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NO more muscle fatigue
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NOS is a key enzyme in the production of NO, a molecule that directly regu-
lates vasorelaxation and blood supply. Diverse forms of muscle disease have
been clinically associated with unusual fatigue after exercise. The local-
ization of neuronal NOS (nNOS) at the plasma membrane of muscle has
recently been shown to prevent muscle fatigue after exercise. In this issue of
the JCI, Lai et al. show that dystrophin — the structural protein missing in
individuals with Duchenne muscular dystrophy — anchors nNOS to the sar-
colemma through a direct interaction with dystrophin spectrin-like repeats
16 and 17 (see the related article beginning on page 624). Furthermore, in
another recently reported study of mouse models of muscular dystrophy,
phosphodiesterase 5A inhibitors were used to treat the downstream isch-
emia that is associated with nNOS mislocalization. Collectively, these find-
ings significantly advance our understanding of exercise-induced muscle

fatigue and its role in muscle disease.

Dystrophin localizes neuronal NOS
to the plasma membrane of muscle
The dystrophin-associated protein complex
(Figure 1) is found at the plasma membrane
of skeletal muscle, where it provides stabil-
ity to the myofiber membrane during con-
traction (1). Genetic mutations that ablate
dystrophin expression lead to Duchenne
muscular dystrophy (DMD) in humans
and muscular dystrophy in mdx mice. Dys-
trophin is a long cytoskeletal protein that
contains an actin-binding site at its amino
terminus, 23 spectrin-like repeats inter-
rupted by four hinge points, and a carboxyl
terminus that links dystrophin to dystro-
glycan and the other transmembrane and
membrane-associated components of the
larger protein complex. The syntrophins
are cytosolic proteins. o-Syntrophin direct-
ly binds to neuronal NOS (nNOS or NOS1)
by way of its PDZ (postsynaptic density
95, discs large, and zonula occludens-1)
domains (2). Syntrophins bind directly
to dystrobrevins and dystrophin, and this
interaction was thought to be sufficient to
localize nNOS to the plasma membrane
(3). In the absence of dystrophin, nNOS is
lost from the plasma membrane (2).

The functional significance of nNOS dis-
placement from the sarcolemma of muscle
was previously shown to be associated
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with muscle ischemia in both mdx mice
and boys with DMD (4, 5). However, mice
engineered to lack nNOS itself lack the
overt features of muscular dystrophy, such
as muscle degeneration, reactive regenera-
tion, and fibrofatty replacement of muscle
(6, 7). In earlier studies, the phenotype of
mice lacking both nNOS and dystrophin
was no different from that observed in the
mdx model itself (6, 7).

However, recent reevaluation of nNOS-
null mice shows that male nNOS-null mice
have smaller muscle mass and reduced
force production compared with strain-
and sex-matched WT mice (8). When not-
malized for the smaller muscle mass, force
production in nNOS-null mice is normal.
However, nNOS-null mice display a spe-
cific deficit in adapting to exercise and
develop profound fatigue upon repeated
muscle contraction. Thus, loss of nNOS
or mislocalization of nNOS from its nor-
mal position at the plasma membrane
causes fatigue with exercise. Interestingly,
muscle expressing syntrophin that lacked
an nNOS-binding site was also found to
exhibit ischemia with exercise (9).

Minidystrophins only partially
correct muscular dystrophy

DMD develops when dystrophin is absent,
and gene replacement strategies have been
pursued through both viral delivery and
transgenesis. Internal truncations of dys-
trophin that leave the amino and carboxyl
termini intact occur naturally with the
milder muscle disease Becker muscular dys-
trophy (BMD). BMD patients display less
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muscle degeneration than DMD patients
but frequently note exercise-induced
fatigue (10). Gene replacement therapy for
DMD is limited by vector capacity, as the
dystrophin protein is large in size. There-
fore, smaller dystrophins called mini- or
microdystrophins have been engineered
to mimic what is naturally found in BMD
patients and have been extensively tested in
the mdx mouse (11, 12). Gene replacement
studies have shown that dystrophin lack-
ing the middle portion of the protein can
correct underlying pathology as long as the
actin-binding domain and carboxyterminal
domains are intact (13).

As now shown by Lai and colleagues in
this issue of the JCI, this strategy, while suc-
cessful at correcting histopathology, leaves
the treated animals unable to exercise to
the same extent as normal mice (14). To
explain the exercise deficit, they noted that
nNOS was not normally positioned at the
plasma membrane in mdx mice expressing
minidystrophins. Specifically, the authors
correlated the absence of dystrophin’s
spectrin-like repeats 16 and 17 with absent
plasma membrane nNOS and an inability
to undergo exercise conditioning. More-
over, these mice, referred to as AH2-R19
transgenic mdx mice, develop skeletal mus-
cle ischemia with exercise. Ischemia and
the absence of spectrin-like repeats 16 and
17 correlated with the inability to improve
exercise capacity over time (summarized in
Table 1). They concluded that association
of nNOS with the dystrophin complex
requires spectrin-like repeats 16 and 17 and
is necessary to produce vasodilation and
supply oxygen to exercising muscle. It was
previously shown that the syntrophin PDZ
domain was sufficient to anchor nNOS
(15). Together, these findings indicate that
nNOS requires both dystrophin and syn-
trophin for full localization and function
at the plasma membrane.

Muscle fatigue from nNOS
mislocalization can be treated with
phosphodiesterase 5A inhibitors
Recently, Kobayashi et al. studied the mdx
mouse as well as another model, the Sgca~~
mouse, which lacks a-sarcoglycan and
serves as a model of limb-girdle muscu-
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lar dystrophy (16). When these animals
were subjected to brief, mild exercise, they
would not exercise further, unlike normal
controls that continued to exercise. More-
over, in addition to being unable to sus-
tain normal levels of exercise, the animals
displayed arterial narrowing in skeletal
muscle and evidence of ischemia. nNOS
was displaced from the sarcolemma in
these models. Treatment of the mutant
animals with the phosphodiesterase SA
inhibitor sildenafil to enhance cyclic
GMP signaling and promote vasodilation
improved exercise ability and reduced evi-
dence of edema within the musculature.
These studies focused on skeletal muscle
pathology and treatment. Interestingly,
treatment of mdx mice with sildenafil was
also recently shown to be successful in

Table 1
Genetic models of nNOS mislocalization

Figure 1

commentaries

Mechanism for the localization of nNOS to the plasma membrane of muscle. Sarcolemmal
nNOS promotes vasodilation and improves blood flow into muscle. This blood flow is necessary
to prevent early fatigue with exercise. In this issue of the JCI, Lai et al. show that a direct inter-
action between dystrophin and nNOS is mediated by spectrin-like repeats 16 and 17 in dystro-
phin (SR16/17) (14). It was previously shown that a-syntrophin could directly bind nNOS by way
of its PDZ domain (15). Loss of dystrophin in humans with DMD or in mdx mice is associated
with reduction in levels of dystrophin-associated proteins including a-syntrophin and nNOS (2).
Work by Lai et al. (14) as well as recent reports by Kobayashi et al. (16) and Percival et al. (8)
now clarify that loss of NNOS from the plasma membrane mediates muscle fatigue after minimal
exercise and that this feature is present in diverse forms of muscle disease.

preventing cardiomyopathy and improv-
ing cardiac performance (17). Transgenic
overexpression of cyclic GMP in the hearts
of mdx mice was sufficient to ameliorate
cardiomyopathy. Thus, phosphodiester-
ase SA inhibition may be of benefit for
both cardiopulmonary performance and
skeletal muscle function in patients with
muscular dystrophy.

Displacement of nNOS from the sar-
colemma is not unique to DMD, and
Kobayashi et al. showed that nNOS levels
were reduced in many genetically distinct
forms of human muscle disease, includ-
ing those resulting from loss of the genes
encoding extracellular matrix proteins
laminin a2 and collagen VI (16). Muta-
tions in dysferlin are associated with defec-
tive muscle repair, and this distinct form
of muscular dystrophy was also shown
to be characterized by reduced levels of
nNOS (16). Whether neurogenic muscle
diseases share this nNOS-mediated isch-
emia has not yet been determined. These
observations raise interesting questions
since deconditioning itself is a component
of most neuromuscular disease. Thus, it is
possible that in the absence of genetic dis-
ease, deconditioning alone may be associ-
ated with relative ischemia and potential
mislocalization of nNOS from the plasma
membrane. Therefore, it is possible that

exercise conditioning could reverse nNOS
mislocalization and enhance blood flow
to the conditioned muscle. Whether this
mechanism of nNOS recruitment occurs
in normal muscle and is impaired in dis-
eased muscle are areas for future study.

In mdx muscle, repetitive muscle contrac-
tion leads to a reduction of force produc-
tion (18, 19). It was previously assumed
that this force reduction arose from con-
traction-induced membrane damage.
While this mechanism may still be at play,
muscle fatigue from nNOS-mediated
ischemia is also likely to be a significant
contributor. Recently, it was shown that
activation of the serine-threonine kinase
Akt prevents contraction-induced force
drop in mdx muscle (20). Akt or protein
interactions at the plasma membrane may
influence the local activity of NOS and
thereby regulate further its ability to pro-
mote blood flow and counteract muscle
fatigue. As gene therapy approaches for
DMD evolve, nNOS restoration mediated
by dystrophin spectrin-like repeats 16 and
17 will need to be incorporated in order to
correct muscle fatigue.
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Mouse model Muscular dystrophy Specific muscle Sarcolemmal Exercise recovery Refs.
(missing protein) pathology force nNOS
Normal Normal Normal Present Normal
max (dystrophin) Diseased Normal Absent Poor 2
Nos1-- (nNOS) Normal Normal Absent Poor 8
Sntat1~~ (a-syntrophin) Normal Normal Absent Poor 9
Dtna” (a-dystrobrevin) Diseased ? Reduced ? 21
AH2-R15 mdx transgene? Normal Normal Present Normal 14
AH2-R19 mdx transgene Normal Normal Absent Poor 14
Sedentary normal mice ? ? ? ?
AContains the spectrin-like repeats 16 and 17.
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PD-1 tempers Tregs in chronic HCV infection
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Adaptive T cell responses are critical for controlling infections with viruses
such as HIV, HBV, and HCV. However, these responses must be carefully
regulated because overly vigorous T cell activation can lead to excessive host
tissue damage. T cell expression of the inhibitory receptor programmed
death-1 (PD-1) and inhibition of effector T cells (Teffs) by CD4*Foxp3*
Tregs are among the many described mechanisms for achieving a balanced
immune response. Although the signals that contribute to Teff function are
well understood, less is known about the signals controlling Tregs. In this
issue of the JCI, Franceschini et al. extend our understanding of how Tregs
are modulated during chronic HCV infection by demonstrating that Treg
proliferation is inhibited by PD-1 and that this inhibition is mediated by a
potentially novel mechanism involving the prevention of IL-2-driven STAT-5
phosphorylation (see the related article beginning on page 551).

Tregs represent a subset of CD4* T cells
that can inhibit the proliferation and/or
cytokine production of responding effec-

Conflict of interest: The authors have declared that no
conflict of interest exists.

Nonstandard abbreviations used: ALT, alanine
transaminase; PD-1, programmed death-1; PD-L1,
programmed death ligand-1; SHP, Src homology
region 2-containing protein tyrosine phosphatase;
Teff, effector T cell.

Citation for this article: J. Clin. Invest. 119:450-453
(2009). d0i:10.1172/JCI38661.

tor T cells (Teffs). There are many pro-
posed mechanisms by which this can
occur, including production of IL-10 or
TGF-f or by acting as an “IL-2 sink” and
depleting Teffs of available IL-2 (1). Tregs
can be identified by the expression of the
transcription factor Foxp3 and by high-
level expression of CD25, the high-affinity
chain of the IL-2 receptor complex. Tregs
play a critical role in the maintenance of
immune tolerance (1), and accumulating
evidence suggests that they also play a cen-

tral role in balancing the immune response
to infection (2-4). They may be particularly
importantin preventing tissue injury in the
setting of chronic viral infections such as
HBV and HCV (4). Prior studies of patients
with HCV infection have reported higher
Treg levels in blood during chronic infec-
tion compared with resolved infection,
Treg accumulation at the site of infection,
and the ability of Tregs from the peripheral
blood to suppress CD4* and CD8" T cell
IFN-y production as well as CD4*CD25~
and HCV-specific CD8" T cell proliferation
(4). Despite these findings, there has been
an incomplete understanding of whether
Tregs can suppress highly activated liver-
infiltrating Teffs, how Tregs are regulated
in the liver, and whether Tregs alter clinical
outcomes of patients with HCV infection.

Liver-infiltrating Tregs inhibit Teffs

in chronic HCV infection

In order to fully understand the immune
deficits seen in HCV infection and the
mechanism of immune failure, it is critical
to study immune cells and signaling at the

450 The Journal of Clinical Investigation  http://www.jciorg ~ Volume 119  Number3  March 2009



