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Abstract

Delivery of miniaturized dystrophin genes via adeno-associated viral vectors is one leading approach in development to
treat Duchenne muscular dystrophy. Here we directly compared the functionality of five mini- and micro-dystrophins via
skeletal muscle-specific transgenic expression in dystrophin-deficient mdx mice. We evaluated their ability to rescue defects
in the microtubule network, passive stiffness and contractility of skeletal muscle. Transgenic mdx mice expressing the short
dystrophin isoform Dp116 served as a negative control. All mini- and micro-dystrophins restored elevated detyrosinated
a-tubulin and microtubule density of mdx muscle to values not different from C57BL/10, however, only mini-dystrophins
restored the transverse component of the microtubule lattice back to C57BL/10. Passive stiffness values in mdx muscles
expressing mini- or micro-dystrophins were not different from C57BL/10. While all mini- and micro-dystrophins conferred
significant protection from eccentric contraction-induced force loss in vivo and ex vivo compared to mdx, removal of repeats
two and three resulted in less protection from force drop caused by eccentric contraction ex vivo. Our data reveal subtle yet
significant differences in the relative functionalities for different therapeutic constructs of miniaturized dystrophin in terms
of protection from ex vivo eccentric contraction-induced force loss and restoration of an organized microtubule lattice.

Introduction and atrophy (11,12). Muscle weakness leads to loss of ambula-

Loss of dystrophin protein results in the X-linked recessive dis-
ease Duchenne muscular dystrophy [DMD; (1,2)]. As a structural
protein, dystrophin links the actin cytoskeleton to the trans-
membrane dystrophin-glycoprotein complex [DGC; (3-7)].
Without dystrophin, the sarcolemma lacks stability and
becomes damaged during muscle contraction (8-10). Striated
muscle of DMD patients presents with fibrosis, inflammation

tion and eventual death from cardiac or respiratory failure in
the second to third decade of life (13). Current therapies such as
ventilator support (14) and corticosteroids (15) prolong life but
do not provide a cure for the 1 in 5000 boys born with DMD (16).
The mdx mouse is the most studied model for DMD (17,18).
Exhibiting a lack of dystrophin protein, mdx mice display fibrosis,
inflammation and loss of muscle strength similar to DMD
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patients, albeit proportionally later in the mouse lifespan (19,20).
Loss of dystrophin in mdx mice also impacts the microtubule
cytoskeleton. Wild-type skeletal muscle exhibits a subsarcolem-
mal microtubule lattice organized into a perpendicular array of
longitudinal and transverse elements that become disorganized in
mdx muscle along with densification of longitudinal microtubules
and loss of the transverse microtubules (4,5,21,22). Dystrophin is
proposed to act as a guide to position microtubules transversely
along the Z-disk and M-line and its loss can lead to lattice disorga-
nization (4,23). Mice lacking ankyrin-B, f2-spectrin, dynactin-4 or
obscurin also present with dystrophin mislocalization and disor-
ganized microtubules (24-26), while transgenic expression of
nearly full-length dystrophin on the mdx background is able to
restore microtubule organization back to normal (5).

We have shown that disorganization and densification of the
microtubule lattice correlates with a loss of torque production in
anterior crural muscles exposed to eccentric contractions in vivo
(5). Other groups have analyzed tubulin modifications in mdx
tissue such as the post-translation and post-polymerization
o-tubulin detyrosination modification associated with stable
microtubules (27,28). a-Tubulin detyrosination is increased in mdx
skeletal (22,29) and cardiac muscle (30), and is thought to stiffen
the cytoskeleton leading to mechanically stimulated production of
reactive oxygen species (ROS) and increased cytosolic calcium (31).
The increased cytoskeletal stiffness may rely upon detyrosinated
o-tubulin crosslinks with desmin intermediate filaments (32)
which are also elevated at the protein level in mdx mice (29,33,34).

It remains unclear how dystrophin may influence microtu-
bule organization in vivo. While we previously showed that spec-
trin like repeats 20-24 of dystrophin were required for
microtubule binding activity in vitro, transgenic expression of a
dystrophin construct substituted with the equivalent but micro-
tubule non-binding repeats of utrophin was still able to restore
lattice density and organization of mdx muscle in vivo (5). Here,
we attempted to gain insight into the dystrophin domains neces-
sary for normal microtubule lattice density and organization by
measuring these properties in several previously reported trans-
genic mdx mouse lines expressing truncated dystrophin con-
structs (35-38). Most truncations removed variable portions of
the central rod region, which is often deleted in a milder dystro-
phinopathy known as Becker muscular dystrophy [BMD (39,40)],
but retained the N-terminal actin binding (NT) and cysteine-rich
(CR) domains because they are critical for binding to actin and to
the DGC, respectively (41-43). Because we previously found that
transgenic expression of a nearly full-length dystrophin lacking
only the C-terminal domain (CT) failed to reduce the elevated
passive stiffness of mdx muscle back to C57BL/10 levels (5), we
also measured mechanical function across the lines expressing
miniaturized dystrophins inclusive or exclusive of the CT
domain. Our data show that both the NT and the CR domains are
required to significantly improve microtubule organization
beyond that measured in mdx. Truncated dystrophins sharing
only the NT and CR domains were also fully rescued for microtu-
bule density to C57BL/10 levels and significantly protected ante-
rior crural muscles from increased torque and force loss after
in vivo and ex vivo eccentric contractions, respectively. However,
complete rescue of microtubule organization to C57BL/10
appears to require domains in addition to the NT and CR, and
potentially spectrin-like repeats 20-24.

Results

This study made use of five available transgenic mdx lines expres-
sing truncated dystrophin constructs (35-38). Dys*>®-mdx
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expressed a mini-dystrophin that models a Becker-like internal
deletion, while Dys***?¥ACT.mdx, fluDys-mdx (Dys®R*2¥ACT
flanked by loxP sites, see Materials and Methods), and Dys

ARIE-23/ACT_mdx expressed micro-dystrophins with larger deletions
AH2-

AR2-15/

(Fig. 1A). An additional Becker-like truncated dystrophin, Dys
RIYACT_mdx, has been partly characterized previously (5) and was
analyzed here for additional cytoskeleton and physiological path-
ologies. The sixth line, Dp116-mdx, served as a transgenic control
which expressed DP116, a short dystrophin isoform endogenously
expressed from an internal promoter in Schwann cells (44).
DysAHz—ms_de’ DYSAH2—R19/ACT_de’ DysARész/ACT_mdx and Dp116-
mdx transgenic models have been previously confirmed to express
dystrophin of the expected molecular weight at levels near or
above wild-type dystrophin protein expression (5,35-38).
Transverse extensor digitorum longus (EDL) sections stained for
dystrophin confirmed continuous sarcolemmal dystrophin local-
ization in C57BL/10 as well as the transgenic mini-dystrophins,
micro-dystrophins and Dp116-mdx (Fig. 1B).

Immunofluorescence microscopy of a-tubulin in EDL fibers
from C57BL/10, mdx and the transgenic lines was used to assess
the microtubule lattice (Fig. 2A). Planar density of the subsarco-
lemmal lattice revealed that Dys*"2®'>.mdx, Dys®R*23/ACT_ndx,
fluDys-mdx and Dys®R215/AR18-23/ACT 4y were all restored to
densities not different from C57BL/10 (Fig. 2B). In contrast,
Dp116-mdx microtubule density remained significantly elevated
above C57BL/10 levels (Fig. 2B). Microtubule lattice organization
was assessed via the angle of microtubules within the subsarco-
lemmal lattice relative to the fiber long axis as measured by the
texture detection technique (TeDT) program (45). Disorganized
mdx fibers lacked transverse microtubules while C57BL/10 organ-
ized fibers had a large proportion of transverse microtubules at
90° from the muscle fiber axis. The two mdx lines expressing
mini-dystrophins, Dys"?®*.-mdx and Dys*"2R¥ACTmdx (5),
were both highly organized and not different from C57BL/10
microtubule organization (Fig. 2C). The three micro-dystrophins,
DysAR4—23/ACT_de’ ﬂHDyS-WIdX and DysARZ—lS/AR18—23/ACT_de’
were all significantly less organized than C57BL/10 although
each none-the-less afforded significant protection over mdx
(Fig. 2C). Dp116-mdx showed a lack of transverse microtubules
that was not significantly different from mdx. Western blot anal-
ysis showed that all five mini- and micro-dystrophin transgenic
models had C57BL/10 levels of detyrosinated o-tubulin while
Dp116-mdx remained elevated above C57BL/10 (Fig. 3A). Dp116-
mdx also had elevated desmin protein levels as did Dys*?23/ACT.
mdx and Dys®R?-15/AR18-23/ACT gy (Fig. 3B).

As each of the mini- and micro-dystrophins improved
microtubule organization in the mdx mouse (Fig. 2C), we
expected that each line would also protect against eccentric
contraction-induced force drop as compared to mdx. Because
the physiology of Dys*"®15.mdx, Dys**2¥ACT_mdx, Dys?R42%/
ACT_mdx, Dys/R?15/AR18-23/ACT 14y and Dp116-mdx muscle were
previously characterized in different studies with slightly differ-
ent protocols (5,35,36,46,47), we reassessed here to directly com-
pare the lines in our standard protocols (5). First, we measured
in vivo isometric torque of the anterior crural muscles (tibialis
anterior, EDL and extensor hallucis longus muscles). There were
no differences in maximal isometric torque of the anterior cru-
ral muscles among C57BL/10, mdx and the six transgenic mdx
mice (Fig. 4A), including when normalized to body mass
(data not shown). These data suggest that torque generating
capacity is independent of microtubule lattice organization.
Following eccentric contractions of the anterior crural muscles,
we measured no difference in force drop between C57BL/10
and the mini- and micro-dystrophin transgenic mdx models
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Figure 1. Schematic representation of transgenic dystrophin constructs. (A) Full-
length dystrophin in C57BL/10, absence of dystrophin in mdx and skeletal
muscle-specific truncated dystrophins on the mdx background. HSA, human
skeletal o-actin promoter; NT, N-terminus; diamonds represent hinge regions;
ovals represent spectrin-like repeats; CR, cysteine-rich domain; CT, C-terminus.
(B) Sarcolemmal localization of C57BL/10 and transgenic dystrophin. Dystrophin
protein in mdx mice was present only in revertant fibers (denoted with *).
Laminin outlines all individual fibers. Dystrophin (red), laminin (green), nuclei
(DAPI). Scale bar is 100 pm.
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(Fig. 4B and C), while Dp116-mdx and mdx mice lost significantly
more force from contractions 10 through 70, indicating that sub-
sarcolemmal microtubule lattice disorganization contributes to

in vivo eccentric contraction-induced force drop as previously
observed (29).

As expected, isolated EDL muscles from mdx mice generated
~40% less specific force than C57BL/10 (Fig. 5A), and except for
Dp116-mdx, EDL muscles of all lines had specific forces that
were not different from C57BL/10 (Fig. 5A). Repeated eccentric
contractions caused >80% eccentric force loss in mdx and
Dp116-mdx EDL muscles. In contrast, Dys®#2 -’15 mdx, DysAH2 Rt/
ACT_mdx and Dys®®**2¥2°T_mdx muscles were completely res-
cued while DysR?"1¥/ARIE23/ACT_pdy was intermediate between
and significantly different from C57BL/10 and mdx muscles
(Fig. 5B and C). In apparent contrast to our findings with Dys*f?*-
15/aR18-23/ACT_p %, it was recently shown that adeno-associated
virus (AAV) delivery of a highly similar micro-dystrophin con-
struct rescued eccentric contraction-induced force loss in the
more severely-affected DBA/2J-mdx to levels not different from
DBA/2J controls (48). In our eccentric contraction assay, force
loss data for EDL muscles from DBA/2J-mdx and DBA/2J mice
(Supplementary Material, Fig. S1) recapitulated those reported
previously (48). However, we observed that EDL muscles from
DBA/2J mice exhibited force losses that were not significantly
different from Dys?R2-15/ARIE23/ACT gy but greater than those
measured in C57BL/10 (Supplementary Material, Fig. S1).
Because we previously found that transgenic mdx mice express-
ing a nearly full-length dystrophin lacking only the CT (Dys*"*
78-mdx) exhibited significantly elevated passive stiffness (5), we
measured the force required to lengthen non-contracting EDL
muscles (passive stiffness) in each of the transgenic lines in this
study. We found that both mdx and Dp116-mdx mice had ele-
vated passive stiffness compared to C57BL/10, while all mini-
and micro-dystrophin transgenic mdx exhibited levels of pas-
sive stiffness not different from C57BL/10 (Fig. 5D), regardless of
whether they expressed the CT. A complete accounting of the
measured physiological parameters for EDL muscles is pre-
sented in Table 1 and Supplementary Material, Table S1.

Discussion

AAV-mediated gene therapy for DMD has been under intense
investigation (49,50). However, due to AAV capacity constraints,
miniaturized dystrophins have been a focus of continued devel-
opment and characterization. Recent evidence has shown that
microtubules underpin several pathophysiological and bio-
chemical perturbations associated with the dystrophic skeletal
muscle pathology of mdx mice including stretch activated ROS
production, calcium ion fluctuations and possibly susceptibility
to eccentric contractions (5,22,29,31). We sought to analyze the
ability of mini- and micro-dystrophins to prevent dystrophic
microtubule pathology.

Through our quantitative comparison of microtubule pertur-
bations, we showed that the combined presence of the NT and
the CR domains of dystrophin are necessary to organize the
subsarcolemmal microtubule lattice in skeletal muscle of mdx
mice and restore microtubule density to C57BL/10 levels. Mini-
dystrophin Dys*"?"*1>.mdx restored microtubule organization to
that no different from C57BL/10. Dys*2R19ACT mdx a second
mini-dystrophin, was previously shown to completely rescue
microtubule organization as well (5). All micro-dystrophins
tested also significantly improved organization. We are not
the first to show micro-dystrophin rescue of microtubule
lattice organization as rAAV-mediated delivery of Dys?R42%/ACT
to mdx mice was previously reported to restore organization
(21). However, quantification was not performed in that
publication and here we show this construct, and the other


Deleted Text: ,
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy113#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy113#supplementary-data
Deleted Text:  
Deleted Text: e current
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddy113#supplementary-data
Deleted Text: d
Deleted Text: Discussion
Deleted Text: reactive oxygen species
Deleted Text: ,

Human Molecular Genetics, 2018, Vol. 27, No. 12 | 2093

B
80- * *
e ® ;
.“ﬁ
= L ] ™
ge0q + =5 E +
s |= : ’
[1}] [ [ ]
2504 ©
o
& ®
B L & & & 2
S & & & & &
ds\ éu;z‘ 1,9-.5' 0.{’ ,';}‘9 W
& W R
0"{5 @\‘7 g&
&
c of
1.0
0.8+
T 0.6
[
©
S 0.4+
0.2+
0.0

I L) ) 1 L) ) L] L) I
O O O P O O O H O
P % @ 9 O WO W®

fipDys-mdx Angle of Microtubule Intersection

Dp11 6—fﬂfb<

Figure 2. Effect of mini- and micro-dystrophin expression on microtubule lattice organization and densification. (A) Subsarcolemmal microtubules were organized into
a precise perpendicular lattice in EDL fibers from C57BL/10 and Dys*"?®%>.mdx; an intermediate lattice in Dys***2¥AT.mdx, fluDys-mdx and Dys"R?"15/AR1E23/ACT gy
and a disorganized lattice in mdx and Dp116-mdx. Images are representative of those obtained for n>10 fibers from n>5 mice for each genotype except Dp116-mdx
where n=3. Scale bar is 20 ym. (B) Microtubule density significantly varied across genotypes by one-way ANOVA (P<0.001). Mdx and Dp116-mdx exhibited significantly
more dense microtubule lattices compared to C57BL/10 by Dunnett’s post-test (*P<0.001). The four mini-/micro-Dys lines were all restored to densities not different
from density in C57BL/10 mice. (C) Transverse microtubules (near 90°) were not significantly different between Dys*"?*'°>-mdx and C57BL/10. Dys**2¥AT_mdx, flDys-
mdx and Dys?R?-1/AR18-23/ACT_p, gy a]] exhibited significantly less transverse microtubules than C57BL/10, but also significantly more than mdx. Dp116-mdx was not dif-
ferent from mdx, which had significantly less transverse microtubules than all other lines. Angle of microtubule intersection varied by genotype (interaction P<0.001)
in a two-way ANOVA. Bonferroni post-hoc t-test analysis concluded that Dys**2¥2CT.mdx, fluDys-mdx and Dys*R2-1/AR18-23/ACT 4y were significantly less than
C57BL/10 at *P<0.001 from 84 to 92°. Dp116-mdx and mdx were significantly less than C57BL/10 at “P<0.001 from 76 to 100°. The colors of the microtubule directionality
traces match the symbol color-to-genotype scheme used in Figure 2B. Error bars are mean=+SEM.

AR2-15/AR18-23/ACT _

micro-dystrophins (Dys mdx and fluDys-mdx), dystrophin containing the NT in the absence of the CR would

are only capable of intermediate rescue of microtubule organi- provide microtubule rescue as this particular combination has
zation. While the constructs analyzed here demonstrate the not been assessed. However, mice expressing dystrophin lack-
requirement of both the NT and CR domains for proper microtu- ing the CR have been shown incapable of restoring the DGC or

bule organization and density, it is possible a truncated rescuing mdx pathology (51) and are hypothesized to be
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Figure 3. Effect of mini- and micro-dystrophin expression on detyrosinated
a-tubulin and desmin immunoreactivity. (A) All mini- and micro-dystrophin
transgenic mdx exhibited C57BL/10 levels of detyrosinated o-tubulin while mdx
and Dp116-mdx were significantly elevated above C57BL/10 (one-way ANOVA;
P=0.006). Dunnett’s post-test to compare each line with C57BL/10 considered
significant at *P<0.05. (B) Desmin protein levels were significantly different
across lines by one-way ANOVA (P<0.001). By Dunnett’s post-tests, both mini-
dystrophin transgenics and fluDys-mdx restored desmin protein levels to not dif-
ferent from C57BL/10 while mdx ("P<0.05), Dys***?¥ACT.mdx (*P<0.05), Dys R~/
AR18-23/ACT_pdx (*P<0.05) and Dp116-mdx (*P<0.001) remained significantly ele-
vated. Error bars are mean+SEM.

incapable of restoring wild-type microtubules. Based on com-
parison between the complete microtubule organization of the
mini-dystrophins and the partial restoration by micro-
dystrophins, we speculate that spectrin-like repeats 20-24 also
contribute to microtubule organization. Interestingly, the dys-
trophin R20-24 region is inclusive of domains that have been
previously associated with microtubule binding in vitro (29).
Microtubule density is not influenced by the R20-24 region of
dystrophin, and based on the results presented here, inclusion
of NT and CR appears sufficient for restoration of C57BL/10
microtubule density.

A link between aberrant mdx microtubules and force loss
was demonstrated in a previous study reporting partial protec-
tion of skeletal muscle from in vivo eccentric contraction-

induced force loss through modulation of «-tubulin
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Figure 4. Effect of mini- and micro-dystrophin expression on eccentric contrac-
tion-induced torque drop of the anterior crural muscles in vivo. (A) Peak isomet-
ric torque of the anterior crural muscles was not different between C57BL/10,
mdx and any of the transgenic mdx mice (one-way ANOVA; P=0.167). (B) Mdx and
Dp116-mdx showed significantly increased susceptibility to eccentric contrac-
tions 10 through 70 while none of the transgenics expressing mini- or micro-
dystrophin were different from C57BL/10. The interaction between contraction
number and genotype was significant by two-way ANOVA (interaction P<0.001).
(C) Final eccentric torque at contraction 70 as a percentage of contraction 1 for
each mouse line (one-way ANOVA; P<0.001). Both one-way and two-way
ANOVAs used Bonferroni post-hoc t-tests to confirm individual differences with
post-hoc *P<0.05 considered significant. *Statistically different from C57BL/10.
Error bars are mean*=SEM. The symbol color-to-genotype scheme in Figure 4A
was also utilized for Figure 4B and C.

detyrosination level (31). Here, we report complete protection
from in vivo eccentric contraction-induced force loss in mini-
and micro-dystrophin transgenics. It is also important to note
that the five mini- and micro-dystrophin transgenics that were
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Figure 5. Effect of mini- and micro-dystrophin expression on eccentric contraction-induced force drop in isolated EDL muscles. (A) mdx and Dp116-mdx muscles gener-
ated lower specific isometric tetanic force compared to C57BL/10 and all mini- and micro-dystrophin constructs (one-way ANOVA; P<0.001). (B) mdx and Dp116-mdx
had significantly greater eccentric force losses compared to C57BL/10 and all mini- and micro-dystrophin constructs. Dys®R2-1/AR18-2/ACT gy had an intermediate
eccentric force loss that was significantly different from C57BL/10 from contractions 6 through 10. The interaction between contraction number and genotype was sig-
nificant by two-way ANOVA (interaction P<0.001). (C) Final eccentric force at contraction 10 as a percentage of contraction 1 for each mouse line (one-way ANOVA;
P<0.001). (D) mdx and Dp116-mdx muscles had significantly higher passive stiffness compared to C57BL/10 and all mini- and micro-dystrophin constructs (one-way
ANOVA; P<0.001). Both one-way and two-way ANOVAs used Bonferroni post-hoc t-tests to confirm individual differences with post-hoc P<0.05 considered significant.
*Statistically different from C57BL/10. Error bars are mean+SEM. The symbol color-to-genotype scheme in Figure 5C and D was also utilized for Figure 5A and B.

protected from force loss, also exhibited detyrosinated a-tubulin
reduced to C57BL/10 levels; data that support a connection
between elevated detyrosinated a-tubulin and susceptibility to
force loss. However, the Fiona-mdx mouse which expresses full-
length transgenic utrophin on the mdx background has C57BL/
10 levels of detyrosinated a-tubulin (29) and still suffers from
in vivo eccentric contraction-induced force loss (5). While we
believe that microtubules influence force loss, it is worth noting
that mini- or micro-dystrophin expression improves an array of
mdx perturbations beyond microtubules which may also modu-
late force loss.

Detyrosinated a-tubulin has also been linked to increased
cytoskeletal stiffness and reduced cardiomyocyte contractility
(31,32). Detyrosinated a-tubulin was shown to interact with the
desmin intermediate filament network to form crosslinks which
led to an overall increase in cytoskeletal stiffness (32). We have
previously noted elevated detyrosinated o-tubulin, desmin and
passive stiffness in the Dys*’*7%-mdx mouse (29), which lacks

the CT and therefore suggested a possible role for the CT in reg-
ulating passive stiffness. However, we now show that passive
stiffness remains significantly elevated in Dp116-mdx, which
contains the CT, but is restored to C57BL/10 levels in multiple
mini- and micro-dystrophin transgenic lines lacking the CT.
Our data agree with previous characterization demonstrating
reduced muscle stiffness in Dys*H?®°.mdx, Dys®R**2/ACT_mdx
and DysAR2-15/aR18-23/ACT 14y as compared to mdx (46). We do,
however, find additional support for the co-requirement of ele-
vated detyrosinated o-tubulin and desmin for increased passive
stiffness. In both mdx and Dp116-mdx we measured increased
immunoreactivity of detyrosinated o-tubulin and desmin pro-
tein that segregated with the elevated passive stiffness only
exhibited by these two lines. Dys*®*2¥2CT_mdx and Dys*R*1%
ARI8-23/ACT_mdx, which exhibit C57BL/10 levels of passive stiff-
ness, also have elevated desmin protein but remain not differ-
ent than C57BL/10 for detyrosinated o-tubulin. As passive
stiffness is a robust phenotype of dystrophic muscle (52-55),
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correction or normalization to C57BL/10 levels has been identi-
fied as clinically important and more work on the pathome-
chanism is needed to determine all contributing factors (56,57).

Susceptibility of dystrophic muscle to eccentric contractions
was first characterized in 1993 (58,59) and has become a founda-
tional efficacy test for various therapeutic and pharmacological
therapies. We confirm that all miniaturized dystrophins studied
rescue in vivo and ex vivo eccentric contraction-induced force
drop as previously described (5,35,36), but present new evidence
that removal of the R2-3 region of dystrophin impacts suscepti-
bility to eccentric contraction-induced force drop. Biophysical
characterization of dystrophin repeats identified a phospholipid
binding domain associated with R1-3 (60,61). Binding is thought
to occur through electrostatic and hydrophobic interactions (60)
involving tryptophan residues (62) and anionic phospholipid
phosphatidylserine (63). Others have previously speculated that
the interactions associated with R1-3 might impact mini-
dystrophin functionality (61,64). Because Dys*R2-15/AR18-23/ACT.
mdx lacking spectrin-like repeats 2 and 3 exhibits a small yet
significant force loss following ex vivo eccentric contractions,
our data support a role for the dystrophin R1-3 phospholipid
binding domain in modulating radial force transmission and
mechanical vulnerability. Indeed, there are multiple DMD and
BMD patients that exhibit large in-frame deletions that include
loss of R1-3 and flanking regions, as well as a few documented
BMD cases that are attributed to deletions solely within R1-3 of
dystrophin (65,66). Additionally, while mini- and micro-
dystrophin transgenic expression has been shown to prevent
Evans blue dye infiltration into skeletal muscle of basally active
mice (36,67) we do not know if these transgenes leave the mice
susceptible to sarcolemmal damage during and following a bout
of eccentric contractions.

In summary, our studies support important roles for the NT
and CR domains of dystrophin in restoration of mdx microtu-
bule lattice organization and density toward C57BL/10. Our
results also suggest microtubule organization modulates sus-
ceptibility to eccentric contraction-induced force drop in
dystrophin-deficient skeletal muscle, and that spectrin-like
repeats R1-3 are required for complete protection. In conclu-
sion, our data support further study of dystrophin R1-3 and
R20-24 as they pertain to eccentric contraction-induced force
loss and microtubule organization, respectively.

Materials and Methods

Mice—all animals were housed and treated in accordance with
the standards set by the University of Minnesota Institutional
Animal Care and Use Committee. C57BL/10 (wild-type), mdx and
DBA/2] mice used in this study were obtained from The Jackson
Laboratory. DBA/2J-mdx mice were a kind gift from Dr. Michael
Kyba at the University of Minnesota. Generation of Dys"H?®15-
mdx (35), DysAHZ—R19/ACT_de (36), DySAR‘FQ:&/ACT-de (37), DysARZ—
15/AR18-23/ACT_pdx (37) and Dp116-mdx (38) mice were previously
reported. Transgenic mice expressing a floxed-pDysAR24-R23/
ACT transgene (fluDys) regulated by the human «-skeletal actin
promoter were generated at the University of Washington
transgenic animal core laboratory. Full details will be described
elsewhere (Ramos et al., manuscript in preparation). All trans-
genic dystrophin lines were backcrossed onto the mdx (C57BL/
10ScSn-Dmd™%/j) mouse strain obtained from The Jackson
Laboratory. All mice used in this study were adult males (3-6
months of age).

Immunofluorescence—EDL muscles were cryopreserved in
melting isopentane. Ten micrometer transverse sections were
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cut and fixed in —20°C acetone. Sections were washed with
phosphate buffered saline (PBS) and blocked with goat serum or
bovine serum albumin followed by Rodent Block M (Biocare
Medical). Primary antibodies including 1:1000 anti-dystrophin
N-terminus (Rb2, described in Rybakova et al., 1996), 1:400 anti-
dystrophin C-terminus (Dys2, Leica) and 1:2000 anti-laminin
(L0663, Sigma Aldrich) were incubated overnight in a humidified
chamber at 4°C. Slides were washed with 0.1% triton in PBS.
Secondary antibody incubation occurred for 1 h at room tem-
perature with goat anti-rat Alexa Fluor 488 and goat anti-rabbit
Alexa Fluor 568 or donkey anti-mouse Alexa Flour 568. Slides
were washed with 0.1% triton in PBS and sealed using Prolong
Gold antifade reagent with DAPI (Cell Signaling Technology). A
Deltavision PersonalDV deconvolution microscope acquired
20x images that are representative of n = 2 mice per genotype.

Western blot analysis—gastrocnemius muscles were
mechanically disrupted with mortar and pestle in liquid nitro-
gen. Ground tissue was lysed with 1% sodium dodecyl sulfate in
1xPBS with protease inhibitors (100 uM Aprotinin, 0.79 mg/ml
benzamide, 10 nM E-64, 10 uM leupeptin, 0.1 mg/ml pepstatin,
1 mM phenylmethylsulfonyl fluoride; Sigma-Aldrich). Protein
lysate was clarified by centrifugation and concentration meas-
ured by Ayg absorbance. Forty microgram (desmin blots) or
50 pg (detyrosinated tubulin blots) of total protein was loaded
on a 10% polyacrylamide gel for 1.25 h at 150 V. Protein was
transferred  to  polyvinylidene  fluoride = membrane
(MilliporeSigma) at 0.8 A for 1.5 h. Membranes were blocked
in 5% non-fat milk in PBS for 1 h. Primary antibodies included
1:10 000 anti-deTyr-tubulin [gift from Dr. Gregg Gundersen (27)],
1:1000 anti-Desmin (DE-U-10, Sigma Aldrich) and 1:10000 anti-
GAPDH (71.1, Sigma Aldrich) were incubated overnight at 4°C.
Secondary antibodies, DyLight 680 and 800 (1:10000, Cell
Signaling), were incubated for 1 h at room temperature.
Membranes were imaged and band density quantified with a
Licor Odyssey Infrared Imaging System and accompanying soft-
ware. Western blots were representative of n > 4 for each
genotype.

Muscle Fiber Imaging—EDL muscles were harvested from
perfusion-fixed mice and immunostained with 1:200 anti-o-
tubulin (DM1A; Sigma Aldrich). Perfusion media [50 mM pipes,
5 mM EGTA, 2 mM MgS04, 10% (vol/vol) DMSO and 0.1% triton
X-100, pH 6.8] contained 4% (wt/vol) paraformaldehyde. Muscles
were further post-fixed in 4% (wt/vol) paraformaldehyde in PBS
(PBS: 8 mM NaH2PO4, 42 mM Na2HPO4 and 150 mM NacCl, pH
7.5) for 24 h while rotating. Single muscle fibers or bundles of
two or three muscle fibers were mechanically teased apart and
incubated with anti-a-tubulin overnight at 4°C with rotation.
Secondary staining with goat anti-mouse secondary antibody
coupled to Alexa Fluor 568 at 1:250 (Invitrogen) for 2 h at room
temperature was used for visualization. Fibers were mounted
on slides using Prolong Gold antifade reagent with DAPI (Cell
Signaling Technology) to visualize nuclei. Fibers were imaged
on the Olympus FluoView FV1000 with the 60x oil immersion
objective using the accompanying software. ImageJ sum slices
projection was used to combine Z-stacks of 2-3 sarcolemmal
images. Brightness and contrast were adjusted using Image]J.
Images are representative of n >3 mice per genotype and n > 10
fibers per mouse.

Quantitative microtubule lattice analysis—directionality:
using a previously developed directionality analysis program
[TeDT (45)], microtubule lattice directionality was calculated for
all mouse lines, minimally n> 3 mice per genotype and n > 10
fibers per mouse. Microtubule directionality proportions were
normalized to extend 0 and 1 (relative Hp). Density: density of
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the microtubule lattice was calculated as a fraction of pixels
above threshold for all images obtained for directionality analy-
sis. The researcher was blinded to mouse genotype for the dura-
tion of the density analysis.

In vivo muscle torque measurements—mice were anesthe-
tized with isoflurane and tested for peak isometric torque gen-
eration of the anterior crural muscles. A total of 70 eccentric
contractions were initiated through percutaneous stimulation
of the common peroneal nerve. The foot was passively rotated
about the ankle from 0 to 19° dorsiflexion followed by 38° of
plantarflexion at 2000°/s using an optimized voltage. Each
eccentric contraction was separated by 10 s. Eccentric torque is
plotted as a percentage of torque generated on the first eccentric
contraction.

Ex vivo EDL force measurements—mice were anaesthetized
with 75 mg/kg pentobarbital and analyzed for susceptibility to
eccentric contractions. EDL muscles were anchored to a force
transducer and incubated in Krebs-Ringer bicarbonate buffer.
Baseline contractile force measurements and passive stiffness
were conducted as previously described (68). For eccentric con-
tractions, EDL muscles were passively shortened to 95% resting
length and then maximally stimulated for 200 ms while the
muscle was simultaneously lengthened to 105% resting length
at 0.5 lengths/s. Each contraction was separated by 3 min to
avoid fatigue (69).

Supplementary Material

Supplementary Material is available at HMG online.
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