
conjugated secondary antibodies at 1:5000 (goat) to 1:10 000 
(mouse, rabbit) in 1% skim milk-TBST for 1 hour at room tem-
perature. Immobilon Western Chemiluminescent HRP sub-
strate (Millipore, Hayward, CA, USA) was then applied to the 
membranes for protein visualization by chemiluminescence. 
Image acquisition and band quantification was performed 
using the ChemiDoc MP System and Image Lab 5.0 software 
(Bio-Rad). Protein levels of each sample were calculated as 
band intensities relative to total protein as described previ-
ously (see Figure S2).16,17 Biological duplicates of each group 
were loaded onto the gel in random order to avoid edge effects 
and lane bias. All samples of all groups (ie WT control, WT 
stim, MUT control, MUT stim) were run on the same gel for 
each protein probed; images of the bands in the figures dis-
play representative, biological duplicates for each condition. 
The following antibodies were used in this study at a concen-
tration of 1 to 1000. Cell Signaling (Cell Signaling Technology, 
Danvers, MA): p70-S6 Kinase 1 (p70S6K) (Thr389) (#9205; 
lot 16), ribosomal protein S6 (rpS6) (Ser240/244) (#5364), 
glycogen synthase (#3893; lot 2), microtubule-associated 
proteins 1A/1B light chain 3B (LC3B) (#2775; lot 10), beclin 
1 (#3738), autophagy related 7 (Atg 7) (#8558), heat shock 
protein β-1 (HSP27) (#2402; lot 8), heat shock protein α 
(HSP90) (#4877; lot 5), Unc-51 like autophagy activating ki-
nase 1 (ULK1) (Ser757) (#14202; lot 1), sequestosome 1 (p62) 
(#5114; lot 4), nuclear factor κ B (NF-kB) (Ser536) (#3033; 
lot14), annexin A2 (#8235; lot 2), C/EBP-homologous pro-
tein (CHOP) (#5554), caspase 3 (#9662); Santa Cruz (Santa 
Cruz Biotechnology Inc, Dallas, TX): dystrophin (#365954; 
lot E2711), dysferlin (#16635; lot H162), desmin (#271677; lot 
F1913), glucose transporter type 1 (GLUT1) (#7903; lot 209), 
glucose transporter type 4 (GLUT4) (#53566; lot 2415), mus-
cle LIM protein/cysteine and glycine-rich protein 3 (mLIM) 
(#166930; lot E2814), septin 1 (#373925); Millipore Sigma 
(Merck Group): insulin receptor substrate 1 (IRS1) (#06-
248; lot 2465193), puromycin (MABE343); Enzo (Enzo Life 
Sciences Inc, Farmingdale, NY): αB crystallin (ADI-SPA-223; 
lot 05011812); Developmental Studies Hybridoma Bank 
(University of Iowa, Iowa City, IA): myosin heavy chain—
Slow (#BA-D5); Abcam (Abcam Inc, Eugene, OR): total oxi-
dative phosphorylation (OXPHOS) (MS604-300).

2.7  |  Protein synthesis

Global muscle protein synthesis was assessed using the 
SUrface SEnsing of Translation (SUnSET) method as de-
scribed previously.13 Puromycin was dissolved in sterile sa-
line (0.9% NaCl) and delivered via i.p. injection (0.02 μmol 
puromycin × g–1 body weight) 30 minutes prior to muscle 
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collection. Puromycin-truncated peptides, reflecting the 
rate of global muscle protein synthesis, were analyzed by 
western blot as described above.

2.8  |  Mechanical testing on rat muscle

Prior to mechanical testing, rat EDL muscles were stored 
in −20℃ storage solution.18 Within two weeks of being 
stored and blinded to the genotype, EDL muscles were 
placed in a petri dish filled with dissecting solution and 
pinned at the proximal and distal ends to maintain pas-
sive tension.19 An average of three equal length bundles 
of fibers were cut from each EDL to be used for mechani-
cal testing. Bundles were cut parallel to the myofiber 
angle and separately pinned from the rest of the EDL. 
Bundles were tied at the ends with 7-0 sutures and loops 
were made to allow for attachment to the mechanical 
testing apparatus consisting of a 300C-LR Dual-Mode 
motor arm and force transducer (Aurora Scientific) in a 
well of dissecting solution at 22℃. Once bundles were se-
cured inside the mechanical testing apparatus, they were 
stretched to an approximate slack length, a point at which 
there was minimal tension detected by the force trans-
ducer. The slack length (Lo) was measured using calipers 
at 4.19 ± 0.93 mm and was used in conjunction with bun-
dle mass (m) and density (ρ) to calculate cross-sectional 
area (CSA): CSA = m/(Lo × ρ). Passive mechanical testing 
consisted of a sequence of pre-conditioning periods of cy-
clic strain followed by stress relaxation measurements at 
steps from 2.5% to 12.5% at 2.5% intervals. Strain was de-
termined based on motor arm movement and does not ac-
count for end compliance which may overestimate strain 
of intact muscle.20,21 The cyclic strain included five cycles 
of 2.5% strain cyclic at a frequency of 1 Hz and stress re-
laxation included a rapid 2.5% strain at 1 fiber length/s to 
the given strain and maintaining length for 120 seconds. 
A custom script in MATLAB was used to calculate the dy-
namic and elastic stiffness of the muscle bundles using a 
stress-strain plot from the mechanical testing sequence. 
Elastic stiffness is the slope of the quadratic regression of 
elastic stress at 10% strain. Dynamic stiffness is the slope of 
the quadratic regression of the dynamic (maximum) stress 
at 10% strain.22 The elastic index is the ratio between the 
elastic and dynamic stiffness. This analysis is similar to 
previous studies22-24).

2.9  |  Hydroxyproline determination of 
collagen content for muscle tissue

Collagen content was determined using a hydroxypro-
line assay.25 Muscle tissue was placed in 1.7 mL tubes and 

weighed for wet mass. Then samples were placed on heating 
block with lids open for 30 minutes at 120℃ to sufficiently 
dry the tissue. Each sample was then weighed for dry mass 
and hydrolyzed in 200 µL of 6N HCl at 120℃ for 2 hours 
before drying for 1.5 hours at 120℃. The dried pellet was 
resuspended in 200 µL of hydroxyproline buffer (containing 
173 mM citric acid, 140 mM acetic acid, 588 mM sodium ac-
etate, 570 mM sodium hydroxide). The sample was further 
diluted 1:67 in hydroxyproline buffer. 150 µL of 14.1 mg/mL 
Chloramine T solution was added to each sample, then vor-
texed and incubated at room temperature for 20 minutes. 
150 µL aldehyde-perchloric acid containing 60% 1-propanol, 
5.8% perchloric acid, and 1 M 4-(dimethylamino)benzalde-
hyde was then added to each sample, then vortexed and in-
cubated at 60℃ for 15 minutes. The tubes were then cooled 
for 5-10 minutes at room temperature. Samples were read at 
550 nm on an Epoch Microplate Spectrophotometer (BioTek 
Instruments Limited, Winooski, VT). Hydroxyproline was 
converted to collagen mass assuming hydroxyproline con-
tributes to 13.7% of the dry mass of collagen.26

2.10  |  Statistics

Depending on the number of the groups compared, an un-
paired t-test or a two-way ANOVA with a post hoc Tukey's 
multiple comparisons test was used to test the null hypoth-
esis. For the two-way ANOVA, the two main variables an-
alyzed were “stimulation” (as in electrostimulation of the 
sciatic nerve) and “genotype” (WT littermate or desmin 
MUT). For the two-way ANOVA, the p-values for “stimu-
lation”, “genotype”, and the interaction effect between the 
two variables will be reported; the results of any post hoc 
analyses may serve as an additional tool to directly com-
pare groups when applicable and will be denoted as such. 
An alpha of P <  .05 was deemed statistically significant 
and a P-value between .05 and .1 was called a trend. Data 
in the text are reported as mean ± standard deviation, data 
in the figures are visually represented as scatter dot plot 
with error bars indicating standard error of the mean. All 
analyses were performed with Prism 8 (GraphPad, USA).

3   |   RESULTS

3.1  |  The animal model and the effect of 
electrostimulation

Immunohistochemical analysis of desmin revealed ubiq-
uitous expression across myofibers in the WT animals, 
with particularly pronounced signals at the sarcolemma, 
while MUT animals rarely showed desmin outside of 
aggregates (Figure  1B). Body weight was not different 
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between groups (WT = 495 ± 156 g; MUT = 526 ± 182 g; 
Figure  1C). When assessed via a 2-way ANOVA, mus-
cle mass of the tibialis anterior 24  hours after eccentric 
contractions was significantly higher in the stimulated 
leg compared to the contralateral control leg (stimula-
tion: P  <  .05), with no genotype difference (genotype: 
P = .38) or interaction (interaction of stimulation × geno-
type: P =.74). Maximal dorsi flexion force relative to the 

body weight did not differ significantly between MUT 
(0.31 ± 0.2 mN/g body weight) and WT (0.39 ± 0.1 mN/g 
body weight; Figure 1E). Blood glucose levels after an i.p. 
injection of glucose differed for the variable time (time: 
P < .0001) and tended to be higher at each timepoint in 
MUT compared to WT group (genotype: P = .08) with no 
interaction effect between the two variables (time × geno-
type: P = .13; Figure 1F).

3.2  |  Histological analysis of acute and 
chronic injury

Assessment of histological damage via H&E staining 
revealed increased chronic remodeling in the MUT 
compared to the WT animals (Figure  2A), as signified 
by a higher number of fibers with central nuclei (geno-
type: P <  .0001; Figure 2B). Eccentric contractions did 
not significantly affect the number of central nuclei 
(stimulation: P =  .22) and there was no interaction ef-
fect between stimulation and genotype (stimulation × 
genotype: P =  .58; Figure 2B). Acute membrane injury 
following eccentric contractions, as assessed via IgG 
staining, showed a higher number of IgG positive fibers 
after stimulation (stimulation: P <  .01), with the effect 
being more pronounced in WT animals compared to 
MUT (genotype: P < .05), resulting in an interaction ef-
fect (stimulation × genotype: P < .05; Figure 2D). No IgG 
positive fibers were found in the WT group at baseline, 
whereas one MUT animal had two IgG positive fibers. 
WT animals showed an average of 35  ±  30 IgG posi-
tive fibers per tibialis anterior cross-section after elec-
trostimulation, while MUT had 7 ± 9 IgG positive fibers 
(Figure 2D). To ensure that IgG was specific to injured 
muscle fibers and did not stain for interstitial space, ves-
sels or fibrotic tissue, we performed H&E staining on se-
rial sections (Figure S3).

3.3  |  Muscle mechanics and 
collagen content

Complete deletion of desmin increases elastic stiffness of 
muscle bundles due to extracellular matrix aberrations.27 
However, there were no significant differences between 
WT and MUT EDL bundle passive mechanical proper-
ties. Unpaired t-tests showed no significant differences 
between WT and MUT EDL bundle dynamic stiffness, 
elastic stiffness, and elastic index (dynamic: P = .22, elas-
tic: P = .22; elastic index: P = .14; Figure 3A-C). Collagen 
content in the tibialis anterior muscle was unchanged 
with stimulation (P = .26) and genotype (P = .56), and no 
interaction effect was present (P = .27; Figure 3D).

FIGURE 1  The animal model and the effect of electrostimulation. A, 
Eccentric stimulation and collection protocol. B, Immunohistological 
desmin staining of tibialis anterior sections. C, Body weight of the 
animals. D, Tibialis anterior mass in the contralateral control- and 
the stimulated leg of WT and MUT animals. E, Force during plantar 
flexion relative to the body weight of the animals. F, Intraperitoneal 
glucose tolerance test in WT and MUT animals. *denotes a statistically 
significant difference (Figure 1D, stimulation: P < .05)
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3.4  |  Force transfer and 
membrane injury

Next, we investigated the effect of eccentric contractions 
on protein levels associated with structural integrity, force 
transfer and membrane injury in skeletal muscle of WT 
and MUT animals. Desmin protein levels at baseline were 
about fourfold as high in the WT compared to the MUT 
group. Stimulation had a significant effect on desmin 
levels in both groups (P < .05; Figure 4A). However, WT 

desmin increased to an average of 6.3-fold, while MUT, 
despite lower baseline levels, increased to only 2.7-fold 
compared to baseline. This resulted in desmin levels being 
about ninefold as high in WT compared to MUT after 
stimulation (post hoc: P < .01; Figure 4A). Consequently, 
there was a significant effect for genotype (P <  .01) and 
an interaction between genotype and exercise (P  <  .05; 
Figure  4A). Interestingly, this pronounced increase in 
protein levels via western blotting was in contrast with 
the immunohistochemical data, where desmin appeared 

F I G U R E  2   Histological analysis of acute and chronic injury. A, Hematoxylin and eosin staining in tibialis anterior sections of WT and 
MUT rats. White arrows denote examples of central nuclei. B, Quantification of the number of central nuclei across the entire section. C, 
IgG staining in tibialis anterior sections of WT and MUT rats. White arrows denote examples of IgG positive fibers. D, Quantification of IgG 
positive fibers across the entire section. ** and **** denote statistically significant differences (Figure 2B, genotype: P < .0001), (Figure 2D, 
stimulation: P < .01)
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to decrease with stimulation (Figure 1B). The membrane 
injury associated protein dysferlin showed no effect for 
stimulation (P  =  .46) or genotype (P  =  .34; Figure  4B). 
Despite this, there was a significant interaction effect be-
tween stimulation and genotype (P < .05), as dysferlin lev-
els tended to decrease with stimulation in the WT group, 
while they increased with stimulation in the MUT group 
(Figure  4B). Annexin a2 levels did not reach statistical 
significance for stimulation (P  =  .19; Figure  4C), geno-
type (P = .12) or an interaction effect (P = .8; Figure 4C). 
Dystrophin levels increased following stimulation in both 
groups (P < .05) with no effect of genotype (P = .33) and 
no interaction effect (P  =  .44; Figure  4D). Muscle LIM 
protein levels at baseline were on average 4.3-fold as high 
in the MUT compared to the WT group (post hoc: P < .05; 
Figure  4E). Stimulation increased mLIM levels in both 
groups (P <  .0001; Figure 4E). The WT group increased 
to about 5.3-fold with stimulation while the MUT group 
increased to twofold compared to baseline (Figure  4E). 
Consequently, there was a significant effect of the genotype 

of the animals (P < .001) but no interaction effect between 
stimulation and the genotype (P = .97; Figure 4E). Levels 
of slow myosin heavy chain protein (MHCs) increased 
with stimulation in both groups (P < .01), with no effect of 
the genotype (P = .17) and no interaction effect (P = .44; 
Figure 4F). All raw data and statistical results of our west-
ern blots (Figures 4-6) are available in Table S1.

3.5  |  Skeletal muscle 
metabolism and remodeling

Immunoblotting revealed differences in anabolic and 
metabolic signaling pathways between WT and MUT 
animals at baseline and after eccentric contractions. Total 
IRS levels tended to decrease after eccentric contractions 
(stimulation: P = .1) independent of the mutation (geno-
type: P = .35; stimulation × genotype: P = .46; Figure 5A). 
Phosphorylated p70S6K1 (Thr389) levels increased with 
stimulation (P  <  .01) but showed no effect of genotype 

F I G U R E  3   Muscle mechanics and collagen content. A, Dynamic stiffness of EDL muscle bundles in WT and MUT rats. B, Elastic 
stiffness of EDL muscle bundles in WT and MUT rats. C, The elastic index (ratio of elastic to dynamic stiffness) of EDL muscle bundles in 
WT and MUT rats. D, Collagen content in tibialis anterior muscles after stimulation and in the contralateral control leg of WT and MUT rats
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(P  =  .39) or an interaction effect (P  =  .39; Figure  5B). 
Phosphorylated ribosomal protein S6 (rS6 Ser240/244) 
levels tended to increase with stimulation (P  =  .05) but 
similarly showed no effect of genotype (P = .63) or an in-
teraction effect (P = .64; Figure 5C). Global muscle protein 
synthesis as assessed via puromycin trended to be elevated 
24 hours after stimulation (P = .06). Despite 33% higher 
baseline values in MUT compared to WT, there was no ef-
fect for genotype (P = .48) or an interaction effect (P = .64; 
Figure 5D).

For metabolic proteins, GLUT4 levels increased to 
about 220% in the WT group and by only 9% in the MUT 

group with stimulation, causing a trend toward signifi-
cance for stimulation (P = .09; Figure 5E). While baseline 
levels in the MUT group were 66% higher than in the WT 
group, variability in GLUT4 levels masked any effect for 
the genotype (P = .75) and the interaction effect did not 
reach statistical significance (P = .17; Figure 5E). GLUT1 
levels decreased with stimulation but did not reach statis-
tical significance (P = .16) and showed no effect for gen-
otype (P =.5) or an interaction effect (P = .67; Figure 5F). 

F I G U R E  4   Force transfer and membrane injury. Western Blot 
analysis of protein levels: A, Desmin. B, Dysferlin. C, Annexin A2. 
D, Dystrophin. E, Muscle LIM Protein/Cysteine and Glycine-rich 
Protein 3 (mLIM). F, Myosin Heavy Chain (MHC) Slow. #, *, **, 
*** and **** denote statistically significant differences (Figure 
4A, stimulation: P < .05, genotype: P < .01, interaction: P < .05), 
(Figure 4B, interaction: P < .05), (Figure 4D, stimulation: P < .05), 
(Figure 4E, stimulation: P < .0001, genotype: P < .001), (Figure 
4F, stimulation: P < .01). Protein levels were normalized to total 
protein content, bands display representative biological duplicates 
of each condition. For each protein, all samples were run together 
on the same gel

F I G U R E  5   Skeletal muscle metabolism and remodeling. 
Western blot analysis of protein levels: A, Total insulin receptor 
substrate 1 (IRS1). B, Phospho-p70 ribosomal S6 kinase 1 (p70S6K) 
(Thr389). C, Phospho-ribosomal protein S6 (rp S6) (Ser240/244). 
D, Puromycin. E, Glucose transporter type 4 (GLUT4). F, Glucose 
transporter type 1 (GLUT1). G, Glycogen synthase. H, Total 
oxidative phosphorylation (OXPHOS). ##, *, ** and *** denote 
statistically significant differences (Figure 5B, stimulation: P < .01), 
(Figure 5C, stimulation: P < .05), (Figure 5G, stimulation: P < .001, 
genotype: P < .05), (Figure 4H, interaction: P < .01). Protein 
levels were normalized to total protein content, bands display 
representative biological duplicates of each condition. For each 
protein, all samples were run together on the same gel
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Glycogen synthase decreased with stimulation in both 
groups (P < .001) but to a lesser extent in the MUT group, 
causing an effect for genotype (P < .05) and a trend for an 
interaction effect (P =.08), with GS levels after stimulation 
being significantly higher in MUT than WT animals (post 
hoc: P < .05, Figure 5G). Total oxidative phosphorylation 
protein levels showed no effect for stimulation (P = .33) 
or genotype (P =  .14) but a significant interaction effect 
between stimulation and genotype (P  <  .01), as protein 
levels tended to decrease with stimulation in the WT 
group yet increased with stimulation in the MUT group 
(Figure 5H).

3.6  |  Cell damage, 
degradation, and apoptosis

Upstream autophagy signaling through phosphorylated 
ULK1 (Ser757) was not affected by stimulation (P = .84), 
genotype (P = .76) and there was no interaction effect be-
tween the two (P = .64; Figure 6A). Atg7 levels tended to 
decrease in the WT group with stimulation, while they in-
creased in the MUT group (P = .85; Figure 6B). However, 
due to high variability this did not lead to a significant 
effect for the genotype (P  =  .2) or an interaction effect 
(P = .18; Figure 6B). Baseline levels of the autophagy sub-
strate p62 were about 50% higher in the MUT compared 
to the WT group (Figure 6C). Stimulation increased p62 
levels in both groups (P < .05), with the levels in the WT 
group being 6.7-fold and in the MUT group being 1.6-fold 
higher than baseline (Figure 6C). This resulted in no sta-
tistical effect of the genotype (P = .12) but a trend towards 
an interaction effect of stimulation x genotype (P =  .05; 
Figure  6C). The ratio of LC3 II to LC3 I was increased 
with stimulation in both groups (P  <  .01) without any 
effect of the genotype (P  =  .85) or an interaction effect 
(P = .29; Figure 6D). Beclin1 protein levels at baseline av-
eraged 53% lower in the MUT compared to the WT group 
(post hoc: P = .52; Figure 6E). With stimulation, Beclin1 
levels increased to 2.5-fold in the MUT group but stayed 
unchanged in the WT group (Figure 6E). However, due 
to high variability neither stimulation (P = .19), genotype 
(P = .52) nor the interaction effect (P = .2) reached statis-
tical significance (Figure 6E). CCAAT-enhancer-binding 
protein homologous protein (CHOP) levels at baseline 
were 58% higher in the WT compared to the MUT group 
(post hoc: P < .001) and decreased with stimulation in the 
WT animals while they increased with stimulation in the 
MUT animals (Figure 6I). This led to significant genotype 
(P < .01) and interaction effects (P < .001), while stimula-
tion was not different (P = .27; Figure 6I). We found a sig-
nificant effect of stimulation on Caspase 3 levels (P < .01; 
Figure 6J). However, this was mostly due to the WT group 

which increased protein levels by 88% following stimula-
tion, while the MUT group decreased Caspase 3 levels by 
6% (Figure 6J). Consequently, there was no effect for the 
genotype (P = .17) but an interaction effect between stim-
ulation and genotype (P < .001; Figure 6J). Similarly, we 
found a significant effect of stimulation on Septin1 levels 
(P  <  .05), but the increase trended to occur only in the 
WT group (post hoc: P  =  .07), while no increase in the 
MUT group was observed (post hoc: P = .75; Figure 6K). 
However, no effect of the genotype (P = .95) or an inter-
action effect (P  =  .19) was found (Figure  6K). Alpha-B 
crystallin (αB crystallin) levels increased with stimula-
tion in both groups (P < .05) without an effect of genotype 
(P = .8) or an interaction effect (P = .28; Figure 6F). Heat 
shock protein 90 (HSP90) levels trended to increase with 
stimulation (P  =  .08) but did not differ based on geno-
type (P = .44) and showed no interaction effect (P = .98; 
Figure 6G). Stimulation had no effect on heat shock pro-
tein 27 (HSP27) levels in either of the groups (P =  .69); 
however, levels were about 25% higher in the WT com-
pared to the MUT group resulting in a significant effect for 
genotype (P < .05) without an interaction effect (P = .96; 
Figure 6H). Phosphorylated NF-κB (Ser536) levels showed 
a comparable pattern, as there was a significant effect of 
stimulation (P < .05) that appeared primarily driven by a 
39% increase in the WT group, while the MUT group only 
increased by 18% with stimulation (Figure 6L). There was 
no significant effect for genotype (P = .17) and no interac-
tion between genotype and stimulation (P = .6; Figure 6L).

4   |   DISCUSSION

The primary goal of this study was to investigate the effect 
of an acute bout of lengthening contractions on skeletal 
muscle in rats with a mutation in desmin (R349P). We hy-
pothesized that the desmin mutation would make animals 
more susceptible to acute load induced muscle damage. 
However, we found that even though rats with the desmin 
mutation showed more signs of chronic injury, these 
animals demonstrated fewer signs of acute injury and 
appeared somewhat protected from acute load-induced 
muscle damage compared to their wild-type littermates.

We have previously published an intervention with 
the same strain of animals, where we assessed the phe-
notype of young adult WT and MUT animals at baseline 
and after 14 days of functional overload through synergist 
ablation.12 Like the current work, at baseline we found 
a higher number of central nuclei in MUT rats and in-
creased force transfer proteins in skeletal muscle. Central 
nuclei are a histological hallmark of muscle regeneration 
that become visible 3-7 days after traumatic injury or are 
chronically higher in the context of congenital muscular 
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F I G U R E  6   Cell damage, degradation, and apoptosis. Western blot analysis of protein levels: A, Phospho-Unc-51 like autophagy 
activating kinase 1 (ULK1) (Ser757). B, Autophagy related 7 (Atg 7). C, Sequestosome 1 (p62). D, Microtubule-associated proteins 1A/1B 
light chain 3B (LC3B). E, Beclin1. F, αB crystallin. G, Heat shock protein-alpha (HSP90). H, Heat shock protein β-1 (HSP27). I, C/EBP-
homologous protein (CHOP). J, Caspase 3. K, Septin 1. L, Nuclear factor κB (NF-kB) (Ser536). ###, *, ** and *** denote statistically 
significant differences (Figure 6C, stimulation: P < .05), (Figure 6D, stimulation: P < .01), (Figure 6F, stimulation: P < .05), (Figure 6H, 
genotype: P < .05), (Figure 6I, genotype: P < .01, interaction: 0.001), (Figure 6J, stimulation: P < .01, interaction: P < .001), (Figure 6K, 
stimulation: P < .05), (Figure 6L, stimulation: P < .05). Protein levels were normalized to total protein content, bands display representative 
biological duplicates of each condition. For each protein, all samples were run together on the same gel
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dystrophies.28-30 Increase in number of central nuclei has 
been reported for various desmin mutations including the 
R349P knock-in.31-33 In line with this, we interpret the in-
creased central nuclei in our model as a sign of chronic re-
modeling as a result of an inability to maintain structural 
integrity in the absence of functional desmin. Over time, 
this would result in a compensatory increase in other 
force transfer proteins. After synergist ablation, we found 
an impaired ability of MUT muscle to increase myofiber 
size.12 Based on our data, we hypothesized that R349P 
mutant animals had a decreased ability to cope with a 
severe exercise stimulus compared to WT littermates pos-
sibly because they were more prone to membrane and my-
ofibrillar injury.

To test this hypothesis, in the current study we exposed 
older WT and MUT rats to an acute bout of eccentric load-
ing and collected the tissue at 24  hours later. We chose 
older animals, around 400 to 500 days, to better mimic the 
human condition, which normally presents in patients in 
their 40s. Body- and muscle weight were similar between 
WT and MUT animals, with the latter slightly increased 
in both genotypes after stimulation, most likely due to 
eccentric exercise-induced edema. Maximal dorsi flexion 
force relative to body weight was not statistically different 
between the groups, albeit force from the MUT animals 
averaged 28% lower. In line with the findings of our pre-
vious study and the work of others,11,12 we found desmin 
to be almost undetectable via western blot and histolog-
ical sections of MUT animals using commercially avail-
able antibodies, except for occasional protein aggregates 
in the subsarcolemmal space. This can likely be explained 
through the relatively mild clinical presentation in the 
mutant animals, which have not reached a fully dystro-
phic phenotype yet, as well as through the lack of an an-
tibody that is specifically raised against R349P desmin.11 
Interestingly, like other models of muscular dystrophies 
where glucose metabolism is impaired,34,35 we found signs 
of glucose intolerance. This finding may be related to the 
relatively frequently observed occurrence of type 2 diabe-
tes in human patients suffering from desminopathy and 
is in line with recent findings that have reported a direct 
association between the dystrophin glycoprotein complex, 
desmin and the insulin receptor.36

With respect to histological indicators of muscle dam-
age and remodeling, we found increased central nuclei in 
MUT compared to WT rats. This is in line with our previ-
ous findings in younger animals where we also observed 
a higher number of central nuclei in individuals with the 
R349P mutation of desmin. Lengthening contractions 
tended to mildly increase the number of central nuclei in 
WT and MUT, but the effect was small and did not reach 
statistical significance. This is not surprising, as central 
nuclei are thought to be a sign of regeneration that peaks 

~7  days after injury in rodents rather than after acute 
muscle damage.37 These data suggest that baseline levels 
of fiber regeneration are higher in muscle carrying the 
R349P mutation in desmin.

To assess acute membrane damage in response to ec-
centric loading, we counted fibers demonstrating intracel-
lular IgG in histological sections. When membranes are 
damaged and become permeable, IgG infiltrates the sar-
coplasm and can be visualized inside the myofiber. An un-
accustomed bout of lengthening contractions is reported 
to cause substantial membrane damage.38 Interestingly, 
while lengthening contractions caused an increase to five-
fold the number of IgG positive fibers in WT rats, contrary 
with our original hypothesis, R349P rats showed a smaller 
increase in IgG positive fibers, suggesting that rats with 
the R349P mutation of desmin are less, not more, suscep-
tible to acute load-induced muscle damage. Lieber and 
colleagues have shown that following eccentric loading 
desmin protein is lost from histological sections of WT 
muscles39,40 and desmin knockout muscle fibers are less 
susceptible to membrane damage.41 The authors hypoth-
esized that the lack of desmin makes muscle fibers more 
compliant, permitting less force transmission between 
sarcomeres and thus injury.41 In contrast, most data from 
desminopathy models and patients indicate increased 
damage in myofibers with a mutation in, or complete 
absence of, desmin. Specifically, biomechanical testing 
of isolated primary myotubes from patients with a muta-
tion in R350P as well as isolated murine myofibers with 
the analogous R349P mutation showed a higher stiffness 
and greater vulnerability to passive stretch induced rup-
ture.11,42 One possible explanation for this discrepancy is 
that the mutation results in changes to individual fibers 
that are not reflected in the behavior of the whole muscle. 
This hypothesis is consistent with the fact that desmin is a 
force transfer protein linking the contractile machinery of 
a single fiber to the extracellular matrix. Mutation of de-
smin could therefore result in altered linkage between sar-
comeres, resulting in increased stiffness at the fiber level, 
but if force transfer between fibers is decreased, the result 
would be decreased stiffness at the whole muscle level.

To test this hypothesis, we determined the dynamic 
and elastic stiffness of EDL muscle bundles from WT and 
MUT rats. We did not see a significant difference in mus-
cle stiffness resulting from the R349P mutation. Similarly, 
collagen content was not different in WT and MUT skele-
tal muscle. As such, whole muscle mechanical properties 
and connective tissue content are unlikely to explain why 
MUT muscle showed a decreased susceptibility to acute 
load-induced injury in our model. Since these data overall 
show the greatest alignment with the early observations 
of Lieber et al which were also conducted in the context 
of eccentric contractions,41 it appears possible that the 
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observation that desmin knockout or mutant muscle is 
less susceptible to injury could be specific to the mode of 
contraction.

Indeed, in addition to desmin the giant protein titin 
has recently emerged as a key regulator of muscle contrac-
tion and elasticity.43 For example, the increase in muscle 
force during eccentric contractions despite a deteriorating 
force-length relationship could be attributed to titin and, 
potentially, actin-titin binding.43,44 As such, a compensa-
tory change to titin in R349P desmin mutant rats could 
potentially explain why the animals were protected from 
membrane damage through eccentric contractions even 
though passive and active muscle stiffness were unaltered 
compared to wild-type animals. Since titin is progressively 
shortened during development resulting in increased pas-
sive stiffness,45-47 it is possible that the chronic injury in the 
R349P muscles results in a longer isoform of titin, lower 
passive tension, and therefore less injury following acute 
eccentric loading. A last possible explanation for the lack 
of mechanical differences present in our study could be 
the temperature at which our samples were processed.48

To investigate whether structural components aside 
from the three main filaments are responsible for the his-
topathological differences observed in the mutant muscle, 
we measured levels of proteins associated with force trans-
fer and membrane damage. Desmin levels in our previous 
study in 150 to 200 days old animals showed higher levels 
in WT compared to MUT at baseline, as would be expected 
based on that commercially available antibodies are less 
reactive with the mutated protein.12 Interestingly, this dis-
crepancy at baseline was not as pronounced in the current 
study with 400 to 500 days old animals. While on average 
still almost fourfold higher in the WT compared to MUT 
rats, some of the older WT did not have detectable desmin 
at baseline either. This suggests an age-related decrease in 
desmin levels in the tibialis anterior of our rats that might 
mask some of the differences between WT and R349P rats. 
In this study, WT animals increased desmin levels to over 
sixfold and MUT animals to over twofold following eccen-
tric contractions of the tibialis anterior. This biochemical 
increase in protein is in contrast with the decrease seen 
histologically. One explanation for this discrepancy could 
be that following eccentric loading desmin is released 
from its costameric location and is more soluble, result-
ing in less signal histologically and more free desmin 
that can be isolated biochemically during immunoblot-
ting. In respect to membrane damage, dysferlin protein 
showed a distinct response to stimulation in WT and MUT 
(Figure 4B). Dysferlin tended to decrease in WT, whereas 
it increased in MUT animals. We saw greater membrane 
damage in WT rats after eccentric loading in this study, 
as indicated by a higher number of IgG positive fiber, 
raising the question whether the decrease in dysferlin is 

a natural function of injured muscle. In contrast, we have 
previously shown that in old rats (28 months), dysferlin 
mRNA levels increase between 24 and 72  hours in re-
sponse to an unloading-reloading protocol.37 In a human 
trial of 12 weeks endurance exercise, on the other hand, 
we found dysferlin protein levels to be decreased in 
healthy individuals after training. This makes the results 
at hand difficult to interpret in respect to whether they are 
adaptive or pathological. Muscle LIM has been postulated 
as a master regulator of cardiac and skeletal muscle.49 It 
has been suggested to have a mechano-signaling role in 
association with the z line and costameres as well as sta-
bilizing and crosslinking actin filaments into bundles.50,51 
We found mLIM to be over fourfold as high at baseline in 
MUT compared to WT animals. This is in line with our 
previous data in younger animals.12 At the same time, the 
increase in mLIM with stimulation was greater in the WT 
(to about fivefold) compared to the MUT animals (to about 
twofold). Other force transfer- and membrane damage as-
sociated protein levels such as dystrophin or annexin a2 
showed no difference that would explain the increased 
membrane permeability in WT animals with stimulation.

To investigate whether the differences in the injury 
response and chronic remodeling can be found at the 
protein level, we examined signaling proteins associated 
with muscle protein turnover. Global protein synthesis, 
as assessed by puromycin, and translation initiation as 
assessed through p70S6K and its downstream substrate 
rS6, all tended to increase with stimulation, without any 
effect of the genotype. However, these signaling cascades 
are known to be dynamic and their activity is transient 
with loading.13 Similarly, differences in protein synthesis 
between groups can be harder to measure following un-
accustomed exercise, where a strong injury response is 
seen, whereas with a repeated exercise regimen the data 
are far more consistent.52 As such, it is possible that we 
would have to use a technique such as stable isotope la-
beling and a repeated exercise design to detect differences 
in the synthesis and remodeling of contractile proteins 
between WT and MUT. Since we and others showed that 
muscle glucose metabolism can be affected in different 
types of neuromuscular disorders and we found a trend 
toward decreased glucose tolerance in MUT animals, we 
also looked at proteins regulating glucose uptake and 
processing.35,53,54 We found that IRS1 levels tend to be 
lower in both genotypes after stimulation. This is in line 
with previous studies that found a transient insulin re-
sistance with eccentric exercise in healthy individuals.55 
Interestingly, though, we found GLUT4 levels to increase 
to 2.2-fold after stimulation in WT animals, while GLUT4 
protein levels in MUT were largely unchanged. Part of the 
GLUT4 response can again be attributed to the fact that 
GLUT4 levels at baseline were already about 70% greater 
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in the MUT animals. The higher GLUT4 at baseline is 
surprising given the trend for impaired glucose tolerance, 
which is often dependent on GLUT4 levels.56 However, we 
and others have previously found that in conditions of se-
vere muscle loss and disturbed muscle homeostasis such 
as nerve damage,53 critical illness myopathy,57 duchenne 
muscular dystrophy,34,35 or dysferlinopathy,58,59 GLUT4 
protein levels can be normal or even slightly elevated. This 
occurs despite impaired translocation of GLUT4 to the 
sarcolemma and decreased glucose tolerance, suggesting a 
potential compensatory effect of protein levels to account 
for hampered function. The increase in mitochondrial 
proteins with stimulation in the MUT and decrease in WT 
animals further suggests a distinct metabolic phenotype 
with R349P mutation of desmin.

Since protein aggregates are a main hallmark for de-
sminopathy and the aggregation is thought to be caused 
by an inability to adequately remove proteins, we inves-
tigated molecular markers of autophagy. The strongest 
indicator for a reduced ability to initiate autophagy in 
MUT animals were p62 levels. Both genotypes increased 
p62 with stimulation; however, WT animals increased to 
levels of about sevenfold while MUT animals only showed 
a 60% increase. Proteins associated with autophagy are no-
toriously difficult to interpret, because markers of upregu-
lated autophagy undergo degradation through autophagy 
themselves, potentially resulting in increased or decreased 
protein levels depending on the timing of the measure-
ment.60 Under normal circumstances, the induction of 
autophagy results in a transient increase in cytosolic p62, 
which is degraded in the autophagosome resulting in a de-
crease of p62 levels. Since we collected the muscle tissue 
24 hours after the acute, eccentric loading stimulus, the 
increased p62 levels in the WT likely indicate increased 
autophagic activity. This is further supported by the fact 
that the LC3 II to I ratio was increased with stimulation. 
Like p62, LC3 II and the ratio of LC3 II to I are thought 
to increase during the early phase of an autophagic stim-
ulus but decrease with chronic changes to autophagy.61 
Both p62 and the LC3 II to I ratio increased with eccen-
tric loading in both genotypes, suggesting that this is an 
acute scenario reflecting the onset of autophagy. As such, 
the greater increase in p62 and LC3II:I in the WT animals 
could either be a function of greater acute muscle damage, 
as indicated by a higher number of IgG positive fibers, or 
a greater ability to initiate autophagy in response to a re-
modeling stimulus in the R349P animals.

To delineate whether it is greater acute damage or an 
inherent ability for improved autophagy, we investigated 
several markers of cellular stress. In line with the idea 
that acute eccentric loading resulted in more injury in the 
WT animals while the MUT animals suffer from greater 
chronic stress, we found that Caspase 3 increased by 80% 

following eccentric loading in WT animals but was not af-
fected by loading in the MUT animals. However, baseline 
Caspase 3 levels were about 30% higher in MUT compared 
to WT animals. Similarly, we found a ~ 40% increase in 
the inflammatory marker p-NF-κB (Ser536) in WT mus-
cle following eccentric loading, whereas this marker was 
largely unchanged in MUT animals. Once again, baseline 
p-NF-κB levels were about 30% higher in the MUT com-
pared to the WT rats. Together, these data suggest that 
acute eccentric loading resulted in greater muscle fiber 
injury in WT animals, whereas chronic markers of injury 
were higher in the MUT muscles.

To summarize, this is the first study that investigated the 
effect of an acute bout of eccentric contractions on skeletal 
muscle in rats harboring a mutation in R349P of desmin. 
MUT animals showed greater signs of ongoing, chronic 
muscle remodeling; however, in contrast with our hypoth-
esis, MUT animals appeared to be protected from eccentric 
injury compared to WT animals. Mechanical testing did not 
reveal a significant difference in stiffness at the muscle bun-
dle level that could explain why desmin mutants showed 
less injury. Molecular signaling supported the observation 
of greater susceptibility to acute injury in WT animals but 
higher chronic levels of stress in MUT animals. Consistent 
with this, Caspase 3 and p-NF-κB were higher at baseline in 
the MUT but increased more following eccentric loading in 
the WT animals. As such, we conclude that R349P mutation 
of desmin results in more injury from daily activities but 
protects the muscle from greater injury following significant 
acute eccentric loading. Whether this means that chronic 
daily exercise is better or worse for individuals with desmin-
opathy remains to be determined.
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