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AMP-activated protein kinase (AMPK) $1 or $2 subunits are required
for assembling of AMPK heterotrimers and are important for regu-
lating enzyme activity and cellular localization. In skeletal muscle,
a2p2y3-containing heterotrimers predominate. However, compen-
satory up-regulation and redundancy of AMPK subunits in whole-
body AMPK a2, $2, and y3 null mice has made it difficult to deter-
mine the physiological importance of AMPK in regulating muscle
metabolism, because these models have normal mitochondrial con-
tent, contraction-stimulated glucose uptake, and insulin sensitivity.
In the current study, we generated mice lacking both AMPK 1 and
p2 isoforms in skeletal muscle ($1p2M-KO). p12M-KO mice are
physically inactive and have a drastically impaired capacity for tread-
mill running that is associated with reductions in skeletal muscle
mitochondrial content but not a fiber-type switch. Interestingly,
young $1$2M-KO mice fed a control chow diet are not obese or
insulin resistant but do have impaired contraction-stimulated glu-
cose uptake. These data demonstrate an obligatory role for skeletal
muscle AMPK in maintaining mitochondrial capacity and contrac-
tion-stimulated glucose uptake, findings that were not apparent in
mice with single mutations or deletions in muscle a, §, or y subunits.
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MP-activated protein kinase (AMPK) is an evolutionarily

conserved stress-sensing kinase that controls energy me-
tabolism and appetite by responding to nutrients and hormones
(1). The regulation of AMPK activity depends on AMP and ADP
regulated phosphorylation of the « catalytic subunit at T172 by
the upstream kinases LKB1 and Ca®*/CaM-dependent protein
kinase kinase (CaMKKG®; refs. 2 and 3). AMPK exists as a het-
erotrimer, consisting of an a catalytic subunit (al, o2), a scaf-
folding B subunit (p1, p2) and a nucleotide-binding vy subunit (y1,
v2, v3) (1). The C-terminal of the p subunit contains a highly
conserved o and y subunit-binding sequence (SBS) that is re-
quired for the formation of a stable, active AMPK afy complex
(4). We recently reported on the physiological effects of germ-
line deletion of f1 (5) and B2 (6) isoforms in mice. We showed
that f1 null mice have reduced AMPK a-subunit expression and
activity in liver, adipose tissue and the hypothalamus (5). In
contrast, AMPK f2 null mice have reduced AMPK activity in
skeletal muscle, are aminoimidazole carboxamide ribonucleotide
(AICAR) insensitive and have reduced exercise tolerance de-
spite a greater than 50% increase in muscle pl protein expres-
sion (6). The phenotype of p2 null mice was similar to that of
mice lacking a2 (7) or y3 (8) subunits or muscle-specific over-
expression of an a2 kinase dead (KD) mutation (9, 10).

During exercise, AMPK is activated in an intensity-dependent
manner (for review, see ref. 11). Mice with reduced AMPK in
muscle are exercise intolerant, an effect shown not to be due to
cardiac impairments in AMPK (12-14). However, the cause for this
reduction in exercise capacity remains largely unknown, because

16092—16097 | PNAS | September 20, 2011 | vol. 108 | no. 38

mitochondrial content and glucose uptake are not altered (6, 7, 10,
12, 15-17) or only very modestly reduced (9, 18-20). An important
caveat of these studies is that AMPK expression and activity is not
abolished and in some cases there is substantial compensatory up-
regulation of the remaining isoform(s) (e.g., a1 in 2 null and p1 in
$2 null mice), which may be sufficient for maintaining mitochon-
drial capacity and contraction-stimulated glucose uptake.

Exercise and pharmacological activation of skeletal muscle
AMPK improves insulin sensitivity in obese rodents and humans
(for review, see ref. 1). Although AMPK plays an important role in
regulating a number of metabolic pathways that both interact and
are involved with the regulation of insulin-stimulated glucose up-
take, current genetic models of AMPK deficiency do not show an
essential role for AMPK in maintaining muscle insulin sensitivity.
For example, although AMPK a2 null mice have whole-body in-
sulin resistance, this resistance is due to overactivation of the
sympathetic nervous system and not due to an intrinsic defect in
skeletal muscle insulin-stimulated glucose uptake (21). Similarly,
insulin-stimulated glucose uptake is normal in AMPK p2 (6) or y3
null (8) and o2 KD (9, 22, 23) mice. Although these data suggest
that muscle AMPK does not regulate skeletal muscle insulin sen-
sitivity, an alternative explanation may be that the residual AMPK
activity is sufficient to maintain skeletal muscle insulin sensitivity.

Because AMPK is central to the regulation of skeletal muscle
metabolism and prior whole-body and skeletal muscle-specific
genetic alterations in AMPK subunits have produced equivocal
results, we generated muscle-specific null mice for AMPK 1
(BIM-KO) and p2 (p2M-KO). We then crossed these mice to
generate mice lacking both pl and f2 (B1p2M-KO) subunits in
skeletal muscle to minimize residual AMPK activity and com-
pensatory up-regulation of AMPK al and p1 subunits. We found
no detectable phenotype in f1M-KO mice, whereas p2M-KO
mice had modestly reduced exercise capacity with normal muscle
mitochondrial content and contraction-stimulated glucose up-
take. In contrast, p1f2M-KO mice had drastically reduced ex-
ercise capacity, muscle mitochondrial content, and contraction-
stimulated glucose uptake, yet showed normal insulin sensitivity.
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Results

Generation of AMPKB1$2M-KO Mice. We attempted to generate
mice with whole-body deletion of both AMPK 1 and 2 isoforms
by crossing homozygous AMPK p1 and 2 null mice. The results of
this cross generated heterozygous AMPK $142 null and WT mice,
but no homozygous B1p2 null mice (expected 6.25 out of 144
progeny, P < 0.036) leading us to conclude that at least one of the
subunits is required during embryonic development. To bypass the
embryonic lethality of f1p2 null mice, we generated AMPK p1 and
B2 floxed mice on a C57BI6 background and crossed these mice
with C57BI6 mice expressing Cre-recombinase under the control of
the muscle creatine kinase (MCK) promoter, which drives tran-
scription in skeletal and heart muscle (24). After two generations,
we obtained homozygous AMPK 1 fi/fl (1M-WT) and AMPK p1
MCK-Cre (B1M-KO) and homozygous AMPK 2 fi/fl (B2M-WT)
and AMPK p2 MCK-Cre (f2M-KO) mice. We then crossed these
mice for two generations to obtain homozygous AMPK p1p2 fi/fl
(p1p2M-WT) and AMPK p1p2 MCK-Cre ($1p2M-KO) mice (Fig.
S1). AMPK B1, f2, and 12 M-KO mice all had normal litter sizes
with typical frequency (Table S1). Body mass, degree of adiposity,
and extensor digitorium longus (EDL), soleus, and heart muscle
weights were similar between genotypes (Table S1).

AMPK B1p2M-KO Mice Have Dramatic Reductions in AMPK «
Expression in Skeletal Muscle. In the heart, 2- and p1p2 M-KO
mice had no change in al or Bl expression (Fig. S24). p2- and
p1p2 M-KO mice had reduced p2 expression in the heart that
corresponded with lower a2 expression (p2M-KO ~50%, 1p2M-
KO ~80%) and T172 phosphorylation (p2M-KO ~18%, p1p2M-
KO ~85%; Fig. S2 A and B).

Skeletal muscle al and o2 expression were not altered in the
BIM-KO mice (Fig. S2C). In p2M-KO mice, skeletal muscle p1
expression was normal whereas p2 expression was not detected
(Fig. 14). Reductions in B2 corresponded with nondetectable
levels of a2 expression but did not alter al expression (Fig. 14).
In p1p2M-KO mice, there was no detectable o2 or p2 expression
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Fig. 1. Muscle-specific reductions in AMPK phosphorylation and subunit ex-
pression in AMPK p2 and p1p2 M-KO mice results in dramatic reductions in ex-
ercise tolerance. (A) Expression of AMPK a1, a2, 1, and 2 in extensor digitorium
longus (EDL) muscle. ND, not detectable. (B) AMPK T172 phosphorylation in
resting (Bas, basal) and electrically stimulated (Con, contraction) EDL and soleus
muscles. (C) 1p2M-KO mice have reduced voluntary wheel activity. (D and E)
Mean maximal running speed (D) and distance run (E) of 1, 2, and p1p2 M-KO
and wild-type (WT) littermates during a progressive treadmill running exercise
test. Data are means + SEM, n = 8-10, *P < 0.05 compared with WT littermate.
#P < 0.05 compared with basal. For protein expression, values were corrected
for equal protein loading using GAPDH.
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and ol and Bl expression were reduced by ~70% and ~45%,
respectively indicating considerable loss of the AMPK hetero-
trimer (Fig. 14). We hypothesized that the residual alfl het-
erotrimers in P1f2M-KO muscle may have originated from
blood, connective, and vascular cells and/or adipocytes, where
expression of Bl heterotrimers is predominant (5). We also hy-
pothesized that muscle contractions would not activate AMPK in
these cells. Consistent with these hypotheses, we found that basal
AMPK T172 phosphorylation was lower, but still significantly
increased in contracting muscles from p2M-KO mice (Fig. S2D),
but importantly, was eliminated in muscles from p1p2M-KO
mice (Fig. 1B). These data indicate that the remaining alpl
expression in muscle from B1p2M-KO mice was likely due to
contributions from cells other than differentiated muscle fibers.

AMPK $1$2M-KO Mice Have Reduced Voluntary Wheel Activity and
Treadmill-Exercise Tolerance. In 2- and p1p2 M-KO mice, sponta-
neous activity, VO,, and VCO, were not altered between geno-
types (Table S2). However, when given the option to run on an
exercise wheel that was placed in their cages, p1p2M-KO mice were
extremely inactive (Fig. 1C). Therefore, we analyzed exercise ca-
pacity by conducting a progressive treadmill running test starting at
10 m/min (a fast walk for mice) and found that maximal running
speed and distance in B1M-KO mice was not different compared
with WT littermates (Fig. 1 D and E). p2M-KO had an ~25% re-
duction in running capacity, in line with previous models of AMPK
deficiency (12, 15, 23). However, p1p2M-KO mice were extremely
exercise intolerant and had dramatic reductions in both maximal
running speed (~57%) (Fig. 1D) and distance covered (~94%)
compared with WT littermates (Fig. 1E).

AMPK B182M-KO Have Reductions in Mitochondrial Content. Oxida-
tive metabolism is dependent on mitochondrial function. There
was a trend for modest reductions in citrate synthase (Fig. 24) and
cytochrome c oxidase (Fig. 2B) activities in f2M-KO mice (~17%,
P > 0.05) whereas in p1$2M-KO mice these reductions were sig-
nificant (~30%, P < 0.05). Succinate dehydrogenase (SDH, mito-
chondrial complex II) activity also tended to be lower in f132M-
KO mice (~47%, P = 0.06, Fig. S34). OXPHOS protein expres-
sion was also reduced in p1p2M-KO (Fig. 2C) but not p1 or 2 M-
KO mice (Fig. S3 B and C). Mitochondrial content in skeletal
muscle is proportionate to mitochondrial DNA copy number (25),
and we found that this was reduced by ~56% in f12M-KO com-
pared with WT (Fig. 2D). Consistent with reduced muscle mito-
chondrial enzyme activity and DNA copy number, p1p2M-KO
mice had reduced mRNA expression of citrate synthase (Cs;
~35%); beta-hydroxy acyl-CoA dehydrogenase (fhad; ~41%);
NADH:ubiquinone oxidoreductase (NdI; mitochondrial subunit
of complex I; ~59%), and SDH subunit D (Sdhd; ~58%; Fig. 2F).
Interestingly, peroxisome proliferator-activated receptor gamma
coactivator 1l-alpha (Pgcla) mRNA expression was increased
by ~62% in p1p2M-KO mice (Fig. 2E).

To assess whether there were morphological differences in
skeletal muscle mitochondria from B1p2M-KO mice, sections
from tibialis anterior (TA) muscle were visualized by transmission
electron microscopy (EM) and analyzed for mitochondrial dis-
tribution [intermyofibrillar (IMF), ~80% of total skeletal muscle
mitochondria, or subsarcolemmal (SS)] and size (Fig. 2F). f1p2M-
KO mice had lower content of IMF (~26%, Fig. 2G) but not SS
mitochondria. Interestingly, mitochondria found in both SS and
IMF regions were larger in f182M-KO mice compared with WT
(Fig. 2H). Importantly, these changes in mitochondrial content
and size were not due to a fiber type switch (Fig. 2I). Together,
these data indicate an indispensable role for AMPK in regulating
mitochondrial number and size but not fiber type and suggest that
reductions in exercise capacity of f1p2M-KO mice may be related
to reductions in mitochondrial content.
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AMPK B182M-KO Mice Have Normal Whole-Body Insulin Sensitivity
and Insulin-Stimulated Glucose Uptake. Because reductions in mi-
tochondrial density and exercise capacity have been associated
with the development of insulin resistance (for review, see ref. 26),
we examined insulin sensitivity in a cohort of young male mice (~12
wk old). Fasting blood glucose as well as serum insulin and adi-
pokines were not different between WT and p1p2M-KO mice
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Fig. 2. AMPK B1p2M-KO mice have reduced mitochondrial biogenesis independent of fiber type switch. (A and B) Mitochondrial (mt.) citrate synthase (A)
and cytochrome c oxidase (Complex IV; B) activities in quadriceps from p1, 2, and p1p2 M-KO mice. (C) B1p2 M-KO OXPHOS protein expression in extensor
digitorium longus (EDL) muscle. (D) mtDNA relative to nuclear DNA and (E) mRNA expression of nuclear and mt. encoded genes in quadriceps muscle. (F)
Representative transmission electron microscopy (EM) image of tibialis anterior muscle sections analyzed for mt. content (G) and size (H) in subsarcollemal (SS)
and intermyofibrillar (IMF) regions; arrows indicate representative mt. (Scale bar, 2 um.) (/) Resolution of myosin heavy chain (MyHC) isoforms in EDL and
soleus muscles. Data are means + SEM, n = 8-10, n = 2 for EM analyses. Cl-20,
Complex Il subunit Core 2; CIV-l, Complex IV subunit I; CV-a, ATP synthase subunit alpha. *P < 0.05 compared with WT littermate. For protein expression,

Complex | subunit NDUFBS; CII-30, Complex Il subunit of 30 kDa; Clll-core2,

(Table S3). An i.p. insulin tolerance test (ITT) revealed similar
whole-body insulin sensitivity between WT and p1p2M-KO
mice (Fig. 34). Skeletal muscle insulin-stimulated glucose uptake
(Fig. 3B) and Akt S473 phosphorylation (Fig. 3C) were also
comparable. The RabGAP GTPases, Akt substrate of 160 kDa
(AS160) and tre-2/USP6, BUB2, cdc16 domain family member 1
(TBC1D1) sequester glucose transporter type 4 (GLUT4) within
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Fig. 3. AMPK B1p2M-KO mice have normal insulin sensitivity and insulin-stimulated glucose uptake. (A) Whole-body insulin sensitivity in $1p2M-KO mice was
assessed by performing an insulin tolerance test (ITT) (0.6 U/kg). (B and C) Insulin-stimulated 2-deoxyglucose (2DG) uptake (B) and Akt S473 phosphorylation
(C) in isolated extensor digitorum longus (EDL) and soleus muscles. (D) Insulin-stimulated AS160 T642 and TBC1D1 T596 and phosphorylation in EDL muscle
lysates. (E) AS160 T642 phosphorylation in soleus muscle lysates (note TBC1D1 is not detectable in soleus muscle). (F) Insulin-stimulated TBC1D1 PAS phos-
phorylation in EDL following TBC1D 1 immunoprecipitation. Data are means + SEM, n =8 ITT and n = 4 ex vivo experiments. *P < 0.05 compared with wild type
(WT), same condition. *P < 0.05 compared with basal, same genotype. For protein expression and phosphorylation, values were corrected for equal protein
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intracellular vesicles, which limits glucose uptake (27, 28). In re-
sponse to insulin, Akt phosphorylates AS160 and TBC1D1, which
promotes binding to 14-3-3 proteins and subsequent inhibition of
their activity; allowing GLUT4 translocation to the plasma
membrane and glucose uptake (27, 28). We found that AS160
expression in f1p2M-KO muscle was comparable to WT (Fig.
S4A4), but TBC1D1 expression was reduced by ~50% in EDL (Fig.
S4B). We then measured AS160 T642 phosphorylation, which is
the predominant Akt site, and found that in EDL muscle, with
a 4.5% PAGE-electrophoresis, this antibody also detected a sec-
ond lower band of ~150 kDa (Fig. 3D), which we confirmed was
the equivalent T596 phosphorylation site on TBC1D1 (Fig. S4C).
In f1p2M-KO EDL and soleus muscles, increases in AS160 T642
phosphorylation in response to insulin were similar to WT (Fig. 3
D and E). In contrast, insulin-stimulated TBC1D1 T596 phos-
phorylation was eliminated in p1p2M-KO EDL (Fig. 3D). To
verify these findings, we also examined phosphorylated Akt
substrate (PAS) motifs from TBC1D1 immunoprecipitates and
found that PAS phosphorylation was eliminated in EDL muscles
from p1p2M-KO mice (Fig. 3F). These data demonstrate that
skeletal muscle AMPK is not required for the maintenance of
whole-body insulin sensitivity or skeletal muscle insulin-stimu-
lated glucose uptake.

AMPK $1p2M-KO Mice Have Reduced Skeletal Muscle Glucose Uptake
During Exercise and Muscle Contractions. We next examined sub-
strate utilization in WT and p1p2M-KO mice during 20 min of
treadmill running at 50% of each mouse’s maximal running speed
(~13 m/min and ~6 m/min, respectively). At the completion of
exercise AMPK a2 and ol activities and AMPK T172 phosphor-
ylation were substantially higher in WT compared with p1p2M-KO
mice (Fig. 44). Serum lactate and nonesterified free fatty acids
(NEFA) were similar between WT and $1$2M-KO mice but at the
completion of exercise serum glucose levels were ~25% higher in
p1p2M-KO mice (Table S4). We also measured muscle lactate and
nucleotides [ATP, ADP, AMP, phosphocreatine (PCr), and cre-
atine (Cr)] and found that there were no differences between
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genotypes (Table S4) indicating that relative-workloads were
comparable. Despite accurate matching of the workloads, which
would be expected to result in a similar percentage of substrate
oxidation, f1p2M-KO mice had a lower RER (Fig. 4B), indicating
a reduced percentage of energy was coming from carbohydrate
oxidation (Fig. 4B, Inset). Reduced carbohydrate oxidation in
p1p2M-KO mice was not due to lower glycogen utilization, which
was comparable between genotypes (Table S4). We then mea-
sured 2-deoxyglucose (2DG) clearance in WT and p1f2M-KO
mice at rest and during treadmill running at the same relative in-
tensity as above, and found that although treadmill exercise
increased 2DG clearance by ~threefold in gastrocnemius and
~twofold in soleus of WT mice, this effect was blunted in p1p2M-
KO mice (Fig. 4C).

We also measured 2DG glucose uptake ex vivo in isolated soleus
and EDL muscles. In agreement with studies from whole-body p2
KO mice (6), we found that contraction-stimulated glucose uptake
and force production were maintained in p2M-KO mice (Fig. S5 A4
and B). However, using the same contraction protocol we found
p1p2M-KO EDL muscles fatigued more rapidly than WT muscles
(Fig. 4D). Therefore, we devised a modified contraction protocol
with a reduced duty cycle (EDL 3 vs. 6 tetani/min) over a shorter
duration (EDL 5 vs. 20 min and soleus 10 vs. 20 min). As such, EDL
and soleus force curves and total force generated were similar for
WT and p1p2M-KO mice (Fig. 4E). Importantly, despite accurate
matching of force generation, contraction-stimulated glucose up-
take was impaired by ~70% in EDL and ~54% in soleus muscles
from p1p2M-KO mice (Fig. 4F). These findings demonstrate a ma-
jor role for AMPK p subunits in regulating glucose uptake during
treadmill exercise in vivo and muscle contractions ex vivo.

Skeletal muscle glucose uptake during muscle contractions is
dependent on hexokinase II and GLUT4 (29, 30), but the ex-
pression of these proteins was not altered in f1p2M-KO mice
(Fig. 4G). In contrast to the effects of insulin, recent studies have
indicated that TBC1D1 PAS phosphorylation (which also detects
proposed AMPK phosphorylation sites) is important for regu-
lating contraction-stimulated glucose uptake (27, 28). We sub-
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Fig. 4. AMPK B1p2M-KO mice have reduced carbohydrate utilization and skeletal muscle glucose uptake during treadmill running and contractions. (A-D) Ex-
ercise (50% maximal running speed, 20 min). (A) AMPK o1 and a2 activities and T172 phosphorylation in quadriceps muscle. (B) RER kinetics and average percent
carbohydrate and lipid used (Inset). (C) 2-deoxyglucose (2DG) clearance in soleus and gastrocnemius muscles. (D—F) Muscle contractions ex vivo (D) Increased
fatigue in $1p2M-KO extensor digitorum longus (EDL) muscles (6 tetani/min, 50 Hz, 350 ms pulse duration, 20 min). () New matched force fatigue and total force
produced (inset) contraction protocol (i: EDL 3 tetani/min, 100 Hz, 350 ms pulse duration, 5 min; ii: soleus 12 tetani/min, 30 Hz, 600-ms pulse duration, 10 min). (F)
2DG uptake in 182M-KO and wildtype (WT) muscles. (G) GLUT4 and hexokinase (HK) protein expression in quadriceps. (H) TBC1D1 PAS phosphorylation in resting
(Bas) and contracting (Con) EDL muscles from $1p2M-KO mice. Data are means + SEM, n = 6-8. *P < 0.05 compared with WT, same condition. #P < 0.05 compared
with basal, same genotype. For protein expression and phosphorylation, values were corrected using tubulin or corresponding total antibody.
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sequently immunoprecipitated TBC1D1 from resting and con-
tracted EDL muscles and immunoblotted with the PAS antibody,
and found that although contraction increased TBC1D1 PAS
phosphorylation in WT EDL, this increase was eliminated in
B1p2M-KO mice (Fig. 4H). These data suggest that reductions in
contraction-stimulated glucose uptake in p1p2M-KO mice may
be due to reduced phosphorylation of TBC1D1.

Discussion

Over the past decade, numerous studies have reported that skel-
etal muscle AMPK is an important regulator of energy metabolism
in response to physiological stimuli such as nutrients and hor-
mones. Given the undetectable levels of skeletal muscle AMPK
activity, we were surprised to find that p1p2M-KO mice had nor-
mal muscle weights and were not obese. We also demonstrated
that young B182-MKO mice had normal whole-body and skeletal
muscle insulin sensitivity. Consistent with recent reports (27, 28,
31), our data suggest a dispensable role for TBC1D1 but not
AS160 phosphorylation in regulating insulin-stimulated glucose
uptake. Therefore, in young healthy mice housed under sedentary
conditions skeletal muscle AMPK is not required to maintain
metabolic homeostasis. In future studies, it will be interesting to
examine whether up-regulation/compensation by alternative “en-
ergy sensing” pathways may be important for the maintenance of
resting skeletal muscle metabolism in p1p2M-KO mice.
p1p2M-KO mice had considerable reductions in voluntary
wheel activity suggestive of impaired exercise capacity. To in-
vestigate this further, we performed a treadmill exercise toler-
ance test and found that p1p2M-KO were extremely exercise
intolerant and became fatigued almost immediately when the
treadmill speed was increased beyond a fast walk (~10 m/min).
This exercise intolerance is much greater than the ~25-30%
reduction in exercise capacity reported for other models of
partial AMPK deficiency (12, 15, 23). These data demonstrate
that skeletal muscle AMPK is essential for maintaining the
ability to buffer against acute increases in metabolic demand.

Reductions in mitochondrial capacity are associated with im-
paired exercise capacity. Despite the well documented role that
both pharmacological (32, 33) and genetic (16, 17) activation of
AMPK increases skeletal muscle mitochondrial density, previous
studies in genetic models of partial AMPK deficiency suggested
that muscle AMPK played a relatively minor to negligible role in
the maintenance of muscle mitochondrial content (16, 17, 23, 32,
34). In contrast, we found that f12M-KO mice had large reduc-
tions in muscle mitochondrial DNA, mRNA, enzyme activities,
and OXPHOS protein expression. Electron microscopy imaging
demonstrated that reductions in the number of mitochondria were
specific to the IMF region of the muscle, because SS mitochondrial
density was unchanged in f1p2M-KO mice. Interestingly, despite
B1p2M-KO mice having fewer mitochondria, we found that the
mitochondria that were present were larger than those found in the
muscles of WT littermates. What causes the formation of these
larger mitochondria is not known, but we speculate it may be re-
lated to the recently described role of AMPK activating mitophagy
(35) or alternatively may reflect an adaptive response designed to
compensate for reductions in mitochondrial number. These data
demonstrate an obligatory role for muscle AMPK in maintaining
mitochondrial content and size; however, future studies deter-
mining the mechanisms mediating these effects are required.

A critical regulator of mitochondrial biogenesis in muscle is
PGC-1 (36). Muscle-specific PGC-1a null mice have reductions in
mitochondrial biogenesis and undergo a fiber-type switch whereby
muscles take on a more glycolytic profile (37). Interestingly, re-
ductions in mitochondrial content in p1p2M-KO mice occurred
despite an ~60% increase in PGC-la mRNA, suggesting that
AMPK-mediated posttranslational modifications, such as phos-
phorylation (38) and deacetylation (39) are essential for the control
of PGC-1a activity. We found that despite reductions in mito-
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chondrial content, there was no shift in the skeletal muscle fiber-
type of p1p2M-KO mice. These data suggest that control of muscle
fiber-type is independent of AMPK activity. In future studies, it will
be interesting to examine PGC-1a activity and mitochondrial/fiber
type adaptations in f1p2M-KO mice following exercise training or
treatment with AMPK activators that induce mitochondrial bio-
genesis such as adiponectin (40) and resveratrol (41).

Despite running at a comparable relative workload p1p2M-KO
mice used a lower percentage of carbohydrate for energy compared
with WT littermates. Surprisingly, this was not due to alterations in
glycogen utilization, but lower muscle glucose clearance. It is pos-
sible that the lower glucose clearance and impaired exercise ca-
pacity of f182M-KO mice may have been due to reduced blood
flow to working muscles as a result of reductions in heart AMPK a2
and P2 expression. Although we did not directly assess cardiac
function, in contrast to LKB1 MCK-Cre mice (42, 43), we did not
detect any change in heart size suggesting that heart function was
not adversely affected. Reductions in blood flow may also be re-
lated to reduced skeletal muscle capillarization, which has been
observed in AMPK o2 KD mice (44-46). In addition to regulating
angiogenesis, skeletal muscle AMPK is also important for regu-
lating nitric oxide synthase (NOS), which is important for con-
trolling blood flow and glucose delivery during exercise (44-46).
Future studies examining heart function, muscle capillary density,
and glucose delivery/blood flow in f1p2M-KO mice are warranted.

To overcome the potential limitations of the in vivo model
where matching of workloads and substrate delivery to muscle
may be compromised, we measured glucose uptake in isolated
EDL and soleus muscles during muscle contractions ex vivo under
conditions in which the total force generated by WT and p1p2M-
KO mice was comparable. However, under these conditions
f1p2M-KO mice had substantial increases in muscle fatigue
compared with our previous studies in AMPKa2 KD (47, 48), p2
KO (6), or p2M-KO (Fig. S54) mice, suggesting that factors in-
dependent of blood flow contribute to the exercise intolerance of
f1p2M-KO mice. Importantly, even with accurate matching of
muscle force, we detected an ~54 and 70% reduction (soleus and
EDL, respectively) in contraction-stimulated glucose uptake in
f1p2M-KO mice. This reduction in contraction-stimulated glu-
cose uptake in p1fM-KO mice is much greater than previously
reported in other models of AMPK deficiency where force fatigue
curves were matched (10, 19, 20); suggesting that remaining
AMPK activity may have been sufficient for the maintenance of
contraction-stimulated glucose uptake in these models.

What might the mechanism be for the reduced contraction-
stimulated glucose uptake in p182M-KO mice? Recent studies
have indicated that TBC1D1 phosphorylation on four sites
detected by the phospho-Akt substrate (PAS) antibody are es-
sential for controlling glucose uptake in response to muscle
contractions (28). Consistent with this concept, we show that
TBC1D1 PAS phosphorylation does not increase in response
to muscle contractions in p1p2M-KO mice. Importantly, these
findings are different from AMPK a2KO (49) and o2iTg (50)
mice, where modest increases in TBC1D1 PAS phosphorylation
are accompanied by normal contraction-stimulated glucose up-
take (7, 10). These data suggest that reductions in contraction-
stimulated glucose uptake in p12M-KO mice may be the result
of reduced TBC1D1 phosphorylation, which impairs 14-3-3
binding and GLUT4 translocation to the plasma membrane. As
phosphorylation-site specific antibodies become commercially
available, it will be important to investigate the contribution of
the individual phosphorylation sites in regulating glucose uptake
in response to contraction in p1p2M-KO mice.

In conclusion, by generating p1p2M-KO mice, we have found
that skeletal muscle AMPK is not required for the maintenance of
body mass or insulin sensitivity. These data suggest that alternative
pathways are able to compensate for a lack of skeletal muscle
AMPK in young healthy mice under sedentary conditions. In

O'Neill et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1105062108/-/DCSupplemental/pnas.201105062SI.pdf?targetid=nameddest=SF5
www.pnas.org/cgi/doi/10.1073/pnas.1105062108

contrast, there appears to be no substitute for AMPK in regulating
muscle metabolism during exercise as f1p2M-KO mice exhibit
reduced voluntary wheel activity, extreme exercise intolerance
and increased muscle fatigue. Exercise intolerance in p1p2M-KO
mice was likely due to dual reductions in skeletal muscle mito-
chondrial content and contraction-stimulated glucose uptake.

Materials and Methods

B1 and B2 floxed mice were generated on a pure C57BL/6 background by
OZGENE (Perth, Australia) and were crossed with MCK-Cre mice that were
backcrossed for at least 10 generations onto a C57BL/6 background (24). In
vivo and ex vivo 2-DG uptake in muscle was determined as described (6,
15). Protein expression, phosphorylation, and enzymatic activities as well
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as RT-qPCR of mRNA transcripts were completed as described (5, 6, 51).
For a detailed description of all methods and statistics, see S/ Materials
and Methods.
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