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A B S T R A C T   

The highly ordered cortical microtubule lattice of skeletal muscle is disorganized in dystrophin-deficient mdx 
mice. Implicated mechanisms include loss of dystrophin binding, altered α-tubulin posttranslational modifica
tion, expression of a β-tubulin involved in regeneration, and reactive oxygen species (ROS). Here we show that 
the transverse microtubules in mdx muscle expressing miniaturized dystrophins are rapidly lost after eccentric 
contraction. Analysis of mdx lines expressing different dystrophin constructs demonstrate that spectrin-like re
peats R4-15 and R20-23 were required for mechanically stable microtubules. Microtubule loss was prevented by 
the non-specific antioxidant N-acetylcysteine while inhibition of NADPH oxidase 2 had only a partial effect, 
suggesting that ROS from multiple sources mediate the rapid loss of transverse microtubules after eccentric 
contraction. Finally, ablation of α-dystrobrevin, β- or γ-cytoplasmic actin phenocopied the transverse microtu
bule instability of miniaturized dystrophins. Our data demonstrate that multiple dystrophin domains, α-dys
trobrevin and cytoplasmic actins are necessary for mechanically stable microtubules.   

1. Introduction 

Skeletal muscle dystrophin links the cortical actin cytoskeleton to the 
dystrophin glycoprotein complex (DGC) [1]. As a transmembrane 
complex, the DGC extends beyond the sarcolemma and connects to the 
extracellular matrix [2] providing sarcolemmal stability [3]. Patients 
missing dystrophin protein experience severe muscle pathology known 
as Duchenne muscular dystrophy (DMD) [4] while Becker muscular 
dystrophy (BMD) is a milder form of dystrophinopathy that generally 
results from reduced expression of a less functional dystrophin with 
internal truncations [5]. 

Dystrophin has also been shown to play a role in organizing cortical 
microtubules [6,7], which exist in a highly organized grid positioned 
longitudinal and transverse to the mouse muscle fiber axis [8]. In the 
mdx mouse model of DMD, the absence of dystrophin is accompanied by 
loss of transverse microtubules leading to a disorganized microtubule 
lattice [6,7]. In vitro binding studies identified a microtubule binding 
domain within spectrin-like repeats R20-22 of dystrophin [9]. In 
contrast, the dystrophin homologue utrophin [10] neither binds 

microtubules in vitro nor restores organization in vivo when transgeni
cally expressed in the mdx mouse [11]. A dystrophin chimera DysΔMTB 

with R20-24 swapped for the homologous utrophin R18-22 does not 
bind microtubules in vitro as expected, although it does restore micro
tubule organization when transgenically expressed in mdx mice [9]. 
While it is clear that the absence of dystrophin impacts in vivo micro
tubule organization, it is unknown which dystrophin domains are 
involved. Microtubule disorganization in mdx muscle has also been 
associated with altered α-tubulin posttranslational modification [12, 
13], increased expression of the rare β-tubulin tubb6 during muscle 
regeneration [14], and altered production of reactive oxygen species 
(ROS) via NADPH oxidase 2 (NOX2) [15]. Several studies have shown 
that microtubule disorganization correlates with loss of muscle force 
production following eccentric (lengthening) contractions [9,11,16], 
which is one of the most robust and reproducible phenotypes of mdx 
mice [17–19]. Susceptibility to eccentric contraction is also linked to 
tubulin detyrosination [12,13]. Finally, dystrophin is not sufficient for 
microtubule organization as loss of the DGC member β-sarcoglycan with 
retention of dystrophin [9], or loss of neuronal nitric oxide synthase 

* Corresponding author. 6 Jackson Hall, 321 Church Street SE, Minneapolis, MN, 55455, USA. 
E-mail address: jervasti@umn.edu (J.M. Ervasti).  

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2020.101730 
Received 13 July 2020; Received in revised form 12 September 2020; Accepted 12 September 2020   

mailto:jervasti@umn.edu
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101730
https://doi.org/10.1016/j.redox.2020.101730
https://doi.org/10.1016/j.redox.2020.101730
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101730&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 37 (2020) 101730

2

(nNOS) [20] also results in microtubule disorganization. 
Micro-dystrophins are internally truncated constructs designed to 

maintain essential dystrophin functions and still fit within adeno- 
associated virus (AAV) for DMD gene therapy [21]. Micro-dystrophins 
typically retain the N-terminal actin binding domain 1 (ABD1) and the 
cysteine-rich region that binds to β-dystroglycan in the DGC [22,23]. 
Micro-dystrophin deletions are targeted to the central rod domain and 
generally remove nineteen or twenty of the spectrin-like repeats as well 
as one or two hinges. Micro-dystrophins are also generally deleted for 
the C-terminal 420 residues. Mini-dystrophins are based on the trun
cated dystrophins expressed in BMD [24,25]. Previous work has shown 
that micro-dystrophin constructs (lacking R4-23 or R4-15 and R20-23) 
improve microtubule organization in mdx skeletal muscle [7,16]. 
However, quantitative image analysis demonstrates that 
micro-dystrophin constructs are less effective than mini-dystrophins in 
restoring the microtubule lattice organization to wildtype levels [16]. 
While mini-dystrophins differ from micro-dystrophins by retaining 
R20-23 that binds microtubules in vitro [9], microtubule organization is 
also fully restored by the dystrophin-utrophin chimera DysΔMTB-mdx 
that functionally lacks R20-24 [9]. Thus, previous studies suggest that 
micro-dystrophins lack a domain required for complete rescue of 
microtubule organization. 

Here we utilized eccentric contractions and quantitative image 
analysis to investigate the effects of mechanical stress on the microtu
bule lattice in mdx muscle expressing various mini- and micro- 
dystrophin constructs. Because dystrophin ABD1 is common to all 
mini- and micro-dystrophins that at least partially rescue microtubule 
organization in mdx skeletal muscle [16], we also investigated micro
tubule organization before and after eccentric contraction in 
muscle-specific β-cytoplasmic actin knockout and γ-cytoplasmic actin 
knockout mice and in transgenic mdx mice expressing full length dys
trophin with the L172H mutation in ABD1 [26] associated with BMD 
[27]. We show that mdx muscle expressing mini-dystrophins exhibited 
partial, but significant loss of transverse microtubules immediately 
following eccentric contraction while mdx muscle expressing 
micro-dystrophins lost all transverse microtubules. We also show that 
pre-treatment of mdx mice expressing a mini- or micro-dystrophin with 
the antioxidant N-acetylcysteine (NAC) completely prevented loss of 
transverse microtubules after eccentric contraction. More targeted in
hibition of NOX2 effected only partial protection of transverse micro
tubules from eccentric contraction, while three mdx lines that protect 
against eccentric contraction-induced force loss through different per
turbations of ROS [28] failed to restore basal microtubule lattice orga
nization. Muscle ablated for β-, or γ-cytoplasmic actin, the DGC 
component α-dystrobrevin, or transgenic mdx muscle expressing the 
L172H mutant dystrophin all displayed organized microtubules not 
different from WT, but with loss of transverse microtubules after 
eccentric contraction. Our study demonstrates the interplay between 
multiple components of the dystrophin-glycoprotein complex and 
cytoplasmic actins is necessary for a mechanically stable cortical 
microtubule lattice. 

2. Materials and methods 

2.1. Mice 

All mice used in this study were adult males (3–5 months of age). 
Animals were cared for in accordance with, and all experimental pro
tocols were approved by, the University of Minnesota Institutional An
imal Care and Use Committee standards. All National Institutes of 
Health laboratory animal ethical regulations were followed in these 
studies. C57BL/10 (wildtype) and mdx mice were obtained from The 
Jackson Laboratory. Transgenic dystrophin lines were previously 
generated: DysΔH2-R15-mdx [25], DysΔH2-R19/ΔCT-mdx [24], 
DysΔR4-23/ΔCT-mdx [29], DysΔR2-15/ΔR18-23/ΔCT-mdx [29], Dp116-mdx 
[30] and flμDys (Jeffrey Chamberlain Lab). All transgenic dystrophin 

lines are skeletal muscle specific via the human skeletal actin promoter 
(HSA) and were backcrossed onto the mdx (C57BL/10ScSn-Dmdmdx/J) 
mouse strain from The Jackson Laboratory (Bar Harbor, ME). 
ActB-msCT, Actg1-msCT, ActB-msKO and Actg1-msKO have been pre
viously generated via loxP flanking sites with the knockout mice 
expressing HSA-Cre [31,32]. Mdx/PrxII-TG, mdx/mb− /− were previ
ously generated [28] as were the mdx/Actg1-TG [33] and Adbn− /− [34]. 
The genotypes of mini- and micro-dystrophin transgenic mice were 
verified via amplification of the HSA promoter followed by protein 
confirmation based upon expected molecular weights and antibody re
activities (S1 Fig). 

2.2. In vivo muscle physiology 

For all physiology assessments, mice were anesthetized with iso
flurane and the lower left hind leg depilated and positioned with the foot 
perpendicular to the tibia (defined as 0◦). Isometric torque generation of 
the anterior crural muscles (tibialis anterior, extensor digitorum longus, 
extensor hallucis longus) was elicited by percutaneous stimulation of the 
peroneal branch of the sciatic nerve (equipment previously described 
[35]). Voltage was optimized until peak isometric tetanic torque was 
achieved. Stimulation frequency (typically ~150 Hz) was selected to 
elicit peak isometric torque as identified during torque-frequency 
assessment. Train duration during torque optimization was 150 ms. 
Eccentric Contractions: One set of 70 eccentric contractions was per
formed interspersed by 10 s. For each eccentric contraction, the foot was 
passively rotated from 0◦ to 19◦ dorsiflexion followed by stimulation 
during 38◦ of plantarflexion at 2000◦/s. Each eccentric contraction 
consisted of 100 ms isometric contraction followed by a 20 ms eccentric 
contraction during plantarflexion. Isometric Contractions: One set of 70 
isometric contractions were carried out using the above eccentric 
contraction protocol in the absence of any rotation about the ankle. 
Passive Lengthening: One set of 70 passive lengthening cycles were 
carried out using the above eccentric contraction protocol in the absence 
of electrical stimulation (no muscle contraction). N-acetylcysteine 
(NAC) Treatment: Mice were given a single intraperitoneal injection of 
150 mg/kg NAC (Sigma-Aldrich, St. Louis, MO) dissolved in PBS and 
adjusted to neutral pH. NAC was administered 1 h before electrode 
insertion for stimulation of the anterior crural muscles. GSK2795039 
Treatment: Mice were given a single intraperitoneal injection of 100 
mg/kg GSK2795039 (GlpBio Technology, Montclair, CA) dissolved in 
20% DMSO/20% Tween 80/60% polyethylene glycol 200, administered 
1 h before subcutaneous electrode insertion. GSK2795039 solution was 
prepared at 3 mg/100 μL, allowing each mouse to receive less than 150 
μL total volume. Recovery Timeline: Mice utilized for the microtubule 
recovery timeline performed the eccentric contraction protocol and 
were allowed to recover for 5 or 10 days before euthanasia via anes
thetized cervical dislocation for muscle collection. All other mice 
(Eccentric/Isometric/Passive 
Lengthening/N-acetylcysteine/GSK2795039) had muscles harvested 
immediately following completion of the physiology assay (~30 min 
after first eccentric contraction, ~10 min after last eccentric contrac
tion). In each physiological assay, the left leg performed the protocol 
while the right leg served as a contralateral control. 

2.3. Muscle fiber imaging 

EDLs used in Fig. 1 were harvested from perfusion fixed mice as 
previously described [16]. Perfusion was performed immediately 
following eccentric contraction. Subsequent experiments utilized the 
below described collagenase and fix protocol. Characterization of both 
protocols on multiple genotypes did not reveal any differences in the 
results. Lower hind limbs were harvested and digested in 0.2% type I 
collagenase (Sigma-Aldrich, St. Louis, MO) in DMEM (Gibco) for 70 min 
at 37 ◦C and 5% CO2 to allow penetration of fixative to interior fibers. 
Limbs were fixed in 4% paraformaldehyde (Thermo Fisher, Waltham, 
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MA) in PBS with the ankle plantarflexed approximately 40◦ for 70 min at 
room temperature. The EDL muscle was dissected and then fibers were 
manually separated and blocked with 5% goat serum/0.1% Triton X-100 
in PBS for 60 min at room temperature. Fibers were incubated with 
1:200 anti-α-tubulin (DM1A; Sigma Aldrich) overnight at room tem
perature with rotation. Secondary staining with goat anti-mouse Alexa 
Fluor 568 at 1:250 (Invitrogen) for 2 h at room temperature was used for 
visualization. At least ~150 fibers were stained per EDL. Fibers were 
mounted on slides using Prolong Gold antifade reagent with DAPI (Cell 
Signaling Technology) to visualize nuclei. Fibers were imaged at 60× on 
the Olympus FluoView FV1000. All stained fibers were considered to 
determine representative fibers for imaging. The entire length of fibers 
was considered when determining a region for image capture. ImageJ 
sum slices projection was used to combine Z-stacks of one to three 
sarcolemmal images (total depth of 0.4–1.2 μm). Brightness and contrast 
were adjusted using ImageJ equivalently across experimental and con
trol images. Images were representative of N ≥ 3 mice per genotype or 
physiology assay and n ≥ 10 fibers per mouse. 

2.4. Quantitative microtubule lattice analysis 

Microtubule directionality was determined using the TeDT program 
[36] and quantified in 4◦ increments from 0 to 176◦. All images were 
analyzed such that longitudinal microtubules were at 0 and 180◦ and 
transverse microtubules were at 90◦. Percent transverse microtubule 
loss reported in the text was an average of the percent loss at 88◦ and 
92◦. Microtubules near nuclei were not included in the analysis. 
Microtubule lattice directionality for each genotype/physiology assay 
consisted of minimally N ≥ 3 mice per genotype or assay and n ≥ 10 
fibers per mouse. Microtubule directionality proportions were normal
ized to extend between 0 and 1 (Relative HD). TeDT values for each fiber 
analyzed were utilized to create an average TeDT plot for each animal. 
The average TeDT values for each animal within a genotype or assay 
were used to create an overall TeDT plot for that genotype or assay. 

2.5. Microtubule enrichment 

Gastrocnemius muscles were mechanically disrupted with mortar 
and pestle in liquid nitrogen. Ground tissue was lysed with 1% Triton X- 
100 in microtubule buffer (50 mM HEPES, 50 mM KCl, 1 mM MgCl2, 1 
mM EGTA, pH 7.5 with KOH) with protease inhibitors (100 μM Apro
tinin, 0.79 mg/mL Benzamide, 10 nM E− 64, 10 μM Leupeptin, 0.1 mg/ 
mL Pepstatin, 1 mM phenylmethylsulfonyl fluoride; Sigma-Aldrich). 
Lysate was incubated for 40 min and centrifuged at 14,000 rpm for 
30 min, both at 4 ◦C. Supernatant was incubated with 4 mM GTP 
(Cytoskeleton, Denver, CO) and 1 mM DTT (MilliporeSigma, St. Louis, 
MO) for 40 min at 37 ◦C. Twenty μM Taxol (Cytoskeleton, Denver, CO) 
was added for an additional 60 min. Supernatant was layered on cushion 
buffer of 40% glycerol in microtubule buffer at 1:1 ratio and centrifuged 
at 50,000 rpm for 30 min at 37 ◦C. Pellets were rinsed with acetone. 

2.6. DGC enrichment 

Gastrocnemius muscles were mechanically disrupted with mortar 
and pestle in liquid nitrogen. Ground tissue was lysed with 1% Triton X- 
100 in 1xPBS with protease inhibitors (same inhibitors as microtubule 
enrichment). Samples were rotated and then centrifuged at 14,000 rpm, 
each for 30 min at 4 ◦C. The cleared lysate was added to wheat germ 
agglutinin beads (Vector Laboratories, Burlingame, CA) and rotated at 
4 ◦C overnight. The beads and lysate mixture was then centrifuged at 
5000 rpm for 3 min at 4 ◦C to collect beads. After centrifugation, the 
void liquid was removed and the beads washed 3× with PBS. One 
percent sodium dodecyl sulfate in 1xPBS was added to the beads prior to 
boiling for 5 min. The beads were then pelleted and the supernatant 
collected. Proteins were precipitated with acetone as well as the pellet 
being rinsed with acetone. 

2.7. Tandem mass tags (TMT) proteomics 

Proteomics was performed with the guidance of the Center for Mass 
Spectrometry and Proteomics at the University of Minnesota. Experi
mental Design: From each mouse, one gastrocnemius was used for 
microtubule enrichment and the other for DGC enrichment. Two paired 
10plex TMT experiments were used to compare sixteen unique DGC (or 
microtubule) enrichments (four genotypes, each with n = 4) plus four 
pooled samples to allow comparison across the two individual 10plex 
experiments for microtubules or DGC. Each experimental line (DysΔH2- 

R15-mdx, DysΔMTB-mdx, DysΔR4-23/ΔCT-mdx) was compared to the control 
line DysΔ71-78-mdx to allow identification of proteins for which there 
was a significant log 2 fold change in expression in experimental 
compared to control. Proteins of interest were those significantly 
different in all 3 experimental lines compared to DysΔ71-78-mdx (R4-15 
and R20-23 connection), those altered similarly in DysΔH2-R15-mdx and 
DysΔR4-23/ΔCT-mdx but not changed in DysΔMTB-mdx compared to 
DysΔ71-78-mdx (R4-15 connection), and those altered similarly in 
DysΔMTB-mdx and DysΔR4-23/ΔCT-mdx but not changed in DysΔH2-R15-mdx 
compared to DysΔ71-78-mdx (R20-23 connection). Protein Solubilization: 
All samples for the microtubule (MT) set and DGC set were prepared as 
follows: Pellets were resuspended with a 100 μL of solubilization buffer 
[7 M urea, 2 M thiourea, 0.4 M triethylammonium bicarbonate (TEAB) 
pH 8.5, 20% acetonitrile and 4 mM tris(2-carboxyethyl)phosphine 
(TCEP)]. The samples were vortexed briefly, then sonicated. Each 
sample was transferred to a PCT tube for further disruption with a 
Barocycler NEP2320 (Pressure Biosciences, Inc., South Easton, MA). 
200 mM methyl methanethiosulfonate (MMTS) was added to a final 
concentration of 8 mM MMTS. Aliquots of each sample were taken for 
protein concentration determination by Bradford assay. In-Solution 
Proteolytic Digestion and TMT10plex™ Isobaric Labeling: Thirty μg 
samples (individual and pooled—pooled consisted of 1/16 of each DGC 
or MT sample) were brought to the same volume with protein solubili
zation buffer plus 8 mM MMTS. All samples (individual and pooled) 
were diluted five-fold with ultra-pure water and trypsin (Promega, 
Madison, WI) was added in a 1:40 ratio of trypsin to total protein for 
overnight digestion. After being dried, samples were cleaned with a 1 
mL Sep-Pak C18 SPE cartridge (Waters Corporation, Milford, MA). Each 
sample set was labeled with a corresponding TMT10plex™ Isobaric 
Label Reagent Set, 1 × 0.8 mg (Thermo Scientific, Watham, MA) per 
manufacturer’s protocol with the following exception. Each 10plex 0.8 
mg reagent vial was brought up in 82 μL of acetonitrile, vortexed, spun 
down and 41 μL of 10plex reagent was added to its respective sample. 
After labeling, all the samples within each TMT 10plex experiment were 
multiplexed together into a new 1.5 mL microfuge tube and vacuum 
dried. The multiplexed TMT samples were cleaned with a 3 cc Oasis 
MCX solid phase extraction cartridge (Waters Corporation, Milford, MA) 
and the eluate was dried in vacuo. 1st Dimension Peptide Liquid Chro
matography Fractionation: The TMT10plex™ Isobaric labeled samples 
were fractionated offline by high pH C18 reversed-phase (RP) chroma
tography. The flow rate was 200 μL/min with fractions collected every 2 
min and UV absorbances were monitored at 215 nm and 280 nm. Pep
tide containing fractions were divided into two equal numbered groups, 
“early” and “late”. Equal milliabsorbance units (mAU) of the first “early” 
fraction was concatenated with the first “late” fraction, and so on. 
Acquisition of nano-liquid chromatography tandem mass spectrometry: 
LC-MS data was acquired for each concatenated fraction using an Easy- 
nLC 1000 HPLC (Thermo Scientific Inc., Waltham, MA) in tandem with a 
Thermo Fisher Orbitrap Fusion (Thermo Scientific Inc., Waltham, MA). 
The column was mounted in a nanospray source directly in line with an 
Orbitrap Fusion mass spectrometer (Thermo Scientific). The orbital trap 
was set to acquire survey mass spectra (380–1580 m/z) with a resolution 
of 60,000 at 100 m/z with automatic gain control (AGC) 1.0E6, 250-ms 
min injection time and lock mass at 445.1200 m/z (polysiloxane). The 
12 most intense ions (2–7 charged state) from the full scan were selected 
for fragmentation by higher-energy collisional dissociation with 
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normalized collision energy 35%, and detector settings of 60 k resolu
tion, AGC 5E4 ions, 250 ms maximum injection time and FT first mass 
mode fixed at 110 m/z. Dynamic exclusion was set to 40 s with a 10 ppm 
high and low mass tolerance. Database searching for protein detection: 
The tandem mass spectra were analyzed using Sequest (XCorr Only) in 
Proteome Discoverer 2.2.0.388 (Thermo Fisher Scientific, Waltham, 
MA). We used the NCBI Reference Sequence mouse protein sequence 
database (taxon ID 10088) from Aug 22, 2018 merged with the common 
lab contaminant protein database from https://www.thegpm.org/crap/, 
with a total of 185,018 entries, for the database searching. The Sequest 
search parameters included: trypsin enzyme, fragment ion mass toler
ance of 0.1 Da, precursor ion tolerance 50 ppm, S-methylthiocysteine as 
a fixed modification; pyroglutamic acid from glutamine, deamidation of 
asparagine, oxidation of methionine, N-terminal protein acetylation and 
TMT 10plex for lysine and peptide N-termini as variable modifications. 
Relative protein quantification: Scaffold Q+ (v4.9, Proteome Software 
Inc., Portland, OR) was used for relative quantification of proteins. 
Peptide identifications were accepted if they could be established at 
greater than 89.0% probability to achieve an FDR less than 1.0% by the 
Scaffold Local FDR algorithm. Protein identifications were accepted if 
they could be established at greater than 5.0% probability to achieve an 
FDR less than 1.0% and contained at least 2 identified peptides. Protein 
probabilities were assigned by the Protein Prophet algorithm. Proteins 
that contained similar peptides and could not be differentiated based on 
MS/MS analysis alone were grouped to satisfy the principles of parsi
mony. Proteins sharing significant peptide evidence were grouped into 
clusters. Channels were corrected for incomplete isotope incorporation 
in all samples according to the algorithm described in i-Tracker. 
Normalization was performed iteratively (across samples and spectra) 
on intensities. Medians were used for averaging. Spectra data were log- 
transformed, pruned of those matched to multiple proteins, and 
weighted by an adaptive intensity weighting algorithm. Of 46,922 
spectra in the experiment at the given thresholds, 34,528 (74%) were 
included in quantitation. Results from the two 10-plex DGC or micro
tubule experiments were merged into a single report with duplicate 
‘pooled-control’ reference channels assigned for normalization across 
experiments. Differentially expressed proteins were determined by 
applying Permutation Test with unadjusted significance level p < 0.05 
corrected by the Benjamini-Hochberg method. 

2.8. Western blot analysis 

Gastrocnemius (Fig. 2B) or EDL (Fig. 2C-E) muscles were mechani
cally disrupted with mortar and pestle in liquid nitrogen. Ground tissue 
was lysed with 1% sodium dodecyl sulfate in 1xPBS with protease in
hibitors (same inhibitors as microtubule enrichment). Protein lysate was 
clarified by centrifugation and concentration measured by A280 absor
bance. Fifty μg of total protein was loaded on a 10% polyacrylamide gel 
for 1.25 h at 150 V. Protein was transferred to polyvinylidene fluoride 
membrane (Millipore Sigma) at 0.8 A for 1 h. Membranes were blocked 
in 5% non-fat milk in PBS for 1 h. Primary antibodies including 1:10,000 
anti-DeTyr-tubulin (gift from Dr. Gregg Gundersen [37]), 1:1000 anti-
α-tubulin (DM1A, Sigma Aldrich), 1:500 anti-tubb6 (own generation), 
and 1:10,000 anti-GAPDH (G8795 & G9545, Sigma Aldrich) were 
incubated overnight at 4 ◦C. Secondary antibodies, DyLight 680 and 800 
(1:10,000, Cell Signaling), were incubated for 1 h at room temperature. 
Membranes were imaged and band density quantified with a Licor Od
yssey Infrared Imaging System and accompanying software. Western 
blots (Fig. 2) were representative of n = 4 for gastrocnemius and n = 5 
for EDL muscles. 

2.9. Statistics 

Two-way repeated measures ANOVAs were utilized to compare 
contralateral to experimental condition (eccentric, isometric, length
ening) within each genotype for Figs. 1, 3, 5 and 6, S2, S3 and S4. Factors 

were microtubule angle and EDL muscles. EDL from the same mouse 
(contralateral and experimental) was the repeated factor. Ordinary two- 
way ANOVAs were utilized to compare contralateral organization in 
actin CT vs KO in Fig. 5, as well as to compare mdx/Actg1-TG, mdx/ 
PrxII-TG and mdx/mb− /− to their respective mdx cohorts in Fig. 4. Any 
ANOVA with a significant interaction was followed by Bonferroni mul
tiple comparison tests to compare EDLs at each angle. ANOVA interac
tion and Bonferroni results are reported in the figure legends. Asterisks 
denoting significance in Figs. 1, 3, 5 and 6, S2, S3, and S4 are based on 
Bonferroni multiple comparison significance values (* = p < 0.05, ** =
p < 0.01, *** = p < 0.001). 

Statistical analysis for proteomic comparisons shown in S5 Fig used 
permutation tests with Benjamini-Hochberg correction for statistical 
significance. Fig. 2B utilized one-way ANOVA with Dunnett’s multiple 
comparison. Fig. 2C–E utilized two-tailed paired t-tests. All statistical 
analyses were calculated using GraphPad Prism v8 except for S5 Fig and 
S1–S8 Data which utilized Scaffold v4. All data are presented as mean ±
SEM. 

2.10. Data availability 

All shareable materials will be released upon completion of a ma
terials transfer agreement. The proteomics dataset generated during the 
current study has been deposited to the Proteome Xchange Consortium 
with the dataset identified PXD021088. 

3. Results 

3.1. Eccentric contraction causes rapid loss of transverse microtubules in 
mdx mice expressing miniaturized dystrophins 

Because microtubule disorganization correlates with increased 
sensitivity to eccentric contraction [9,11,16], we asked if eccentric 
contractions influence the microtubule lattice through analysis of 
different miniaturized dystrophin transgenes expressed in mdx skeletal 
muscle (Fig. 1A and S2 Fig). In wildtype C57BL/10 extensor digitorum 
longus (EDL) muscle, in vivo eccentric contractions did not cause 
detectable microtubule alterations (Fig. 1B and C). However, in two 
lines expressing mini-dystrophins (DysΔH2-R15-mdx and 
DysΔH2-R19/ΔCT-mdx) lacking R4-15, we measured significant ~50% loss 
of transverse microtubules following eccentric contraction (Fig. 1B and 
C). DysΔMTB-mdx lacking dystrophin R20-24 exhibited a similar degree 
of transverse microtubule loss (Fig. 1B and C). When both R4-15 and 
R20-23 were absent as in micro-dystrophins DysΔR4-23/ΔCT-mdx and 
DysΔR2-15/ΔR18-23/ΔCT-mdx, all transverse microtubules were lost 
following eccentric contraction (Fig. 1B, D). As a negative control, 
eccentric contractions caused no change in the microtubule lattice of 
DysΔ71-78-mdx muscle (Fig. 1B, D). 

Eccentric contractions involve both active force production com
bined with muscle lengthening, so we investigated which component(s) 
were necessary for transverse microtubule loss in mdx muscles 
expressing mini- or micro-dystrophin. Neither tetanic isometric con
tractions (S3 Fig A, C), nor passive lengthening (S3 Fig B, D) had an 
effect on the microtubule lattice in DysΔH2-R15-mdx or DysΔR4-23/ΔCT-mdx 
muscle. Because the rapid loss of transverse microtubules after eccentric 
contraction suggests altered microtubule dynamics, we investigated the 
rate of transverse microtubule recovery after eccentric contraction- 
induced loss. The microtubule lattice of DysΔH2-R15-mdx or DysΔR4-23/ 

ΔCT-mdx exhibited significant transverse microtubule loss five days after 
eccentric contraction (S4 Fig A, C), while transverse microtubules did 
not differ from corresponding contralateral muscles 10 days after 
eccentric contraction (S4 Fig B, D). Thus, transverse microtubules are 
lost in mdx muscle expressing truncated dystrophins within minutes of 
eccentric contraction but recover much more slowly over a period of 
days. 
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3.2. Proteomic changes underlying transverse microtubule instability 

Dystrophin R4-15 and R20-23 both appear to have roles in basal 
microtubule organization and microtubule stabilization during eccentric 
contraction; however, it is not clear whether either domain acts through 
a direct binding interaction with microtubules [9]. Therefore, we sought 
to identify proteins that may bridge an interaction between dystrophin 
R4-15/R20-23 and microtubules using a paired, 10plex tandem mass 
tags proteomic screen that allowed comparison of four mouse lines 
(DysΔ71-78-mdx, DysΔH2-R15-mdx, DysΔMTB-mdx, DysΔR4-23/ΔCT-mdx). The 
experimental design permitted comparison between lines expressing 
dystrophin constructs lacking one region (DysΔH2-R15-mdx, 
DysΔMTB-mdx), or both regions (DysΔR4-23/ΔCT-mdx) of interest. All three 
lines with domain deletion were compared to DysΔ71-78-mdx, which had 
both domains of interest and controlled for the mdx background. Pro
teomic screens were performed on both DGC and microtubule enriched 
fractions from each line, and data were analyzed to identify proteins that 

may associate with R4-15, R20-23, or both regions (S5 Fig, S1–S8 Data). 
Twelve proteomic hits were selected for further validation including five 
that showed domain specific alterations and seven that were influenced 
by both domains but also had proposed interplay with either microtu
bules or dystrophin. Quantitative Western blot analysis of the twelve 
hits yielded no proteins that could provide a mechanism by which R4-15 
or R20-23 regulated stable microtubule organization (S9 Data). 

3.3. Rapid changes in posttranslational modification support altered 
microtubule dynamics 

In addition to microtubule disorganization, mdx muscle presents 
with alterations in expression of a specific tubulin isoform and post
translational modifications [6,9,12–15]. Because increased expression 
of the rare beta tubulin isoform tubb6 is associated with altered 
microtubule organization and muscle regeneration in the mdx mouse 
[14], we measured tubb6 levels in DysΔH2-R15-mdx, DysΔH2-R19/ΔCT-mdx, 

Fig. 1. The absence of dystrophin spectrin-like repeats R4-15 and R20–23 resulted in transverse microtubule susceptibility to eccentric contraction (ECC). 
A) Schematic of wildtype dystrophin and the skeletal muscle specific transgenic dystrophin constructs expressed in mdx that were utilized in this study. HSA, human 
skeletal α-actin promoter; NT, N-terminus; diamonds represent hinge regions; ovals represent spectrin-like repeats (maroon are dystrophin, blue are utrophin); CR, 
cysteine-rich domain; CT, C-terminus. B) Cortical microtubule lattice of contralateral or eccentrically contracted (ECC) EDL fibers. Nuclei are blue, tubulin in green, 
scale bar is 20 μm, 60× magnification. Images are representative of those obtained for n ≥ 10 fibers from N = 3 mice (DysΔH2-R15-mdx, DysΔ71-78-mdx), N = 4 mice 
(DysΔR4-23/ΔCT-mdx), N = 5 mice (C57BL/10, DysΔH2-R19/ΔCT-mdx, DysΔR2-15/ΔR18-23/ΔCT-mdx), or N = 6 mice (DysΔMTB-mdx). C) C57BL/10 microtubule directionality 
did not change upon eccentric contraction. DysΔH2-R15-mdx, DysΔH2-R19/ΔCT-mdx and DysΔMTB-mdx exhibited ~50% loss in the proportion of transverse microtubules 
upon ECC. D) Micro-dystrophins DysΔR4-23/ΔCT-mdx and DysΔR2-15/ΔR18-23/ΔCT-mdx were highly susceptible to transverse microtubule loss after eccentric contraction. 
The microtubule lattice of DysΔ71-78-mdx was not affected by eccentric contraction. Two-way repeated measures ANOVA was used to compare contralateral to ECC 
within each genotype. Significant interactions (p < 0.0001) were found for DysΔH2-R15-mdx, DysΔH2-R19/ΔCT-mdx, DysΔMTB-mdx, DysΔR4-23/ΔCT-mdx, DysΔR2-15/ΔR18-23/ 

ΔCT-mdx. Bonferroni multiple comparison tests revealed significant (*p < 0.05) differences between contralateral and ECC at the following angles: 68◦–100◦ (DysΔH2- 

R15-mdx), 80◦–100◦ (DysΔH2-R19/ΔCT-mdx), 76◦–104◦ (DysΔMTB-mdx), 76◦–96◦ (DysΔR4-23/ΔCT-mdx), 76◦–100◦ (DysΔR2-15/ΔR18-23/ΔCT-mdx). In analyses where the 
interaction was not significant, the main effect of the EDL was p = 0.0001 (C57BL/10) and p = 0.031 (DysΔ71-78-mdx). Error bars were omitted to not obstruct 
the plots. 
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DysΔR4-23/ΔCT-mdx and DysΔR2-15/ΔR18-23/ΔCT-mdx (constructs shown in 
Fig. 1A), an additional micro-dystrophin flμDys-mdx with flanking loxP 
sites, and Dp116-mdx which expressed a short, neuronal dystrophin 
isoform [16] (Fig. 2A). All mdx muscles expressing mini- or 
micro-dystrophins had tubb6 levels not different from wildtype, while 
tubb6 in Dp116-mdx (which had disorganized microtubules) [16] and 
mdx trended towards elevated levels compared to wildtype (Fig. 2B). 
The level of tubb6 also did not change in micro-dystrophin 
(DysΔR2-15/ΔR18-23/ΔCT-mdx) muscle following eccentric contraction 
(Fig. 2C). These data suggest that neither tubb6 expression nor regen
eration [14] impact microtubule organization in mdx mice expressing 
mini- or micro-dystrophin either before or after eccentric contraction. 
Detyrosinated α-tubulin is a post-polymerization modification that 
marks stable microtubules [38,39] and is significantly elevated in mdx 
muscle compared to wildtype [9,12,15]. We found that detyrosinated 
α-tubulin was significantly decreased in micro-dystrophin 
DysΔR2-15/ΔR18-23/ΔCT-mdx muscle following eccentric contraction 
(Fig. 2D) while total α-tubulin levels were increased (Fig. 2E). Decreased 
detyrosination is likely associated with microtubule depolymerization. 
Based on the rapid tissue harvest post eccentric contraction, we hy
pothesize the increased α-tubulin immunoreactivity is due to either 
increased tubulin solubility or altered post translational modifications 
that impact immunoreactivity. 

3.4. Multiple sources of ROS are involved in rapid transverse microtubule 
loss after eccentric contraction 

ROS have been implicated in mediating rapid eccentric contraction- 

induced force loss in mdx muscle [19,28]. We pretreated mdx mice 
expressing either a mini- or micro-dystrophin with the non-specific 
antioxidant N-acetylcysteine (NAC) and assessed microtubule organi
zation after eccentric contraction. Interestingly, one hour pretreatment 
with NAC completely prevented transverse microtubule loss in 
DysΔH2-R15-mdx and DysΔR4-23/ΔCT-mdx muscles (Fig. 3A and B). Because 
NOX2 has been implicated in disrupting basal microtubule organization 
in mdx muscle [15], we investigated the efficacy of the NOX2 inhibitor 
GSK2795039 [40] to protect transverse microtubules from eccentric 
contraction in mdx muscle expressing truncated dystrophin. One hour 
pretreatment of DysΔR4-23/ΔCT-mdx mice with GSK2795039 effected a 
significant, but partial protection of transverse microtubules after 
eccentric contraction (Fig. 3A, C). Because genetic ablation of NOX2 
improves basal microtubule organization in mdx muscle [15] and 
partially protects it from eccentric contraction-induced force loss [28], 
we analyzed microtubule organization in three additional mdx lines that 
were genetically modified to either reduce or alter the chemical nature 
of ROS and have highly similar protection from eccentric 
contraction-induced force loss [28]. However, we found that the 
microtubule lattice remained disorganized in mdx muscles over
expressing γ-cytoplasmic actin (mdx/Actg1-TG) (Fig. 4A and B), the 
antioxidant peroxiredoxin II (mdx/PrxII-TG), or after genetic ablation of 
myoglobin (mdx/mb− /− ) (Fig. 4C and D), suggesting that ROS pertur
bations that are protective of mdx muscle during eccentric contraction 
do not always correspond to improved microtubule organization. Based 
on these data, we conclude that multiple sources of ROS must uniquely 
contribute to rapid eccentric contraction-induced loss of transverse 
microtubules. We can confirm a role for NOX2 (Fig. 3), but not nNOS 

Fig. 2. Tubb6 protein levels were reduced by expression of mini- or micro-dystrophin in mdx muscle and did not change after eccentric contractions. A) 
Two additional dystrophin constructs expressed as skeletal muscle specific transgenes in mdx that were examined in Fig. 2B. B) Tubb6 levels trended towards elevated 
in mdx and Dp116-mdx muscle. The two mini-dystrophins and three micro-dystrophins all reduced tubb6 to levels not different from wildtype. One-way ANOVA was 
significant (p = 0.037), however Dunnett’s multiple comparisons test of each genotype to C57BL/10 failed to identify any significantly different genotype (mdx vs 
C57BL/10, p = 0.105; Dp116-mdx vs C57BL/10, p = 0.085). N = 4 per genotype. C) Tubb6 expression was not different in contralateral versus eccentrically 
contracted micro-dystrophin DysΔR2-15/ΔR18-23/ΔCT-mdx muscle. Paired t-test (p = 0.178), N = 5. D) There was a very significant reduction in DeTyr-tubulin levels in 
eccentrically contracted micro-dystrophin EDLs. Paired t-test (*p = 0.009), N = 5. E) Total α-tubulin levels were slightly elevated in post eccentric contraction micro- 
dystrophin muscle. Paired t-test (*p = 0.023), N = 5. Matched EDLs from a single animal are connected by dashed lines. Expression levels are normalized to GAPDH 
and displayed in arbitrary units (AU). All tubulin species are 50 kDa and GAPDH is 37 kDa. 
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based on identical transverse microtubule mechanical instability in mdx 
mice expressing truncated dystrophins that contain or lack the R16-17 
nNOS localization motif (Fig. 1). Therefore, other sources of ROS seem 
likely to contribute. 

3.5. Cytoplasmic actins are required for a mechanically stable 
microtubule lattice 

Because all miniaturized dystrophin constructs that at least partially 
rescue microtubule lattice organization contain ABD1, and dystrophin 
interacts with cytoplasmic actins in vivo [32,41], we analyzed the 
cortical microtubule lattice in EDL muscles from muscle-specific 
β-cytoplasmic actin (ActB-msKO) and γ-cytoplasmic actin (Actg1-m
sKO) knockout mice. Basal microtubule organization in ActB-msKO and 
Actg1-msKO muscles were not different from control muscles 
ActB-msCT and Actg1-msCT (Fig. 5A and B). However, eccentric con
tractions caused significant loss (30–40%) of transverse microtubules in 
ActB-msKO (Fig. 5A, C, E) or Actg1-msKO muscles (Fig. 5B, D, F). In 
parallel, we also assessed how a missense mutation in ABD1 associated 
with BMD affected cortical microtubule lattice stability. Microtubule 
organization in transgenic L172H-mdx mice has been previously shown 
to be indistinguishable from wildtype [26]. However, we observed sig
nificant 40% loss of transverse microtubules in L172H-mdx EDL muscles 
challenged with eccentric contraction (Fig. 6A and B). Collectively, 
these data demonstrate the interplay between dystrophin and cyto
plasmic actins in supporting a mechanically stable cortical microtubule 
lattice in skeletal muscle. 

3.6. Dystrophin-independent microtubule instability 

Genetic ablation of the DGC member β-sarcoglycan results in loss of 
cortical microtubule organization even in the presence of near normal 
sarcolemmal dystrophin expression [9]. Therefore, we analyzed the 
microtubule lattice in mice null for the DGC component α-dystrobrevin 

(Adbn). The basal microtubule lattice of Adbn− /− muscle was highly 
organized (Fig. 6C). Once again, however, we measured significant loss 
of transverse microtubules in Adbn− /− muscles after eccentric contrac
tion (Fig. 6B). In summary, we have demonstrated a common mechan
ical instability in the cortical microtubule lattice of skeletal muscles 
lacking subdomains of dystrophin, molecular binding partners of dys
trophin, and subunits of the DGC. 

4. Discussion 

Skeletal muscle microtubules have roles in muscle differentiation 
[42–44], and organelle positioning [45–47] that are likely dependent on 
the ability to assemble into a highly organized orthogonal grid [8]. We 
have recently shown that the microtubule lattices of mdx skeletal muscle 
expressing micro-dystrophins are not restored to wildtype [16]. Here we 
have established roles for dystrophin R4-15 and R20-23, cytoplasmic 
actins, and α-dystrobrevin as critical for mechanical stability of the 
microtubule lattice. In the absence of any of these components, the 
microtubule lattice was susceptible to significant loss of transverse mi
crotubules immediately following the increased mechanical challenge of 
eccentric contraction. Micro-dystrophins with deletion of both R4-15 
and R20-23 lost virtually all transverse microtubules upon eccentric 
contraction. 

Microtubule loss in the absence of dystrophin R4-15 or R20-24 
required simultaneous muscle lengthening and force generation of 
eccentric contractions. While eccentric contractions are the highest 
force producing [48] and most damaging type of muscle contraction 
[49], they are physiological [50] and very often used as an endpoint 
measurement for therapeutic improvement in preclinical studies of DMD 
[23,51]. The microtubule lattice in transgenic mdx mice expressing 
truncated dystrophins was not affected by isometric contractions, which 
do not cause force loss in mdx muscle [17]. In contrast, passive length
ening of mdx muscle has been shown to induce mechanotransduction 
through the detyrosinated-tubulin microtubule lattice to stimulate 

Fig. 3. N-acetylcysteine prevented transverse 
microtubule loss while inhibition of NOX2 
showed partial protection of transverse microtu
bules from eccentric contraction. A) Cortical 
microtubule lattices from contralateral and eccentri
cally contracted EDLs that had been pre-treated with 
NAC (DysΔH2-R15-mdx and DysΔR4-23/ΔCT-mdx) or 
pretreated with GSK2795039 to inhibit NOX2 
(DysΔR4-23/ΔCT-mdx). B) NAC prevented loss of trans
verse microtubules in both mini-dystrophin DysΔH2- 

R15-mdx and micro-dystrophin DysΔR4-23/ΔCT-mdx. C) 
Inhibition of NOX2 did not completely prevent 
transverse microtubule loss in DysΔR4-23/ΔCT-mdx. 
Two-way repeated measures ANOVA did not have a 
significant interaction in NAC treated DysΔH2-R15- 
mdx. A significant interaction (p = 0.022) was present 
in NAC treated DysΔR4-23/ΔCT-mdx, however Bonfer
roni multiple comparison tests revealed no significant 
difference for the transverse microtubule populations 
(88◦ and 92◦ p > 0.999). A significant interaction (p 
< 0.0001) also existed for GSK2795039 treated 
DysΔR4-23/ΔCT-mdx, Bonferroni multiple comparison 
tests were significant (*p < 0.01) at 88◦–100◦. Nuclei 
are blue, tubulin in green. Scale bar is 20 μm, 60×
magnification. Images are representative of n ≥ 10 
fibers from N = 5 (DysΔH2-R15-mdx) and N = 4 
(DysΔR4-23/ΔCT-mdx). In analyses where the interac
tion was not significant (NAC treated DysΔH2-R15- 
mdx), the main effect of the EDL was also not signif
icant. Error bars are mean ± SEM.   
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heightened NOX2 ROS [12,13], although force loss does not result [19]. 
Here we found that passive muscle lengthening had no effect on 
microtubule organization in mdx mice expressing mini- or 
micro-dystrophin, which also presented with wildtype levels of detyr
osinated tubulin [16]. Thus, any ROS generated by NOX2 during passive 
lengthening [13] was insufficient to impact microtubule organization in 
mdx mice expressing mini- or micro-dystrophin, suggesting eccentric 
contraction may elicit greater magnitude of ROS production through 
NOX2. We also analyzed the microtubule lattice after five and ten day 
recovery periods following eccentric contraction. Both mini- and 
micro-dystrophin transgenic mdx had deficits in transverse microtubules 
five days after eccentric contraction that were restored to the level of 
contralateral muscles by ten days. Overall, transverse microtubule loss 
was rapid and recovery was much slower. 

Our proteomic screens identified over two thousand and three 
thousand proteins in the microtubule and DGC enrichments, respec
tively. In each of the three experimental lines (DysΔH2-R15-mdx, DysΔMTB- 
mdx, DysΔR4-23/ΔCT-mdx) compared to DysΔ71-78-mdx there were over 
four hundred proteins of significantly different abundance in the 
microtubule enrichment and over five hundred proteins of significant 
abundance difference in the WGA enrichment. As expected, there was 
minimal overlap between mouse lines in a manner that would represent 
a dystrophin domain specific interaction. Both DysΔH2-R15-mdx and 
DysΔR4-23/ΔCT-mdx (a possible R4-15 mechanism) as well as DysΔMTB- 
mdx and DysΔR4-23/ΔCT-mdx (a possible R20-23 mechanism) had less 
than 20 proteins with similar abundance alterations as compared to 
DysΔ71-78-mdx. Of the twelve proteins selected as possible links between 
microtubules and a single, or both, dystrophin domains, none preserved 
the correlation between abundance of the selected protein and the 
presence/absence of dystrophin domains when expanded to additional 
mouse lines. Utilizing this proteomic dataset, we did not identify any 
protein changes that could explain a pre-existing susceptibility to 
eccentric contractions in mdx mice expressing truncated dystrophins. 
While altered tubb6 expression impacts microtubule organization dur
ing muscle differentiation and regeneration in mdx [14], we show that 
tubb6 levels were not different from wildtype in the transgenic mini- and 
micro-dystrophin mdx lines, nor did they change after eccentric 
contraction. However, our data showing rapid eccentric 
contraction-induced loss of transverse microtubules in mdx muscle 
expressing mini- or micro-dystrophin was consistent with a mechanism 
involving rapid microtubule depolymerization. Also consistent with 
depolymerization, we measured a decrease in detyrosinated α-tubulin in 
DysΔR2-15/ΔR18-23/ΔCT-mdx muscle challenged by eccentric contraction 
compared to the unchallenged contralateral muscle. The carboxypepti
dase that removes the C-terminal tyrosine from α-tubulin to create the 
detyrosinated modification is preferentially active on polymerized 
tubulin [52], while the tubulin tyrosine ligase that reverses the detyr
osination has a strong preference for free tubulin dimers [53]. Freshly 
depolymerized, detyrosinated tubulin is known to be quickly tyrosinated 
allowing the free tubulin pool to maintain a very low level of detyrosi
nated tubulin [39]. Therefore, the decrease in detyrosinated α-tubulin 
that we measured seems most likely to be simply reflecting depoly
merization of transverse microtubules induced by eccentric contraction. 

Eccentric contractions in mdx muscle leads to increased production 
of ROS in the form of hydrogen peroxide that has been implicated in 
rapid loss of contractile force [12,28]. We demonstrated here that a 
single dose of N-acetylcysteine administered to mdx mice expressing a 
mini- or micro-dystrophin prior to the in vivo eccentric contraction 
protocol was sufficient to completely protect against loss of transverse 
microtubules. N-acetylcysteine is a non-specific antioxidant [54] that 
has been shown to have a protective effect against force loss during mdx 
eccentric contractions [19,28,55] as well as effectively reduce ROS 
production in mdx skeletal muscle [55]. Due to its non-specific nature, 
NAC potentially diminishes ROS from multiple sources. Here we 
explored the contribution of ROS derived from NOX2 by dosing 
micro-dystrophin DysΔR4-23/ΔCT-mdx mice with GSK2795039. 
GSK2795039 is a NOX2 inhibitor that is as effective as the NOX2 null 
(gp91phox− /− ) mouse in preventing ROS production in an in vivo model 
of inflammation [40]. Employing the same dosage as used previously 
[40], we measured only partial protection of transverse microtubules 
from eccentric contraction in GSK2795039 treated DysΔR4-23/ΔCT-mdx 
mice. While these data support that NOX2-generated ROS contributes to 
eccentric contraction-induced transverse microtubule loss, it is not the 
only source. Although genetic ablation of nNOS has been shown to 
disrupt microtubule organization in skeletal muscle [20], our experi
ments demonstrate that eccentric contraction-induced similar losses of 
transverse microtubules in both DysΔR2-15/ΔR18-23/ΔCT-mdx, which lo
calizes nNOS to the sarcolemma, and in DysΔR4-23/ΔCT-mdx, which lacks 
dystrophin R16-17 necessary for sarcolemmal localization of nNOS [25, 
56]. As for other sources of ROS, xanthine oxidase (XO), a producer of 

Fig. 4. Microtubules remained disorganized in mdx/Actg1-TG, mdx/PrxII- 
TG and mdx/mb¡/¡. A) Both mdx and mdx/Actg1-TG had disorganized 
microtubule lattices. Images are representative of n ≥ 10 fibers from N = 4 
mdx/Actg1-TG and N = 3 transgene negative mdx littermates. B) No significant 
difference in the microtubule lattice organization was detected between mdx/ 
Actg1-TG and mdx. C) Mdx/PrxII-TG and mdx/mb− /− also have disorganized 
microtubules. Representative of n ≥ 10 fibers from N = 4 each genotype (mdx/ 
PrxII-TG, mdx/mb− /− and mdx). Tubulin in green, nuclei in blue. Scale bar is 
20 μm, 60× magnification. D) Quantification of the microtubule lattice direc
tionality did not identify any significant differences in organization of mdx/ 
PrxII-TG or mdx/mb− /− compared to mdx. Two-way ANOVA interaction for 
each genotype compared to mdx was not significant. Main effect of EDL was 
also not significant. Error bars are mean ± SEM. 
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hydrogen peroxide and superoxide [57], has elevated activity in mdx 
skeletal muscle and inhibition with oxypurinol results in partial pro
tection from in vitro eccentric contraction induced force loss [58]. NOX4, 
a constitutively active NOX is found at both the sarcolemma and 
sarcoplasmic reticulum [59]. NOX4 derived ROS has been shown to 
result in S-Nitrosylation of the ryanodine receptor (RyR) with pharma
cologic inhibition of NOX4 in mdx muscle reducing RyR1 calcium leak 
[60]. Mitochondrial ROS, specifically from monoamine oxidase, is 
increased in mdx skeletal muscle driving tropomyosin oxidation [61], 
which could impact muscle contraction. XO, NOX4, and mitochondrial 
ROS have all been implicated in mdx pathology and have likely roles in 
muscle contraction or are located at the sarcolemma membrane and 
therefore could impact eccentric contraction induced transverse 
microtubule loss. 

NOX2 and microtubule disorganization are both early pathological 
alterations in mdx and occur along a similar timeline with NOX2 
increased by 19 days of age [62] and microtubule disorganization by 24 
days [6]. Because genetic ablation of the p47 scaffold subunit of NOX2 
in mdx mice results in decreased intracellular ROS [63], partial pro
tection from eccentric contraction-induced force loss [28], and 
improved microtubule organization [15], we analyzed microtubule or
ganization in three additional mdx models that alter ROS and exhibit 

partial protection from eccentric contraction-induced force loss. How
ever, the microtubule lattice in mdx/Actg1-TG, mdx/PrxII-TG and 
mdx/mb− /− muscles were all as disorganized as in mdx. These data 
demonstrate that not all mdx lines with ROS modulations improve the 
basal organization of dystrophin deficient microtubules. 

Given many examples of functional interaction between actin and 
microtubules [64], we explored the contribution of cytoplasmic actins to 
microtubule organization in mature skeletal muscle. We observed that 
skeletal muscle lacking either β-cytoplasmic or γ-cytoplasmic actin 
presented with wildtype microtubule lattice organization but displayed 
significant loss of transverse microtubules after eccentric contraction. 
Considering that knock out of cytoplasmic actins yields the same 
phenotype as mdx transgenic mice expressing dystrophins lacking R4-15 
or R20-24, such results suggest that dystrophin mediates interaction 
between the actin and microtubule cytoskeletons in skeletal muscle. We 
observed the same phenotype in mdx mice expressing dystrophin with 
the L172H missense mutation in ABD1 that is associated with BMD. 
While it remains possible that L172H disrupts the actin binding function 
of dystrophin in vivo, the mutation had no significant effect on the af
finity of dystrophin for actin in vitro [65]. L172H-mdx muscle also pre
sents with reduced dystrophin levels [26]. Alternatively, ABD1 also 
binds directly to keratin-19 [66] while in other instances a calponin 

Fig. 5. Loss of cytoplasmic actin resulted in 
transverse microtubule loss upon eccentric 
contraction. A) ActB-msKO basal microtubule or
ganization was not different than ActB-msCT. B) 
Actg1-msKO and Actg1-msCT had indistinguish
able basal microtubule organization. C) When 
exposed to eccentric contraction ActB-msKO mus
cle lost transverse microtubules while ActB-msCT 
was not affected. D) Actg1-msKO muscle had 
notable transverse microtubule loss after eccentric 
contraction while Actg1-msCT did not. E) TeDT 
quantification of microtubule organization showed 
significant transverse microtubule loss in ActB- 
msKO following eccentric contraction, while 
ActB-msCT was unaffected. The loss of β-cyto
plasmic actin in unchallenged muscle also did not 
affect the microtubule lattice. A significant ANOVA 
interaction was found for ActB-msKO contralateral 
vs ActB-msKO ECC (p < 0.0001). Bonferroni mul
tiple comparison tests revealed significant (***p <
0.001) differences between contralateral and ECC 
at 84–96◦. F) Eccentric contraction in Actg1-msKO 
muscle resulted in a significant loss of transverse 
microtubules. The Actg1-msCT microtubule lattice 
was not affected by eccentric contraction. The loss 
of γ-cytoplasmic actin also did not cause microtu
bule lattice alterations in contralateral muscle. A 
significant ANOVA interaction was found for 
Actg1-msKO contralateral vs Actg1-msKO ECC (p 
< 0.0001). Bonferroni multiple comparison tests 
revealed significant (*p < 0.05) differences be
tween contralateral and ECC at 80◦, 88–96◦ (84◦ p 
= 0.053). Two-way repeated measures ANOVA 
was used to compare contralateral to ECC within a 
genotype, while two-way ANOVA was used to 
compared contralateral control versus contralat
eral knockout. In analyses where the interaction 
was not significant, the main effect of EDL was not 
significant for both CT vs KO comparisons, and was 
p = 0.002 for Actg1-msCT contralateral vs ECC, 
and p = 0.0001 for ActB-msCT contralateral vs 
ECC. Images are representative of n ≥ 10 fibers 
from N = 4 ActB-msCT, N = 5 ActB-msKO, N = 3 
Actg1-msCT, and N = 5 Actg1-msKO. Nuclei are in 
blue, tubulin in green. Scale bar is 20 μm, 60×
magnification. Error bars are mean ± SEM.   
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homology (CH) domain, such as those that comprise ABD1 [67], has 
been shown to pair with a CH domain in another molecule to form a 
microtubule binding site [68]. Thus, it is possible that the L172H mu
tation disrupts interaction with keratin-19 or a yet-to-be identified 
protein containing a CH domain. Finally, we show that the microtubule 
lattice is rendered mechanically unstable by genetic ablation of the DGC 
protein α-dystrobrevin. Adbn− /− muscle expresses wildtype dystrophin 
levels but shows reduced stability of the dystrophin-DGC connection 
[69]. 

Our data demonstrate that dystrophin R4-15, dystrophin R20-23, 
cytoplasmic actins, and α-dystrobrevin contribute to mechanically sta
bilizing transverse microtubules when the muscle is under heightened 
physical challenge, such as eccentric contraction. While the immediate 
loss of transverse microtubules after eccentric contraction can be 
explained by rapid microtubule depolymerization, the slow (5–10 day) 
recovery of transverse microtubules rules out a mechanism involving 
simple microtubule depolymerization and re-polymerization dynamics. 
Based on the 3–5 μm/min rate of microtubule growth in flexor digitorum 
brevis fibers via intravital imaging [70], a 50 μm muscle fiber would be 
expected to recover transverse microtubules within 30–60 min. The lack 
of rapid transverse microtubule recovery is indicative of a microtubule 
polymerization or stabilization roadblock that requires days for muscle 
to overcome. Moreover, our experiments with N-acetylcysteine and 
NOX2 suggest that a non-, or very slowly reversible oxidation of one or 
more components of the microtubule cytoskeleton may drive the rapid 

loss and slow recovery of transverse microtubules. There is precedent for 
oxidation of tubulin and microtubule associated proteins as well as 
ROS-mediated inhibition of tubulin polymerization [71]. While eccen
tric contraction-induced ROS disrupts transverse microtubules from 
organized lattices, we did not see restoration of microtubules in the 
mdx/Actg1-TG, mdx/PrxII-TG and mdx/mb− /− lines. 

In summary, we have identified three states of microtubule pathol
ogy in skeletal muscle: 1) wildtype organized microtubule lattices that 
are mechanically unstable such as in mdx muscle expressing mini- 
dystrophin, cytoplasmic actin knockout, or α-dystrobrevin null; 2) 
partially organized microtubule lattices that are mechanically unstable 
such as mdx with micro-dystrophin transgenes; 3) microtubule lattices 
that are completely disorganized such as in mdx or β-sarcoglycan null 
muscle [6,7,9]. ROS sources such as NOX2, but not nNOS, are involved 
in transverse microtubule loss from organized but mechanically unstable 
microtubule lattices. Future studies will investigate additional sources 
and targets of ROS that mediate microtubule susceptibility to eccentric 
contraction. 
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