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ABSTRACT AMP-activated protein kinase (AMPK) is
a master regulator of metabolism. While muscle-spe-
cific AMPK �1�2 double-knockout (�1�2M-KO) mice
display alterations in metabolic and mitochondrial ca-
pacity, their severe exercise intolerance suggested a
secondary contributor to the observed phenotype. We
find that tibialis anterior (TA), but not soleus, muscles
of sedentary �1�2M-KO mice display a significant
myopathy (decreased myofiber areas, increased split
and necrotic myofibers, and increased centrally nucle-
ated myofibers. A mitochondrial- and fiber-type-specific
etiology to the myopathy was ruled out. However,
�1�2M-KO TA muscles displayed significant (P<0.05)
increases in platelet aggregation and apoptosis within
myofibers and surrounding interstitium (P<0.05).
These changes correlated with a 45% decrease in
capillary density (P<0.05). We hypothesized that the
�1�2M-KO myopathy in resting muscle resulted from
impaired AMPK-nNOS� signaling, causing increased
platelet aggregation, impaired vasodilation, and, ulti-
mately, ischemic injury. Consistent with this hypothesis,
AMPK-specific phosphorylation (Ser1446) of nNOS�
was decreased in �1�2M-KO compared to wild-type
(WT) mice. The AMPK-nNOS� relationship was fur-
ther demonstrated by administration of 5-aminoimida-
zole-4-carboxamide 1-�-D-ribofuranoside (AICAR) to
�1�2-MKO muscles and C2C12 myotubes. AICAR sig-

nificantly increased nNOS� phosphorylation and nitric
oxide production (P<0.05) within minutes of adminis-
tration in WT muscles and C2C12 myotubes but not in
�1�2M-KO muscles. These findings highlight the im-
portance of the AMPK-nNOS� pathway in resting skel-
etal muscle.—Thomas, M. M., Wang, D. C., D’Souza,
D. M., Krause, M. P., Layne, A. S., Criswell, D. S.,
O’Neill, H. M., Connor, M. K., Anderson, J. E., Kemp,
B. E., Steinberg, G. R., and Hawke, T. J. Muscle-specific
AMPK �1�2-null mice display a myopathy due to loss
of capillary density in nonpostural muscles. FASEB J.
28, 2098–2107 (2014). www.fasebj.org
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AMP-activated protein kinase (AMPK) is a hetero-
trimeric serine/threonine kinase, consisting of a cata-
lytic � subunit and regulatory � and � subunits, which
each have multiple isoforms (1). AMPK is activated by
elevations in cellular ADP and AMP/ATP ratio due to
metabolic stress (i.e., hypoxia, glucose deprivation) and
acts, in part, to up-regulate catabolic processes and
reduce anabolic processes (1). As AMPK is ubiquitously
expressed throughout the body, it has been considered
to be the “master switch” of cellular and whole-body
metabolism (1). Despite the knowledge of its role in
whole-body metabolism, other functional roles of
AMPK in skeletal muscle health are still being eluci-
dated.

We have generated whole-body AMPK �1- (2) or
�2-knockout (KO) (3) mice, as well as skeletal and

1 These authors contributed equally to this article.
2 Correspondence: Department of Pathology and Molecular

Medicine, McMaster University, 1280 Main St. West, Hamilton,
ON L8S4L8, Canada. E-mail: hawke@mcmaster.ca

doi: 10.1096/fj.13-238972
This article includes supplemental data. Please visit http://

www.fasebj.org to obtain this information.

Abbreviations: �1�2M-KO, muscle-specific AMPK �1�2
double-knockout; AICAR, 5-aminoimidazole-4-carboxam-
ide 1-�-d-ribofuranoside; AMPK, AMP-activated protein
kinase; COX, cytochrome oxidase; DAPI, 4,6-diamidino-2-
phenylindole; EDL, extensor digitorum longus; H&E, he-
matoxylin and eosin; KO, knockout; L-NMMA, L-NG-
monomethyl arginine citrate; PECAM, platelet endothial
cell adhesion molecule; nNOS, neuronal nitric oxide syn-
thase; nNOS�, muscle-specific neuronal nitric oxide syn-
thase; SDH, succinate dehydrogenase; TA, tibialis anterior;
TUNEL, terminal deoxynucleotidyl transferase mediated
dUTP nick-end labeling; WT, wild type

2098 0892-6638/14/0028-2098 © FASEB

www.fasebj.org
mailto:hawke@mcmaster.ca
http://www.fasebj.org
http://www.fasebj.org


cardiac muscle-specific AMPK �1�2 double-KO (�1�2M-
KO) mice to explore the importance of AMPK in
skeletal muscle metabolism and exercise capacity (4).
A benefit of this double-KO model is the lack of
compensatory up-regulation of remaining isoforms
that occurs with targeting single AMPK-subunit iso-
forms (3, 5).

Previously, Mounier et al. (6) reported that the
plantaris muscles of mice lacking the �1 subunit of
AMPK displayed significantly accelerated overload-in-
duced muscle hypertrophy compared to controls. This
group also reported that skeletal muscle-specific defi-
cient AMPK �1/�2 mouse soleus muscles were higher
in mass with myofibers of larger size compared to
controls (7). Despite these reports of the importance of
AMPK in regulating muscle and myofiber size (6, 7),
the soleus and extensor digitorum longus (EDL) mus-
cles of our �1�2M-KO mice displayed no significant
differences in mass or in their maximal tetanic force
production (4). However, significant reductions in vol-
untary and forced exercise capacities were observed in
these �1�2M-KO mice (4), prompting us to conclude
that reductions in skeletal muscle mitochondrial con-
tent and contraction-stimulated glucose uptake were
primary contributors to the exercise intolerance (4).
Nevertheless, the severity of the exercise intolerance
made us reconsider whether there might be other
contributors to this phenotype. Thus, the purpose of
this study was to investigate the effect of an absence of
AMPK on overall muscle health in sedentary mice.

The findings of the present study reveal a critical role
for AMPK as a key regulator of a signaling pathway
linking vascular blood flow to metabolic stress in non-
postural [e.g., tibialis anterior (TA), gastrocnemius]
muscles. This model aids in our understanding of the
heterogeneous blood perfusion of resting skeletal mus-
cle and proposes that in response to metabolic need,
resting myofibers will activate AMPK that then phos-
phorylates, and activates, the skeletal muscle-specific
neuronal nitric oxide synthase (nNOS�) splice variant,
promoting nitric oxide release to the surrounding
capillaries, allowing for the delivery of oxygen and
nutrients. In the absence of this intricate paracrine
cascade, a significant myopathy exists, a condition that
likely contributes to the severe exercise restriction
noted in these mice (4).

MATERIALS AND METHODS

Animals

Male and female C57BL6 �1�2M-KO mice (14–16 wk) were
used for this study. Wild-type (WT) littermates (AMPK �1�2
flox/flox) were used as controls. The generation of the
�1�2M-KO model was described previously (4). Mice were
housed under controlled environmental conditions (12-h
light-dark cycles) and received chow (diet 8664; Harlan
Teklad, Madison, WI, USA) and water ad libitum. The McMaster
University Animal Research Ethics Board in accordance with

the Canadian Council for Animal Care approved all methods
and animal numbers used in this study.

Tissue collection

TA, gastrocnemius-plantaris complex, soleus, and diaphragm
muscles were harvested from the mice at 14–16 wk of age.
The muscles were coated in optimal cutting temperature-
embedding compound, frozen in isopentane cooled by liquid
nitrogen, and stored at �80°C.

Histochemical and immunofluorescent analysis

Cross sections (8 �m thick) of TA and soleus muscle were cut
on a cryostat and mounted on glass slides. Sections under-
went the histochemical and immunofluorescent staining pro-
cedures described below.

Hematoxylin-and-eosin (H&E)

H&E staining was used for measuring muscle cross-sectional
area (TA) and investigating morphological features (TA,
soleus) for both AMPK �1�2M-KO and WT mice. More than
100 fibers were analyzed within each muscle section.

Succinate dehydrogenase (SDH) and cytochrome oxidase (COX)

SDH and COX/SDH double staining were used to assess the
presence of a mitochondrial myopathy in the TA muscle. The
blue precipitate formed from the reduction of tetrazolium
salt detected SDH activity, and the brown precipitate formed
from the oxidation of diaminobenzidine detected COX activ-
ity. The SDH sections were used to assess the presence of
fibers with high levels of subsarcolemmal SDH activity, also
known as ragged blue fibers. (Ragged blue fibers are analo-
gous to ragged red fibers in a Masson’s trichrome stain). The
COX/SDH double staining was undertaken to detect fibers
that lacked COX activity staining but were positive for SDH
staining, a characteristic of mitochondrial myopathies (8).
SDH staining density was determined as a marker of mito-
chondrial enzyme content between �1�2M-KO and WT mice,
as described previously (9). Briefly, �100 fibers from each
animal were circled using NIS Elements (Nikon, Mississauga,
ON, Canada), and the mean density was recorded. Darker-
stained fibers imply a greater content of SDH activity and
translate to greater mean densities.

Alkaline phosphatase

Alkaline phosphatase was used to determine muscle capillar-
ization between �1�2M-KO and WT using SigmaFAST BCIP/
NBT alkaline phosphatase tablets (Sigma-Aldrich, Oakville,
ON, Canada). TA and soleus sections were incubated in
alkaline phosphatase solution for 15 min at 37°C. Capillary
area was determined via thresholding and automated detec-
tion from NIS Elements. Capillary density was calculated as a
percentage of positively stained areas relative to the area of
the entire muscle section. This method of analysis is more
conservative than assessing “capillaries per fiber,” as the fiber
cross-sectional area was reduced in �1�2M-KO mice (i.e.,
smaller fibers can erroneously raise capillary density if they
are counted as “per fiber”).

Immunofluorescent staining

Sections were prepared for immunofluorescent staining by
first allowing cut sections to air dry, fixing with ice-cold 2%
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paraformaldehyde, and incubating in blocking solution (10%
normal goat serum and 1.5% BSA) for 30 min. Laminin
(chicken polyclonal laminin antibody, 1:250; ab14055; Ab-
cam, Cambridge, MA, USA) and dystrophin (rabbit poly-
clonal dystrophin, 1:200; ab15277; Abcam) were costained for
a 1-h incubation period. IIB fiber typing was detected by using
undiluted mouse IIB myosin heavy-chain antibody (10F5;
Developmental Studies Hybridoma Bank, Iowa City, IA,
USA), blocked using a mouse-on-mouse (MOM) blocking kit
(Vector Laboratories, Burlingame, CA, USA) for 1 h, and
incubated overnight. CD41 was used as a measure of platelet
aggregation (10) and was detected using a purified rat
anti-CD41 antibody (1:100; 553847; BD Pharmingen, San
Jose, CA, USA) incubated overnight. Platelet endothial cell
adhesion molecule (PECAM; rabbit polyclonal to CD31;
ab2834; Abcam) was used at a 1:250 dilution as a measure of
skeletal muscle capillaries. The ratio of CD41-positive to
PECAM-positive areas was used to ascertain platelet aggre-
gates per capillary number.

Primary antibodies were detected using the appropriate
secondary antibodies at a concentration of 1:500 [anti-mouse
Alexa Fluor 488, anti-chick Alexa Fluor 488, anti-rabbit Alexa
Fluor 488, anti-rat Alexa Fluor 594 (Invitrogen, Carlsbad, CA,
USA); anti-chick Texas Red (Abcam)]. Nuclei were visualized
using a drop of 1:10,000 4,6-diamidino-2-phenylindole (DAPI)
applied for 5 min on each section.

Terminal deoxynucleotidyl transferase mediated dUTP nick-end
labeling (TUNEL)

Apoptotic nuclei in frozen skeletal muscle cross sections were
detected using the Click-iT TUNEL Alexa Fluor 594 kit
(Invitrogen) according to the manufacturer’s instructions.
TUNEL-positive nuclei that costained with DAPI were counted in
whole-muscle cross sections. Apoptotic nuclei were quantified
as myofiber nuclei if they resided within the muscle fiber (by
visual inspection of an overlain phase contrast image) or
nonmyofiber nuclei (fibroblastic, endothelial cell nuclei) if
they resided outside the myofiber.

Image analysis

Images were taken with a Nikon Eclipse 90i microscope and
stitched together using Nikon NIS Elements software. Image
analysis included determination of fiber cross-sectional area
through manual fiber outlining and determination of plate-
let-positive and capillary-positive areas through threshold
detection method.

Phospho- and total nNOS content

Tissue sample preparation

Nonpostural glycolytic muscles (EDL, plantaris, peroneus,
and biceps brachii) from one limb were removed from WT
and �1�2-MKO animals and incubated in DMEM at 37°C with
1 mM 5-aminoimidazole-4-carboxamide 1-�-d-ribofuranoside
(AICAR; Sigma-Aldrich) for 15 min, while the corresponding
contralateral limb muscles served as a control and were
incubated in DMEM. Muscles from WT and �1�2M-KO
animals were ground in liquid nitrogen to a powder. The
appropriate amount of TENT�� buffer (0.01 M Tris-HCl,
0.001 M EDTA, 0.1 M NaCl, and protease and phosphatase
inhibitors) was added to produce a 5-fold dilution. Samples
were sonicated (2�10 s at 10% power), subjected to 3
freeze-thaw cycles, and subsequently spun for 10 min at
14,000 g. Supernatants were transferred to new Eppendorf
tubes and stored at �80°C.

Cell culture preparation

C2C12 myoblasts (American Type Culture Collection, Manas-
sas, VA, USA) were seeded in 100-mm culture dishes and
maintained at subconfluence in proliferation medium
(DMEM, 10% FBS, and 1% penicillin/streptomyocin) at 37°C
and 5% CO2. To induce differentiation, proliferation me-
dium was replaced with differentiation medium (DMEM, 2%
horse serum, and 1% penicillin/streptomyocin) on confluent
myoblasts. Following 7 d of differentiation, AICAR (or an
equal volume of PBS in controls) was added to a final
concentration of 1 mM for 0 or 15 min. Cells were harvested
by scraping in 1 ml of ice-cold 1� PBS. Following centrifuga-
tion (10 min at 2300 g), supernatants were discarded, and the
pellet was resuspended in TENT�� buffer. Samples were
sonicated (5 s at 10% power), and then centrifuged a second
time (10 min at 15,700 g). The resulting supernatant was
stored at �80°C.

Coimmunoprecipitation (Co-IP)

Co-IP of endogenously expressed total and phosphorylated
nNOS was performed using a commercially available kit
(Santa Cruz Biotechnology, Dallas, TX, USA). Prepared cell
lysates were incubated in a preclearing matrix for 30 min and
then spun quickly (30 s at 15,000 g). The resulting superna-
tant was transferred to a new Eppendorf tube, mixed with a
dystrophin antibody (1:20; ab15277; Abcam), and rotated at
4°C for 1 h. Following rotation, the appropriate IP matrix was
added to each sample and allowed to rotate at 4°C overnight.
Samples were quickly spun the following morning, and the
supernatant was removed. The resulting pellet was dissolved
in 2� SDS and heated at 95°C for 10 min. Following a quick
spin, the remaining supernatants were loaded, resolved by 8%
SDS-PAGE gels, and transferred to PVDF membranes. Pri-
mary antibodies for phosphorylated nNOS (phospho-nNOS
at Ser1446 in mice, corresponding to Ser1417 in humans;
1:250; Abcam) or total nNOS (1:150, Invitrogen), and dystro-
phin (1:250, Abcam) were used to detect proteins of interest
and were conjugated with the appropriate horseradish per-
oxidase (HRP) secondary antibodies. Signals were visualized
using chemiluminescent reagent (Amersham, Piscataway, NJ,
USA), and acquired with the CareStream imager and accom-
panying software (Carestream Health, Rochester, NY, USA).

Measurement of nitric oxide production in C2C12
myotubes

C2C12 myoblasts were seeded in 24-well plates and grown in
DMEM supplemented with 10% FBS. When the cells reached
	60% confluence, they were switched to DMEM supple-
mented with 2% horse serum to induce differentiation. After
4 d of differentiation, cells were washed once with phenol-red
free and serum-free DMEM, and incubated with 10 �M
DAF-FM diacetate (Invitrogen) for 30 min at 5% CO2 and
37°C, while protected from light. After loading was com-
pleted, cells were rinsed 3 times with phenol red-free, serum-
free DMEM and then exposed to medium supplemented with
1 or 3 mM AICAR (Toronto Research Chemicals, Toronto,
ON, Canada) or no AICAR (control). Cells were then imme-
diately placed in a SpectraMax M5 multidetection reader
(Molecular Devices, Sunnyvale, CA, USA) for background
fluorometric analysis using excitation and emission wave-
lengths of 488 and 520 nm, respectively. At this point, cells
were transferred back to the incubator for 15 min before final
NO fluorescence was once more assessed. Results represent
the difference between the fluorescence seen at 15 min of
incubation and the background fluorescence. Separate cul-
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tures were treated with AICAR as described above, with the
addition of 1 mM L-NG-monomethyl arginine citrate (L-
NMMA) beginning 1 h prior to the experiment and continu-
ing throughout the DAF-FM diacetate loading and AICAR
incubation periods.

Statistical analysis

All statistical calculations were performed with GraphPad
Prism 5 software (GraphPad, San Diego, CA, USA). Differ-
ences between �1�2M-KO and WT animals were assessed
through appropriate Student’s t tests. A 2-way ANOVA with a
Bonferroni post hoc test was used to detect differences in
fiber-specific cross-sectional area bins between �1�2M-KO
and WT animals. Values of P 
 0.05 were considered signif-
icant. Data are presented as means � sem.

RESULTS

TA muscles of sedentary �1�2M-KO mice display
myopathy

�1�2M-KO mice display many morphological charac-
teristics of myopathy. These include a significant in-
crease in the number of muscle fibers containing
centrally located nuclei compared to WT mice (�1�2M-
KO: 10.6�1.9% of total fibers vs. WT: 0.4�0.2% of total
fibers; n�4/group; P
0.01; Fig. 1A, B). Presence of
centrally located nuclei in �3% of all muscle fibers is
a hallmark indicator of a myopathy (11). In addition,
�1�2M-KO mice demonstrated disorganized fiber
distribution, excess endomysium, opaque and ne-
crotic fibers, as well as many split fibers (Fig. 1C); all
further nonspecific characteristics of skeletal muscle
myopathy (12).

A 20% decrease in mean myofiber cross-sectional
area was measured in �1�2M-KO TA muscles com-
pared to WT (P
0.01; Fig. 1D, inset), which was largely
due to a significantly greater proportion of smaller
fibers (800–1199 �m2) and lower proportion of larger
fibers (2000–2399 �m2) in the �1�2M-KO compared to
WT littermates (Fig. 1D).

�1�2M-KO myopathy is not mitochondrially based or
fiber-type specific

Investigations using SDH and COX/SDH double-histo-
chemical staining showed no evidence of mitochon-
drial abnormalities. On the basis of histochemical anal-
ysis, neither the intensity nor the distribution of SDH
staining was significantly different between �1�2M-KO
and WT mice (�1�2M-KO: 0.30�0.02 AU vs. WT:
0.34�0.03; n�4/group; Fig. 2A), indicating no mito-
chondrial proliferation or ragged blue fibers (analo-
gous to ragged-red fibers); the COX/SDH double
staining did not contain any COX�/SDH� fibers (not
shown). The presence of ragged blue fibers and/or
COX�/SDH� fibers is indicative of mitochondrial dys-
function (8).

Given previous impairments observed in contraction-
stimulated glucose uptake (4), immunofluorescent

staining for glycolytic type IIB fibers was used to deter-
mine the possibility of a glycolytic (IIB) fiber-type-
specific myopathy. The distribution of regenerating
fibers in the �1�2M-KO (determined by the presence
of centrally located nuclei) was not different between
type IIB, glycolytic muscle fibers (57%) and the more
oxidative IIX/IIA muscle fibers (43%; Fig. 2B).

�1�2M-KO TA muscles display reduced nNOS�
phosphorylation, increased platelet aggregation, and
decreased muscle capillarization

�1�2M-KO TA muscles had normal nNOS� expression
within the dystrophin complex, but phosphorylation at
the AMPK site (Ser1446) was significantly reduced in
resting muscle (P
0.05; Fig. 3A, B). To verify the
relationship between AMPK and nNOS�, we used
C2C12 cells with intact functional AMPK and found
that just 15 min of incubation with AICAR (an AMPK
activator) could stimulate significant increases in nitric
oxide production in C2C12 myotubes (Fig. 3D) that
coincided with significant increases in phospho-
nNOS� (but not total nNOS�; Fig. 3E). Further sup-
port for this relationship is observed when AICAR is
administered to WT and �1�2M-KO EDL muscles.
AICAR-induced increases in phospho-nNOS� were ob-
served in WT muscles, but AICAR incubation failed to
increase phospho-nNOS� levels in �1�2-MKO mice
(Fig. 3C).

Given the role of nitric oxide signaling in skeletal
muscle capillary flow, we investigated whether impaired
nitric oxide signaling would lead to increased thrombus
formation, as measured by increased platelet aggrega-
tion. Compared to TA muscles in the WT, resting
�1�2M-KO muscles displayed significantly higher levels
of CD41-positive areas overlaying PECAM-positive cells,
a measure of platelet aggregation (Fig. 4A). TUNEL
staining was then undertaken to ascertain whether
the increase in platelet aggregation was associated
with an increase in the number of apoptotic nuclei
within resting �1�2M-KO muscle. These stains re-
vealed that �1�2M-KO TA muscles exhibited signifi-
cantly more apoptotic nuclei than WT muscles (Fig.
4B, C); a finding consistent with the myopathic state
of the muscle. However, many apoptotic nuclei were
also noted outside of the myofiber proper (i.e., in the
interstitial space) consistent with an increased num-
ber of apoptotic capillaries. To determine whether
these interstitial apoptotic nuclei were capillaries, we
undertook an alkaline phosphatase stain and quanti-
fied capillary density. As seen in Fig. 4D, a significant
reduction in capillary density of almost 50% was
measured in TA muscles of �1�2M-KO mice com-
pared to WT.

Soleus muscles of �1�2M-KO mice exhibit a more
modest reduction in capillary density and do not
present a myopathic phenotype

As our data support impairment in nNOS�-mediated
vasodilation as the basis of the myopathic phenotype,
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we were interested to determine whether postural
muscles, which exhibit tonic contractile activity, allow-
ing for contraction-mediated mechanisms to promote
vasodilation/blood flow (i.e., skeletal muscle pump;
refs. 13, 14), would also display a myopathy. In contrast
to the observed myopathic features in the nonpostural
(TA) muscles, �1�2M-KO soleus muscles were pheno-
typically similar to WT soleus muscles (Fig. 5A), with an

absence of the myopathic characteristics noted above
(e.g., necrotic fibers, central-nucleated myofibers, split
fibers). Quantification of TUNEL-positive nuclei sup-
ported the absence of myopathy and no difference in
apoptotic nuclei (both myonuclei and nonmyonuclear)
were observed in the resting �1�2M-KO soleus muscles
(Fig. 5B).

Although no myopathy or difference in apoptotic

Figure 1. Myopathic features of �1�2M-KO muscles. A) H&E images of WT and �1�2M-KO (M-KO) skeletal muscles. Note the
numerous central nucleated (CN) fibers, diverse fiber shapes, and presence of necrotic (N) fibers with excess endomesial tissue.
B) When quantified, there was a significant increase in the total number of fibers containing a central nuclei in the �1�2M-KO
tibialis anterior muscles. C) Another general characteristic of muscle myopathy is the presence of split fibers. In this H&E image,
you can note the presence of a split fiber in the �1�2M-KO muscle, while this feature was absent in WT muscle. This was
confirmed with an immunofluorescent stain for dystrophin (green; sarcolemma), laminin (red; basal lamina), and DAPI (blue;
nuclei). In a split fiber, the basal lamina will surround the entire (both) fibers, while the dystrophin will surround each fiber
separately. Yellow arrow highlights the presence of dystrophin with no overlying basal lamina. Split fibers were consistently
observed in the �1�2M-KO muscle cross sections but were not observed in WT muscles. D) Myofiber cross-sectional area of WT
and �1�2M-KO TA muscles were measured and binned according to size. Note the significant increase in smaller fibers and
significant decrease in larger fibers in �1�2M-KO muscles. On average, the mean cross-sectional area of �1�2M-KO muscle
fibers was significantly reduced compared to WT (inset). Data are expressed as means � se; n � 3 or 4. Scale bars � 50 �m (A);
60 �m (C). *P 
 0.05 vs. WT.
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nuclei was noted in the soleus muscles of �1�2M-KO
mice, a 20% reduction in capillary density, compared to
WT soleus, was observed (P
0.05; Fig. 5C). Given a lack
of difference in CD41-positive capillaries (not shown)
and apoptotic nuclei observed between �1�2M-KO and
WT soleus muscles (Fig. 5B), we hypothesize that the
reduced capillary density is likely the result of AMPK’s
role in regulating basal skeletal muscle capillarization
through VEGF (15).

DISCUSSION

Our analysis of �1�2M-KO skeletal muscles has uncov-
ered a significant myopathic phenotype within nonpos-
tural muscles (e.g., TA), but not in tonically active,
postural (soleus) muscles. In contrast to a mitochon-
drial-based etiology to the muscle pathology as was
anticipated on the basis of the role of AMPK in
metabolic regulation, our results indicate reductions in
AMPK-nNOS� signaling as the underlying cause. Re-
ductions in AMPK-mediated phosphorylation of nNOS� are
observed in �1�2M-KO muscles concomitant with sig-
nificant increases in platelet aggregation (metric of

thrombus formation and blocked capillaries). We pro-
pose that the resultant impairment in blood flow leads
to injury/death to downstream capillaries and myofi-
bers; a hypothesis supported by significant increases in
apoptosis of both muscle and capillary nuclei and
significant reductions in total muscle capillary area.
Taken together, the present study sheds new light on
the central role of skeletal muscle AMPK in paracrine
signaling to the surrounding capillary bed. This signal-
ing between muscle and the capillary bed would pro-
vide an intricate cascade to allow resting skeletal muscle
fibers to dynamically regulate their own perfusion in
response to energy demand.

Given the significant role of AMPK in skeletal muscle
metabolism and mitochondrial biogenesis (1), a mito-
chondrial basis to the muscle pathology was initially
hypothesized. However, our histochemical analysis did
not reveal any hallmark signs of mitochondrial myopa-
thies, such as mitochondrial proliferation, ragged blue
fibers, or COX�/SDH� fibers (8). While these results
were contrary to our original hypothesis, they are
consistent with the lack of dramatic changes in mito-
chondrial function and content observed in AMPK-KO
mouse models (4, 16–18).

Mice with a skeletal- and cardiac-specific KO of LKB1,
an upstream activator of AMPK, also display reduced
muscle mitochondrial marker enzyme expression and
significant exercise intolerance (19), akin to that observed
in �1�2M-KO mice (4). Although these LKB1-KO mice
were noted to be outwardly normal at younger ages (
20
wk of age), no investigations into the muscle morphology
were presented. However, with increasing age (�30 wk of
age), a notable myopathy developed resulting in severely
restricted hind-limb function (20). In contrast, young
�1�2M-KO mice do not display an overt ambulatory
phenotype (4), but despite no gross abnormalities in
ambulatory activity, �1�2M-KO mice display hallmark
characteristics of muscle pathology, including decreased
myofiber size, irregular shaped muscle fibers, swollen and
opaque fibers, necrotic fibers, centrally nucleated myofi-
bers, and a consistent presence of split fibers. An investi-
gation into older �1�2M-KO mice would be of interest to
ascertain whether limb function is impaired similar to that
of muscle-specific LKB1-KO mice. It would also be of
interest to assess the AMPK-nNOS� relationship in LKB1-
deficient mice, though it should be noted that the LKB1
mice also present with congestive heart failure so discern-
ing between the skeletal muscle defects and indirect
effects of heart failure would be more complicated.

In addition to a role for AMPK in metabolism, previous
reports have defined other roles for AMPK, including the
regulation of nNOS (21). The nNOS� splice variant is
preferentially localized to the dystrophin-associated com-
plex of the muscle sarcolemma, via its binding to �-syn-
trophin, and is found in greater abundance in muscles
composed of more glycolytic fiber types, such as the TA,
plantaris, and gastrocnemius (22–25). When a mitochon-
drial origin to the myopathy was ruled out, we speculated
that the underlying cause of the myopathy in �1�2M-KO
mice may be mediated through reductions in nNOS�

Figure 2. Absence of a mitochondrial basis to the myopathic
features observed in �1�2M-KO muscles. A) Lack of signif-
icant difference in SDH staining density between WT and
�1�2M-KO (M-KO) TA muscles. No distinct patterns of
staining are visible, which would indicate a mitochondria-
based etiology to the myopathy (e.g., darkly stained fibers
characteristic of mitochondrial proliferation, or ragged
blue fibers that are analogous to ragged red fibers observed
with modified Gomori trichrome stain). B) Myosin IIB
immunofluorescent stain (green; laminin, red; DAPI, blue)
demonstrating the distribution of regenerating fibers (de-
termined by the presence of centrally located nuclei) was
not different between type IIB, glycolytic muscle fibers
(white arrowheads; 57%), and the more oxidative IIX/IIA
muscle fibers (yellow arrows; 43%). No regenerating fibers
observed in WT muscle image. Data are expressed as means � se;
n � 4. Scale bars � 50 �m.
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activity. As hypothesized, a significant decrease in dystro-
phin-associated nNOS� phosphorylation at the AMPK
phosphorylation site (Ser1446) was noted in resting
�1�2M-KO muscle. This was further supported by the
finding that Ser1446 phosphorylation of nNOS� in WT
muscles and C2C12 myotubes could be rapidly induced
with the AMPK activator, AICAR, a finding that was not
reproduced in �1�2M-KO muscle. In addition, nitric
oxide production was increased in C2C12 myotubes incu-
bated with the AMPK activator, AICAR. While a decreased
nNOS protein content has been observed in AMPK-kinase
dead (AMPK-KD) mice (21), to our knowledge no reports
of muscle myopathy have been reported.

In healthy skeletal muscle, it has been known for
some time that nNOS-generated nitric oxide modulates
contractile force (23) and exercise-induced glucose
uptake, with NOS inhibitors selectively blunting exer-
cise-induced, but not insulin-stimulated, glucose trans-

port (26). Following these reports, the diverse roles of
dystrophin-associated nNOS (nNOS�) in regulating
other aspects of skeletal muscle health has been the
subject of more intense investigations, as alterations to
nNOS� localization and/or content have been re-
ported to be involved in the pathophysiology of various
myopathic states, including Duchenne muscular dystro-
phy (and in mdx mice), Becker muscular dystrophy,
calveolinopathy, sarcoglycanopathies, and even aging
(27–31). Mechanistically, nNOS�-mediated nitric ox-
ide production will attenuate �-adrenergic vasocon-
striction, thereby promoting rapid, localized vasodila-
tion. In the absence of this system, functional muscle
ischemia occurs (32). Additionally, nitric oxide has also
been shown to decrease leukocyte adherence (33) and
down-regulate platelet aggregation and adherence,
thereby reducing thrombus formation (34). While it
was assumed that endothelial NOS (eNOS) was the

Figure 3. Phosphorylated nNOS is decreased in �1�2M-KO muscles. A, B) Immunoblotting of TA muscles demonstrates no
significant difference between groups in total nNOS associated with the dystrophin complex (A), but a significant reduction in
AMPK phosphorylation of nNOS at Ser1446 (B) was measured in the �1�2M-KO (M-KO) muscles. Total and phospho-nNOS
measures came from the same mice and are expressed relative to dystrophin, which was used as a loading control. *P 
 0.05.
C) Incubation of muscles in AICAR (an AMPK activator) for 15 min significantly increased dystrophin-associated phospho-nNOS
in WT muscles but not in �1�2M-KO muscles. Levels of phospho-nNOS in AICA-treated muscles have been normalized to
phospho-nNOS in muscles from the untreated contralateral limb. Dystrophin levels were similar between all groups. *P 
 0.05.
D) To demonstrate the importance of AMPK phosphorylation in regulating nNOS activity, a functional NO production assay was
performed. Within 15 min of incubation, both 1 and 3 mM AICAR significantly increased NO production (DAF fluorescence)
in C2C12 myotubes; this response could be inhibited by the NOS inhibitor, L-NMMA. *P 
 0.05 vs. control; #P 
 0.05. E)
Immunoblotting of dystrophin-associated nNOS in C2C12 myotubes with and without 15 min of 1 mM AICAR treatment. As
expected, 15 min of AICAR did not affect total nNOS levels, but it did significantly increase the phosphorylation of nNOS at
Ser1446. Data are expressed as means � se; n � 2–7. *P 
 0.05.
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primary source of this nitric oxide, Tymvious et al. (35)
recently reported that platelet aggregation was regu-
lated by sources of nitric oxide other than eNOS, and
from sources outside the vascular endothelium. Thus,
the findings of the present study (increased platelet
aggregation, increased apoptosis, loss of capillary den-

sity, and presence of myopathy) are consistent with the
relationship of AMPK and nNOS�, and this conclusion
is supported by the ability of the AMPK to phosphory-
late nNOS� and significantly increase nitric oxide
production within minutes (Fig. 3). In nNOS�-defi-
cient mice, impaired functional capacity has also been

Figure 4. Increased platelet aggregation and
apoptosis in �1�2M-KO TA muscles. A) A sig-
nificant increase in platelet aggregation, as mea-
sured by the ratio of CD41-positive to PECAM-
positive, was observed in �1�2M-KO (M-KO) TA
muscles compared to WT. Right panel is a
representative immunofluorescent stain of WT
and �1�2M-KO muscle cross sections with PECAM
(green) labeling all capillaries and CD41 (red)

labeling platelet aggregates. B) Representative images of TUNEL staining in WT and �1�2M-KO
TA muscles. TUNEL-positive areas (red, left panels) were overlaid with DAPI (blue, right panels)
to ascertain the number of apoptotic nuclei (yellow arrows, apoptotic interstitial nuclei; yellow
arrows with asterisk inside, apoptotic myonuclei). Insets highlight TUNEL-positive, DAPI-positive
nuclei that are within the myofiber (m) or outside of the myofiber (e), presumably capillaries. C)
Quantification of the TUNEL-positive nuclei within the TA reveals a significant increase in
apoptotic nuclei within the muscle (as would be expected in myopathic muscles) and an even more
robust difference in TUNEL-positive nuclei that were outside of the muscle fiber (nonmyonuclei)
in the �1�2M-KO TA. D) Alkaline phosphatase stain in WT and �1�2M-KO TA muscles. Left panel:
quantification of capillary density as percentage of WT values demonstrates significantly lower
capillary density in TA muscles of �1�2M-KO mice (	45%) compared to WT. Right panel:
representative images. Data are expressed as means � se; n � 4–8. Scale bars � 50 �m. *P 
 0.05
vs. WT.

Figure 5. �1�2M-KO soleus muscles display no
myopathy and only modest reductions in capillary
density. A) There is an absence of myopathic traits
in soleus (SOL) muscles of �1�2M-KO (M-KO)
mice, as can be seen in these H&E stains. B)
Quantification of the TUNEL-positive nuclei
within the soleus muscle demonstrated no differ-
ence in either muscle or nonmuscle nuclei that
are TUNEL-positive. C) Representative alkaline
phosphatase stains (left panel) and quantification
of capillary density in soleus muscles of WT and
�1�2M-KO mice. Reduction in capillary density is
much less (only 	20%) in soleus compared to TA
muscles of �1�2M-KO mice. Data are expressed as
means � se; n � 3–4. Scale bars � 50 �m. *P 

0.05.

2105MYOPATHY IN AMPK KO MICE RESULT OF IMPAIRED NO SIGNALING



reported along with evidence of reduced muscle health
(decreased fiber areas and muscle mass; refs. 36, 37).
Though myopathic changes were not specifically inves-
tigated in those studies, a report from Percival and
colleagues (38) suggests that a significant myopathy was
only noted in mice lacking both nNOS� and the splice
variant nNOS�. It is not known whether AMPK regu-
lates nNOS�, but since this splice variant retains the
corresponding C-terminal AMPK phosphorylation site
(nNOS�, Ser1182), this Golgi-associated nNOS splice
variant would be expected to be a substrate.

The resting �1�2M-KO TA muscles displayed hall-
marks of myopathy, such as decreased fiber cross-sectional
area and the presence of opaque and necrotic fibers.
There was also an order of magnitude increase in the
presence of centrally located nuclei, indicative of in-
creased muscle repair/turnover. These observations were
consistent with measures in other nonpostural muscles
(gastrocnemius; Supplemental Fig. S1). Interestingly, the
postural soleus muscles and the tonically active dia-
phragm muscle (Supplemental Fig. S1) did not show
signs of a myopathy. The reasons underlying this are likely
due to the fact that postural muscles have 	3 times
greater resting perfusion (14) and more homogeneous
blood flow through the capillaries (39). Also, their tonic
activity would allow for an AMPK-nNOS-independent
means of regulating resting blood flow (23). Further
support for this dichotomy in nNOS function between
muscle groups comes from Copp et al. (40), who demon-
strate that inhibition of nNOS in rats reduced skeletal
muscle blood flow and vascular conductance during in-
tense exercise, predominantly in fast-twitch muscle fibers.
Planitzer et al. (41) have also reported that soleus has
lower nNOS expression than other faster muscles and,
thus, has other compensatory mechanisms to maintain
resting muscle blood flow (muscle pump; ref. 42). The
maintenance of blood flow would prevent the apoptosis
noted above which we hypothesize leads to the observed
myopathy in the TA but not the soleus.

Although the relationship between AMPK and VEGF
has been well defined (15), we would propose that a
reduction in VEGF expression plays a secondary role in
the pathology observed. We based this hypothesis on
our observations that there is an approximate 20%
decrease in capillary density in the soleus muscles of
�1�2M-KO mice (likely consequence of the reduced
basal angiogenesis driven by the AMPK-VEGF relation-
ship) but no measurable apoptosis or myopathy. How-
ever, the more dramatic reduction in capillary density
in �1�2M-KO TA muscles (	45% reduction) would be
a consequence of reduced basal angiogenesis (as seen
in soleus) and continual capillary dropout resulting
from the impaired nNOS capillary signaling. Nearly
90% of capillaries support blood flow at rest although
velocity of red blood cells is heterogeneous, particularly
in more glycolytic muscles (39). The absence of skeletal
muscle AMPK prevents the activation of sarcolemmal
nNOS� in response to changing metabolic demands of
individual muscle fibers and thus no increase in red
blood cell velocity and oxygen delivery. This then

causes periods of ischemia in the skeletal muscle mi-
crovasculature, resulting in cell death and a reduced
capacity for AMPK-VEGF angiogenesis thereafter.

While it has been previously shown that nNOS� is
involved in matching blood supply to the metabolic
demands of the active muscle (38, 40), the present
findings demonstrate for the first time a critical rela-
tionship between AMPK and nNOS� in resting skeletal
muscle. This relationship would allow the energy-sens-
ing enzyme of skeletal muscle to readily regulate per-
fusion in resting nonpostural muscles at times of energy
need; findings that support a novel model to help
explain the heterogeneity of vascular perfusion that is
observed in resting skeletal muscle. In the absence of
AMPK, an impaired vasodilatory capacity and increased
platelet aggregation ensues, resulting in functional
ischemia and downstream apoptosis. The outcome is a
significant muscle pathology, including a loss of capil-
lary content, impairments that would contribute to the
exercise intolerance and increased fatigability previ-
ously observed in these �1�2M-KO mice (4).
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