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Dystrophin and utrophin are highly similar proteins that both link
cortical actin filaments with a complex of sarcolemmal glycopro-
teins, yet localize to different subcellular domains within normal
muscle cells. Inmdxmice and Duchennemuscular dystrophy patients,
dystrophin is lacking and utrophin is consequently up-regulated
and redistributed to locations normally occupied by dystrophin.
Transgenic overexpression of utrophin has been shown to signif-
icantly improve aspects of the disease phenotype in the mdx
mouse; therefore, utrophin up-regulation is under intense investi-
gation as a potential therapy for Duchenne muscular dystrophy.
Here we biochemically compared the previously documented mi-
crotubule binding activity of dystrophin with utrophin and ana-
lyzed several transgenic mouse models to identify phenotypes of
the mdx mouse that remain despite transgenic utrophin overex-
pression. Our in vitro analyses revealed that dystrophin binds
microtubules with high affinity and pauses microtubule polymer-
ization, whereas utrophin has no activity in either assay. We also
found that transgenic utrophin overexpression does not correct
subsarcolemmal microtubule lattice disorganization, loss of torque
production after in vivo eccentric contractions, or physical inactiv-
ity after mild exercise. Finally, our data suggest that exercise-
induced inactivity correlates with loss of sarcolemmal neuronal NOS
localization in mdx muscle, whereas loss of in vivo torque produc-
tion after eccentric contraction-induced injury is associated with
microtubule lattice disorganization.

Duchenne muscular dystrophy (DMD) is a lethal X-linked
disease found in approximately 1 of every 4,000 live male

births and is caused by loss-of-function mutations in the DMD
gene encoding dystrophin (1, 2). The dystrophin protein consists
of an amino-terminal tandem calponin-homology actin binding
domain, a large rod domain composed of spectrin-like repeats
and flexible hinge regions, within which lie a second actin binding
domain and the neuronal nitric oxide synthase (nNOS) binding
domain, and cysteine-rich and carboxyl-terminal domains (3–9).
Dystrophin is enriched at subsarcolemmal protein assemblies
known as costameres, where it couples actin and intermediate
filaments to a membrane-associated glycoprotein complex (10–12).
Through its many protein interactions, dystrophin is hypothe-
sized to protect against contraction-induced muscle damage via
radial force transmission and stabilization of the sarcolemma
(13–15). Additionally, through both direct and indirect inter-
actions via proteins such as ankyrin-B and obscurin, dystrophin
has been found to bind microtubules to form a rectilinear lattice
beneath the sarcolemma (16–20).
The commonly used mdx mouse model of DMD encodes a

nonsense mutation in exon 23 of the DMD transcript ablating
dystrophin protein expression (21, 22). Similar to DMD patients,
the mdx mouse displays widespread muscle weakness, under-
goes repetitive rounds of muscle degeneration and regeneration,
and is highly susceptible to contraction-induced injury, losing
almost all force-generating capacity after as few as five ec-
centric contractions (22–25). However, although the mdx mouse

recapitulates some phenotypes associated with DMD, it has a
normal lifespan and presents with an overall milder phenotype
than do DMD patients (26). This relatively mild dystrophic
phenotype is partially attributed to up-regulation of the protein
utrophin. Much like dystrophin, utrophin contains an amino-
terminal tandem calponin-homology domain that binds actin, a
large central rod domain, and cysteine-rich and carboxyl-termi-
nal domains (27–29). Because of its structural and functional
similarity to dystrophin, utrophin is under active investigation as
a potential therapy for DMD (30, 31). In fact, increased utrophin
levels have been shown to correlate with improved prognosis in
a small cohort of DMD patients (32). Furthermore, transgenic
overexpression of utrophin in the Fiona-mdx mouse rescues many
of the dystrophic phenotypes of the mdx mouse (33).
Although the mdx mouse expresses increased utrophin, these

levels fail to restore nNOS to the sarcolemma or rescue the
disorganized microtubule lattice that results owing to loss of
dystrophin (16, 19, 34, 35), indicating that utrophin cannot fully
compensate for the lack of dystrophin. There are two main
possibilities why endogenously up-regulated utrophin fails to
retain microtubule lattice organization. The first possibility is
that the microtubule binding function of dystrophin is not con-
served in utrophin. A precedent for this hypothesis has already
been shown in regard to nNOS. In normal muscle, dystrophin
localizes nNOS to the sarcolemma, where it functions to regulate
vasodilation during active muscle contraction (36–40). However,
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in dystrophic muscle, the loss of nNOS localization to the sar-
colemma correlates with several pathophysiologic phenotypes,
including a dramatic reduction in physical activity after mild
exercise (37, 38). The transgenic utrophin overexpression mouse
model does not restore the localization of nNOS to the sarco-
lemma, making this the only thus-far documentedmdx phenotype
not rescued in the Fiona-mdx mouse (9, 34). The second possi-
bility is that the amount of endogenous utrophin up-regulation in
themdxmouse is simply insufficient to restore microtubule lattice
organization. In support of this hypothesis, endogenous utrophin
up-regulation in the mdx mouse is insufficient to mechanically an-
chor costameric actin filaments to the sarcolemma, whereas trans-
genic utrophin overexpression in the Fiona-mdx mouse restores
coupling (29). Thus, the lack of microtubule lattice organization in
mdx muscle may be due to an absence of microtubule binding ac-
tivity in utrophin or to insufficient utrophin expression.
Here we show that microtubule lattice disorganization persists

in the presence of transgenically overexpressed utrophin owing
to the absence of intrinsic microtubule binding activity in utrophin.
Additionally, we show that the microtubule binding domain of
dystrophin resides within spectrin-like repeats 20–23. Moreover,
we show that the loss of nNOS localization contributes to loss of
physical activity after mild exercise independent of microtubule
organization, whereas microtubule disorganization contributes
to torque loss after eccentric contraction-induced injury in vivo.
Our data further define the distinct pathophysiological con-
sequences of nNOS mislocalization and microtubule disorgani-
zation associated with dystrophinopathy that are not rescued by
the surrogate utrophin.

Results
Utrophin Lacks Microtubule Binding Activity in Vivo and in Vitro.
To determine whether overexpression of utrophin could rescue
microtubule disorganization in dystrophin-deficient mouse ex-
tensor digitorum longus (EDL) muscle fibers, we compared mdx
mice transgenically overexpressing utrophin (Fiona-mdx), nearly
full-length dystrophin (Dys-TG-mdx), or a miniaturized dystro-
phin (mini-Dys-TG-mdx) lacking spectrin-like repeats 4 through
19 (33, 41, 42). Western blotting of quadriceps muscle lysates
verified that all three transgenic proteins are overexpressed above
WT levels (Fig. S1). Unlike WT mice, which show rectilinear
microtubule lattice organization (Fig. 1A), the subsarcolemmal
microtubule lattice in the Fiona-mdx mouse remained highly
disorganized, with morphology similar to that observed in mdx
muscle (Fig. 1 B and C). Conversely, the Dys-TG-mdx and mini-
Dys-TG-mdx mice showed rectilinear microtubule lattice orga-
nization comparable to that of WT mice (Fig. 1 D and E). Ad-
ditionally, in agreement with previously published data (43), we
find that mdx mice have a significantly denser subsarcolemmal
microtubule network than all other mouse lines (Fig. S2A; den-
sity = 61.5% ± 3.4%). Conversely, WT and Dys-TG-mdx mice
display the least dense networks (27.8% ± 1.8% and 31.8% ±
1.5%, respectively), whereas the Fiona-mdx and mini-Dys-TG-
mdx mice display intermediate network densities (48.4% ± 1.7%
and 45%.8 ± 2.0%, respectively). WT and Dys-TG-mdx were
significantly different from Fiona-mdx and mini-Dys-TG-mdx
mice, and all lines were significantly different from mdx mice
(P < 0.01 for all statistically significant comparisons). Moreover,
we quantitatively analyzed microtubule lattice images using a
recently developed program (44) for analyzing microtubule di-
rectionality (TeDT). In agreement with previously published
data (19, 20, 35, 44, 45), the directionality histograms (Fig. S2B)
resulting from TeDT analysis revealed a significant decrease in
the presence of transversely oriented microtubules (centered
around 90°) in mdx and Fiona-mdx mice that were present in
WT, Dys-TG-mdx, and mini-Dys-TG-mdxmice (P < 0.05). There
was no significant difference between any of the mouse lines with
respect to the longitudinally oriented microtubules (0° and 180°).

These data indicate that transgenic utrophin overexpression is
insufficient to restore normal microtubule lattice organization in
mdx skeletal muscle and confirm that the absence of dystrophin
mainly results in loss of the transverse microtubule element of
the subsarcolemmal microtubule lattice.
To further understand why utrophin overexpression failed to

restore microtubule lattice organization in mdx muscle, we mea-
sured the microtubule binding activities for an array of naturally
occurring dystrophin isoforms, therapeutically relevant internally

WT Tubulin

Fiona-mdx

mdx

Dys-TG-mdx

mini-Dys-TG-mdx

A

B
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E

Fig. 1. Microtubule organization in 6-mo-old mouse EDL muscle fibers. (A)
When dystrophin is present (WT), microtubules are organized into a recti-
linear lattice beneath the sarcolemma. (B) In the absence of dystrophin
(mdx), the microtubule lattice becomes disordered. (C) Transgenic over-
expression of utrophin in the absence of dystrophin (Fiona-mdx) does not
rescue the disorganized microtubule lattice. (D) Transgenic overexpression
of nearly full-length dystrophin (Dys-TG-mdx) or (E) mini-dystrophin (mini-
Dys-TG-mdx) in the absence of endogenous dystrophin rescues the micro-
tubule lattice. Images are representative of those obtained for n ≥ 10 fibers
from each of n ≥ 3 mice per genotype. (Scale bar, 20 μm.)
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truncated dystrophin constructs, and utrophin using an estab-
lished high-speed microtubule cosedimentation assay (Fig. 2A).
Only full-length dystrophin (KD = 0.33 μM), Dp260 (KD = 0.26
μM), and mini Dys (KD = 0.38 μM) showed specific microtubule
binding, whereas all other constructs, including utrophin, exhibited
no measureable specific binding (Fig. 2B). These data indicate that
utrophin overexpression fails to restore microtubule lattice orga-
nization in mdx muscle (Fig. 1C) because it lacks the microtubule
binding activity intrinsic to dystrophin. Additionally, on the basis of
the minimal region common to the dystrophin constructs that bind
microtubules, we hypothesize that spectrin-like repeats 20–23 en-
code the microtubule binding domain of dystrophin.

Dystrophin Acts as a Molecular Guidepost to Organize the Microtubule
Lattice. To investigate the regulation of microtubule localization/
organization, we coupled either dystrophin or utrophin to fluo-
rescent microparticles and imaged the dystrophin/microtubule or
utrophin/microtubule interaction as free fluorescent tubulin was
allowed to polymerize off immobilized seeds toward these pro-
tein-coated microparticles (46). Kymographs of the image data
revealed that microtubules significantly paused when in contact
with a dystrophin-coated microparticle (Fig. 3 A, C, E, and G),
whereas microtubule pausing was not observed when micro-
tubules encountered a utrophin-coated microparticle (Fig. 3 B,
D, F, and G). These in vitro data support recent in vivo studies
suggesting that dystrophin may act as a molecular guidepost
to define domains along which microtubules preferentially grow

(45). Our results indicate that utrophin does not recapitulate this
function of dystrophin.
To better understand the cellular role of dystrophin binding

to microtubules, we performed experiments to address the pos-
sibility that dystrophin may regulate tubulin dynamics and/or
microtubule bundling. The rate of tubulin polymerization was not
measurably different in the absence or presence of dystrophin
(2.42 mOD/min and 2.46 mOD/min for tubulin and tubulin plus
dystrophin, respectively), or utrophin (2.38 mOD/min), suggest-
ing that neither dystrophin nor utrophin have any effect on tu-
bulin polymerization (Fig. S3A). Over the course of 30 min, the
rate of tubulin depolymerization (−8.75%/min) was no different
regardless of whether dystrophin or utrophin were present
(−8.01%/min and −6.92%/min, respectively; Fig. S3B), suggest-
ing that neither dystrophin nor utrophin has any effect on mi-
crotubule depolymerization. Last, we incubated both red and
green fluorescently labeled microtubules in the absence or
presence of dystrophin or utrophin. Microtubule bundling induced
by tau was detected as yellow fluorescence, indicating the close
apposition of separately labeled red and green microtubules.
Although neither dystrophin nor utrophin induced detectable
microtubule bundling activity in vitro (Fig. S3C), it remains pos-
sible that dystrophin can bundle microtubules in vivo, although we
(Fig. 1) and others (43) have measured greater microtubule den-
sity in dystrophin-deficient mdx muscle.

Microtubule Disorganization and nNOS Mislocalization Correlate with
Distinct Pathophysiological Phenotypes. The mdx mouse shows
greatly reduced physical activity after mild exercise that has been
attributed to a lack of contraction-induced signaling from sar-
colemmal-localized nNOS (37–40, 47). Although transgenic over-
expression of utrophin in the Fiona-mdx mouse clearly fails to
restore sarcolemmal nNOS localization (34), physical activity
levels after mild exercise have not yet been measured. Similar
to previously reported data (47), we found that mdx mice were
significantly less active compared with WT mice after mild exercise
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Fig. 2. Domain structure and microtubule binding properties of dystrophin
and utrophin. (A) Schematic representation of dystrophin and utrophin
protein constructs. Ovals represent spectrin-like repeats, diamonds represent
hinge regions. Homologous repeats are aligned. Dystrophin repeats 15 and
19 do not have homologous repeats in utrophin. ABD, actin binding domain;
nNOS BD, nNOS binding domain; MTBD, microtubule binding domain; DgBD,
β-dystroglycan binding domain; NT, N terminus; CT, C terminus; CR, cysteine
rich domain. (B) Microtubule binding curves of constructs assayed. Dystrophin
binds microtubules with high affinity (KD = 0.33 μM), as do Dp260 (KD = 0.26
μM) and mini-dystrophin (KD = 0.38 μM), whereas all other dystrophin con-
structs and utrophin display no specific microtubule binding.
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(n = 6) interaction time is significantly greater than the utrophin/microtu-
bule (n = 8) interaction time. Data are presented as means ± SE. *P < 0.001.
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(Fig. 4; P < 0.001). The Fiona-mdx mice showed intermediate
postexercise physical activity that was significantly greater than in
mdx mice (P = 0.029) but also significantly less than that of WT
(P = 0.004) and Dys-TG-mdx mice (P = 0.036). Because Fiona-
mdxmice were significantly more active thanmdxmice after mild
exercise, our data support the idea that the underlying mecha-
nism of postexercise inactivity in mdx muscle is more complex
and attributable to more than solely the loss of sarcolemmal
nNOS localization (37). Interestingly, the mini-Dys-TG-mdx
mouse, which shows rescued microtubule morphology (Fig. 1E)
but lacks the nNOS binding domain (34), exhibited postexercise
activity that mirrored the activity of the Fiona-mdx mouse (P =
0.685), suggesting that microtubule lattice disorganization does
not contribute to exercise-induced inactivity.
Moving from the whole mouse to intact muscle groups, we

measured in vivo torque production by the anterior crural mus-
cles (EDL, extensor hallicus longus, and tibialis anterior) in each
mouse line in response to repeated rounds of eccentric con-
traction-induced injury. This in vivo assay is designed to reveal
more subtle differences between the WT, mdx, and transgenic
mdx lines in resistance to more stringent mechanical stresses (48,
49). Overall, the effect of genotype on torque loss was dependent
on contraction number (Fig. 5A; significant interaction between
genotype and contraction, P < 0.001). Compared with WT, mdx
mice exhibited a drastic loss in torque production, whereas Dys-
TG-mdx and mini-Dys-TG-mdx mice both showed losses of tor-
que production equivalent to that in WT mice. Interestingly,
Fiona-mdx mice showed an intermediate loss of torque production
that was significantly different from both mdx and the other
mouse lines evaluated over the first 60 eccentric contractions.
Over the last 10 eccentric contractions, Fiona-mdx mice began to
become indistinguishable from mdx mice (P = 0.057, 0.145, and
0.233 for contractions 60, 65, and 70, respectively), possibly in-
dicating transient protection from contraction-induced injury in
the Fiona-mdx mice that wanes to mdx levels as contractions
continue. These data suggest that microtubule lattice disorgani-
zation contributes to contraction-induced injury because Fiona-
mdx mice, which lack both nNOS and have disordered micro-
tubules, were sensitive to injury, whereas mini-Dys-TG-mdx
mice, which also lack nNOS but have rescued microtubule

organization, were resistant to injury. This also suggests that
nNOS localization to the sarcolemma or lack thereof has no
bearing on susceptibility to contraction-induced injury. However,
Fiona-mdx mice were significantly more protected from injury
than mdx mice, indicating that the underlying mechanism of
contraction-induced injury in mdx muscle is more complex and
cannot solely be attributed to microtubule lattice disorganization.
Last, we measured ex vivo contractile function in isolated EDL

muscles from the various mouse lines. The contraction-induced
injury protocol exposed muscles to repeated eccentric contrac-
tions (25). Overall, the effect of genotype on force loss was de-
pendent on contraction number (Fig. 5B and Table S1; significant
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interaction between genotype and contraction, P < 0.001). The mdx
EDL showed a statistically significant loss of force production after
a single eccentric contraction, which plateaued to 15% of WT force
production by the fifth eccentric contraction. Consistent with pre-
vious studies (33, 38, 41), isolated Fiona-mdx and Dys-TG-mdx
EDL muscles revealed no statistically significant force loss com-
pared with WT EDL muscles, even after 10 consecutive eccentric
contractions.

Discussion
Multiple groups have shown that proper microtubule function is
necessary for myotube formation (50–52) and that the microtu-
bule (+) end binding protein EB1 is necessary for this process
(53). Additionally, it is known that vesicular trafficking and
organelle localization require proper microtubule function in
muscle cells (20, 54). Despite these insights into microtubule
function, little is known about the relevance of microtubule
tethering and lattice organization in skeletal muscle. Studies in
other cell types have shown that the CLASP family of proteins is
responsible for tethering microtubule (+) ends to the cell cortex,
thereby organizing them spatially and inhibiting their depolymer-
ization (55–57). These studies provide a basis from which to
speculate that dystrophin may play a similar tethering role in
skeletal muscle. In the present study, we find that dystrophin does
not affect tubulin polymerization, microtubule depolymerization,
or microtubule bundling, but does indeed tether growing micro-
tubules in an in vitro assay. Our data provide a molecular basis
for a recent in vivo microtubule dynamics study that hypothe-
sized a molecular guidepost function for dystrophin in organizing
the subsarcolemmal microtubule lattice in adult skeletal muscle
fibers (45).
In the absence of dystrophin, the subsarcolemmal microtubule

lattice becomes disorganized (19, 20, 35, 44), and this disorga-
nization contributes to the dystrophic phenotype of the mdx
mouse (43, 58). Like dystrophin, utrophin couples membrane-
bound dystrophin-associated proteins with costameric actin fil-
aments, suggesting that up-regulation of utrophin could com-
pensate for the loss of dystrophin (28–31). However, here we
show that utrophin exhibits no microtubule binding activity in
vitro and that transgenic overexpression of utrophin fails to rescue
microtubule lattice disorganization in mdx muscle. BLASTp anal-
ysis of the microtubule binding repeats 20–23 in dystrophin reports
only 42% identity to the homologous utrophin repeats. These
data may have implications for therapies that aim to up-regulate
utrophin in DMD patients in an attempt to compensate for the
lack of dystrophin because these therapies will not rescue mi-
crotubule lattice organization.
Our previous data led us to hypothesize that microtubule bind-

ing activity is localized to spectrin-like repeat 24 through the
first third of the WW domain (19). However, the cosedimenta-
tion assay used previously (19) was performed on skeletal muscle
lysates from mice expressing endogenous dystrophin or trans-
genic dystrophin constructs, which cannot distinguish between
direct and indirect interactions, and dystrophin also interacts
with microtubules via ankyrin-B (16, 59). Here, using purified
recombinant dystrophin proteins and tubulin in a high-speed
cosedimentation assay, we identified spectrin-like repeats 20–23
in the direct binding interaction of dystrophin with microtubules.
Microtubule lattice derangement in the mdx mouse has re-

cently been linked to an increase in reactive oxygen species
(ROS) and aberrant calcium regulation, providing evidence
for a microtubule-associated pathophysiology in DMD (43, 58).
Here, we report that microtubule disorganization significantly

contributes by additional mechanisms to the pathophysiology of
the mdx mouse. Independent of sarcolemmal nNOS localization,
we conclude that the in vivo torque loss ofmdxmice in response to
contraction-induced injury is associated with microtubule lattice
disorganization. Because excess ROS signaling and increased
intracellular calcium are thought to contribute to contraction-
induced injury, our results support a link between these and mi-
crotubule lattice disorganization. Additionally, previous studies
have shown that mitochondria move to sites of damage in healthy
muscle, presumably along microtubules (60). Therefore, micro-
tubule lattice disorganization may affect how mitochondria re-
spond to injury, thus leading to increased ROS signaling and
impaired calcium handling. Moreover, subsarcolemmal mitochon-
dria are less dense in mdx muscle, supporting the idea that they
are not functioning properly (61). Thus, it is possible that mi-
crotubule disorganization may impair mitochondrial localization
and function, limiting the buffering capacity of the cell and ren-
dering it more susceptible to contraction-induced damage.
In addition to the differences in microtubule binding of dys-

trophin and utrophin, it has been previously established that
dystrophin localizes nNOS to the sarcolemma, whereas utrophin
does not. Mice lacking sarcolemmal nNOS exhibit dramatically
reduced cage activity after mild exercise (47). Although sarco-
lemmal nNOS localization is not rescued by the endogenous
utrophin overexpression in mdx muscle or by transgenic utrophin
overexpression in Fiona-mdx muscle (34), we show that post-
exercise activity in mdx mice is partially rescued by transgenic
utrophin overexpression. Whereas mdx mice lose almost all phys-
ical activity after mild exercise, Fiona-mdx mice retain approxi-
mately half of WT physical activity levels after mild exercise. To us,
this indicates that although nNOS almost certainly contributes
to restoration of physical activity after exercise, it cannot be the
sole contributing factor. We therefore posit that the decreased
rounds of muscle degeneration and regeneration, the increased
sarcolemmal stability, and the lack of many other dystrophic
phenotypes in the Fiona-mdx mouse at least partially contribute
to this increased physical activity after mild exercise.
In summary, we show that utrophin lacks the intrinsic micro-

tubule binding activity of dystrophin repeats 20–23, illustrating
another key functional difference between dystrophin and utro-
phin, which should be taken into consideration in the development
of utrophin-based therapies for treating DMD. Additionally, we
provide data in support of a molecular guidepost function for
dystrophin, which would serve to anchor microtubules to the
costamere as a means to guide microtubule lattice organiza-
tion in skeletal muscle.

Materials and Methods
All animals were housed and treated in accordance with the standards set by
the University of Minnesota Institutional Animal Care and Use Committee.
Fiona-mdx mice were kind gifts from Kay E. Davies (University of Oxford,
Oxford, UK). Dys-TG-mdx and mini-Dys-TG-mdx mice were kind gifts from
Jeffrey S. Chamberlain (University of Washington, Seattle, WA). Detailed
descriptions of reagents, EDL fiber imaging, mouse physiological assays,
protein expression and purification, and microtubule assays are provided in
SI Materials and Methods.
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