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ABSTRACT
Recent evidence suggests that ovarian hormones contribute to altered function of skeletal muscle, however the signaling processes thought to

regulate muscle function remain undefined in females. Thus, the purpose of this investigation is to determine if ovarian hormone status is

critical for contraction-induced activation of AMPK or MAPK in skeletal muscle. Female mice were divided into two groups, ovariectomy

(OVX) and SHAM, which were then subjected to in situ isometric contractile protocols. AMPK, ERK 1/2, p38, and JNK phosphorylation were

measured in the control and contracting limb. In the in situ protocol, OVX muscles were significantly more resistant to fatigue compared to the

SHAM animals. In addition, the muscles from OVX mice demonstrated significantly lower levels of normalized AMPK phosphorylation at rest.

AMPK phosphorylation was not increased in the muscles from SHAM mice after the in situ contractile protocol, while the OVX demonstrated

significant increases in AMPK phosphorylation. After contraction, normalized ERK2 phosphorylation was significantly higher in the OVX

group compared to the SHAM group. Both p38 and JNK phosphorylation increased in response to contraction; but no group differences

were detected. A second set of SHAM and OVX animals were subjected to fatigue stimulated under in vitro conditions. Significant

increases in AMPK and ERK2 phosphorylation were detected, but no differences were found between groups. In conclusion, removal of the

ovaries results in different responses to contraction-induced changes in phosphorylation of AMPK and ERK2 in female mice and

suggests hormones secreted from the ovaries significantly impacts cellular signaling in skeletal muscle. J. Cell. Biochem. 107: 171–178,

2009. � 2009 Wiley-Liss, Inc.
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R epetitive skeletal muscle contraction induces alterations in

energetic homeostasis, which can contribute to changes in

gene expression by altering activation patterns of signaling proteins

in the muscle cell. Although the contraction-induced cellular

mechanisms that produce these physiological effects are unclear,

recent evidence suggests that AMP-activated kinase (AMPK) and

members of the mitogen-activated protein kinase (MAPK) family

play an active role in regulating these processes [Kramer and

Goodyear, 2007; Osler and Zierath, 2008]. Although prior evidence

has demonstrated that muscle contraction is a sufficient stimulus

to induce an increase in activation of AMPK or any of the MAPK

family members, other evidence has suggested that various chronic
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conditions can affect the ability of contraction to induce activation

of these proteins [Williamson et al., 2003; Thomson and Gordon,

2005; Sriwijitkamol et al., 2006].

AMPK is a heterotrimeric protein composed of one alpha, one

beta, and one gamma subunit [Osler and Zierath, 2008]. The variety

of different subunits results in a number of different possible

combinations of AMPK, however only three appear to be present

in skeletal muscle (a1/b2/g1, a2/b2/g1, and a2/b2/g3) [Birk and

Wojtaszewski, 2006]. Repetitive muscle contraction can induce

increases in AMPK activity by altering the AMP/ATP ratio

[Jorgensen et al., 2006], thus activating an allosteric mechanism

rendering AMPK a better substrate for upstream kinases and
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enhancing phosphorylation on the Thr172 residue of the a-subunit.

AMPK activation is thought to affect numerous mechanisms

including regulation of gene expression [McGee and Hargreaves,

2008], glucose uptake [Jorgensen et al., 2006], and lipid oxidation

[Osler and Zierath, 2008] by the muscle.

Various roles have been ascribed to the MAPK family members,

ERK 1/2, p38, and JNK during contraction, with particular emphasis

on regulation of gene expression [Kramer and Goodyear, 2007]. For

example, p38 activation during contraction is thought to contribute

to increased PGC-1a transcription by activating the transcription

factor ATF-2 [Yan et al., 2007], which would be predicted to result in

a more oxidative phenotype. JNK activation in muscle is thought

to play a role in altered gene expression [Ryder et al., 2000; Hilder

et al., 2003]. Specifically, JNK1 KO mice have altered glucose and

insulin dynamics at rest [Hirosumi et al., 2002]. The role of ERK 1

and 2 in skeletal muscle remains unclear, although recent evidence

has suggested that they may contribute to changes in lipid

metabolism in skeletal muscle [Kramer and Goodyear, 2007] by

affecting hormone sensitive lipase (HSL) [Donsmark et al., 2003]

and FAT/CD36 [Turcotte et al., 2005]. The MAPK family clearly has

the ability to target gene expression and proteins that can affect

metabolic function of skeletal muscle.

Through undefined cellular mechanisms the loss of ovarian

hormones (i.e., menopause) affects numerous physiological pro-

cesses in both striated muscle and other tissues [Campbell and

Febbraio, 2002; D’Eon et al., 2005; Moran et al., 2006]. We and

others have previously demonstrated that loss of ovarian hormones

results in a failure of mechanical loading to induce activation of

p70s6k in female rats [McClung et al., 2006; Sitnick et al., 2006;

McClung et al., 2007]. Thus, there is a fair amount of evidence

documenting that skeletal muscle is a target tissue of ovarian

hormones. However, there is no evidence indicating what the role of

ovarian hormones is in regulating the activation of various

signaling proteins in response to repetitive contractures of skeletal

muscle. Thus, the purpose of this investigation was to determine

if ovarian hormone status is critical for contraction-induced

activation of AMPK or MAPK in skeletal muscle. It was hypothesized

that ovariectomy would result in attenuated activation of AMPK and

MAPK in response to repetitive contractions in muscle.

METHODS

ANIMALS

Eight-week-old virgin female C57/BL6 (Harlan) mice were used for

these studies. Half of the animals were bilaterally ovariectomized

(OVX) according to previously described methods [Sitnick et al.,

2006] and were returned to their cages for 8 weeks. The SHAM

female mice were housed in the same cage to encourage

synchronization (The Whitten effect) of the estrous cycle. In our

hands, bilateral ovariectomy lowers circulating estrogens down to

levels approximately 30% of normal (�4.0 pg/ml) within 24 h of the

surgery and remains depressed [Sitnick et al., 2006]. The other half

of the animals underwent SHAM surgeries where the animals

underwent the same surgical procedure, but did not have their

ovaries removed. All experiments were conducted on female mice at
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�16 weeks of age. All experiments were approved by the University

of Maryland Animal Care and Use Committee.

MUSCLE FATIGUE PROTOCOLS

Contractile fatigue of the tibialis anterior muscle (TA) and extensor

digitorum longus (EDL) muscle was induced in a similar manner as

previously described [Spangenburg et al., 1998, 2008; Lees et al.,

2001; Sakamoto et al., 2005], where we found that approximately

an 80% reduction in muscle force production resulted in a 77%

reduction in muscle glycogen levels [Lees et al., 2001].

IN SITU

We used four SHAM and four OVX mice to compare fatigue

characteristics in a model where muscle blood flow is intact. All

mice were tested on the same day. Animals were anesthetized with

isoflurane (2% with oxygen flow rate of 0.5 L/min) and surgical

anesthesia was confirmed by lack of response to a normally painful

stimulus (pinching the foot). With the animal supine, the hindlimb

was stabilized and the distal tendon of the TA muscle was released.

Its proximal portion was secured in a custom made clamp and

attached to a load cell (Grass Instruments FT03) with a suture tie

(4.0 coated Vicryl). Contractions of the TA were induced by direct

stimulation via the peroneal nerve and single twitches (rectangular

pulse, 1 ms) were applied at different muscle lengths to determine

the optimal length (resting length L0, measured with calipers as

the distance between the tibial tuberosity and the myotendinous

junction). With muscles set at L0, maximum tetanic force (P0) was

measured (100 Hz) and then fatigue was induced through tetanic

contractions (100 Hz for 100 ms) delivered every 2 s for 5 min.

Maximal tetanic tension was measured during continuous stimula-

tion and expressed as a percentage of P0, to provide an index of

fatigue. The fatigued and contralateral TA muscles were immedi-

ately removed, weighed, and frozen in liquid nitrogen.

IN VITRO

These experiments were performed according to previously

described methodology [Spangenburg et al., 2008]. All mice were

tested on the same day. Here muscle fatigue was induced in a

surgically excised EDL muscle; therefore fatigue occurred without

blood flow to the muscle. In brief, one of the EDL muscles was

surgically excised with ligatures at each tendon (5-0 silk suture)

and mounted in an in-vitro bath between a fixed post and force

transducer (Aurora 300B-LR) operated in isometric mode. The

muscle was maintained in physiological saline solution (PSS;

pH 7.6) containing (in mM) 119 NaCl, 5 KCl, 1 MgSO4, 5 NaHCO3,

1.25 CaCl2, 1 KH2PO4, 10 HEPES, 10 dextrose, and maintained

at 308C under aeration with 95 O2/5 CO2 (%) throughout the

experiment. Resting tension, muscle length and stimulation current

was iteratively adjusted for each muscle to obtain optimal twitch

force. During a 5 min equilibration, single twitches were elicited

at every 30 s with electrical pulses (0.5 ms) via platinum electrodes

running parallel to the muscle. Optimal resting tension was deter-

mined. Following a 15 min rest period, the muscle was stimulated

to fatigue by delivering tetanic trains (100 Hz for 100 ms) every 2 s

for 5 min. After the experimental protocol, the muscle length was

determined with a digital micrometer, the muscle was trimmed
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proximal to the suture connections, weighed, and frozen in liquid

nitrogen.
MUSCLE HOMOGENIZATION

The TA or EDL muscles were homogenized on ice in buffer

containing 50 mM HEPES (pH 7.4), 0.1% Triton X-100, 4 mM EGTA,

10 mM EDTA, 15 mM Na4P2O7�H2O, 100 mM b-glycerophosphate,

25 mM NaF, 50 mg/ml leupeptin, 50 mg/ml pepstatin, 40 mg/ml

aprotinin, 5 mM Na3VO4, and 1 mM PMSF as previously described

[Spangenburg and McBride, 2006; Spangenburg et al., 2006]. After

homogenization, the samples were centrifuged at 13,000g for 10 min

and the supernatants were stored at �808C. The protein concentra-

tion of the samples was determined in triplicate via the BCA assay

(Pierce, Rockford, IL).
AMPK AND MAPK (ERK 1/2, P38, AND JNK) MEASUREMENTS

Measurement of phosphorylation of Thr172 is often used as

indicator of activation of AMPK. These measurements appear to

supply the most reliable indicator of AMPK activation, since in vitro

AMPK activity results in the loss of any allosteric activation

[Ponticos et al., 1998]. Seventy-five micrograms of total protein for

each sample was loaded onto 7.5% SDS–PAGE gels for AMPK, p38,

JNK, and ERK 1/2. All gels were run at 150 V for 1 h to separate

proteins and then transferred onto PVDF membranes. To confirm

successful transfer of protein and equal loading of lanes the

membranes were stained with Ponceau S (not shown). After

successful transfer, the membrane was placed in blocking buffer (5%

non-fat dry milk) for 1 h at room temperature, serially washed and

incubated with primary antibody overnight at 48C. The primary

antibodies were specific to AMPK (Thr172), AMPK (total), ACC

(Ser72), p38 (Thr180/Tyr182), p38 total, JNK/SAPK (Thr183/

Tyr185), JNK/SAPK (total), ERK 1/2 (Thr202/Tyr204), and ERK

1/2 (total) (Cell Signaling, Boston, MA). After another serial wash

with TBS-T (3� 5 min), the membranes were incubated with a

horseradish peroxidase (HRP)-conjugated secondary antibody for

1 h. Enhanced chemiluminescence reagent (Pierce) was used to

detect the HRP activity by exposure in a gel documentation system

(GeneGnome, SynGene, Frederick, MD) for the appropriate durations

to keep the integrated optical densities (IODs) within a linear and

non-saturated range for all bands of each membrane. The IODs were

quantified using SynGene densitometry software (Frederick, MD).
TABLE I. Tibialis Anterior (TA) Muscle Force Production and

Muscle Mass
NON-ESTERIFIED FREE FATTY ACIDS (NEFA)

AND GLUCOSE MEASUREMENTS

NEFA was measured in serum isolated from each mouse after a 4-h

fast using a colorimetric assay (Wako Diagnostics, Richmond, VA).

Blood glucose was measured using a YSI Glucose Analyzer (YSI Life

Sciences, Yellow Springs, OH).
SHAM SEM OVX SEM

P0 (g) 54.33 4.45 65.60 8.25
P0 (g/mm2) 19.83 1.73 19.73 1.85
TA mass (mg) 42.50 1.81 48.72� 2.17

Values are means� SEM.
�P< 0.05.
STATISTICS

All data are expressed as means� SE. Statistical significance for all

immunoblotting data was determined using a two-way ANOVA;

when an interaction was found the test was followed by a Tukey’s

post-hoc test. A P-value of <0.05 was considered significant.
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Statistical significance for all blood variables, force and fatigue data

were determined using a one-way ANOVA; if significance was

achieved the test was followed by a Tukey’s post hoc test. A P-value

of <0.05 was considered significant. A post hoc power analysis was

conducted upon completion of the experiments and the lowest

power level achieved was 0.62, while the majority of experiments

achieved a power level of 0.7 or higher.

RESULTS

IN SITU MUSCLE CONTRACTION

Absolute and normalized tetanic force production was not

statistically different between groups (Table I). TA muscle mass

from the OVX group was significantly larger by 14.3% compared to

the SHAM TA muscle mass. We also found that prior to any

contractile experiments, OVX animals exhibited significant eleva-

tions in plasma NEFA (OVX 0.926 mmol/L vs. SHAM 0.712 mmol/L

(P< 0.05)) and blood glucose levels (OVX 221.42 mg/dl vs. SHAM

188.1 mg/dl (P< 0.05)) compared to the SHAM animals. In the in

situ model, the OVX animals were significantly more resistant to the

development of fatigue than the SHAM animals (Fig. 1).

There was no significant increase in normalized AMPK

phosphorylation in the SHAM animals, but AMPK phosphorylation

was significantly increased by 42% after muscle fatigue in the OVX

animals (Fig. 2). AMPK phosphorylation in the fatigued muscles

from the OVX animals was also significantly elevated compared to

the fatigued muscles from the SHAM animals (Fig. 2). Interestingly,

the SHAM animals exhibited significantly higher levels of AMPK

phosphorylation in the control muscles (no contraction) when

compared to the control muscles from the OVX animals (Fig. 2). ACC

phosphorylation was significantly increased after the contractions

in both the SHAM and OVX animals, but no differences were

detected between groups.

Normalized ERK2 phosphorylation was significantly increased

after muscle fatigue in the OVX animals and in the SHAM animals

(Fig. 3). ERK1 phosphorylation did not appear to be as sensitive to

contraction as ERK2 (Fig. 3). Interestingly, in both groups total ERK2

levels significantly decreased in the isolated cytosolic fraction after

contraction, significantly more so in the OVX group than the SHAM

(quantitative data not shown). Thus, when normalized to total

ERK2 the OVX animals exhibited significant increases in ERK2

phosphorylation compared to the Sham animals (Fig. 3).

p38 phosphorylation was significantly increased after muscle

fatigue in both the OVX animals and SHAM animals (Fig. 4).

There were no differences between groups in normalized p38

phosphorylation before or after contraction (Fig. 4).
KINASE ACTIVATION IN CONTRACTING SKELETAL MUSCLE 173



Fig. 1. Tibialis anterior (TA) in situ fatigue measurements in 16 weeks old

SHAM and OVX mice. Maximal tetanic contractions were induced every 2 s for

5 min. Fatigue was less in OVX mice (-* -) compared to SHAM mice (-* -)

(SHAM n¼ 4; OVX n¼ 4). � Indicates statistically different from SHAM mice

(P< 0.05). No difference was found between the OVX and SHAM muscle using

an in vitro protocol (not shown).

Fig. 3. Effects of repetitive in situ muscle contraction on normalized

ERK2 phosphorylation (Thr202/Tyr204) in SHAM and OVX mice. Repetitive

contractions resulted in significant increases in normalized levels of ERK2

phosphorylation. Significant decreases in total ERK2 expression occurred after

contraction in both groups (see arrows), with greater decreases in total ERK2 in

the OVX animals compared to the SHAM animals (quantitative data not

shown). � Indicates statistically different from SHAM control or # statistically
$

JNK phosphorylation was significantly increased after muscle

fatigue in the OVX animals and in the SHAM animals (Fig. 5). There

were no differences in normalized JNK phosphorylation between

groups before or after contraction (Fig. 5).
Fig. 2. Effects of repetitive in situ muscle contraction on normalized AMPK

(Thr172) and ACC (Ser 79) phosphorylation in SHAM and OVX mice. � Indicates

statistically different from SHAM control, $ statistically different from SHAM

fatigue, or # statistically different from OVX control (P< 0.05). (SHAM n¼ 4;

SHAM fatigue n¼ 4; OVX n¼ 4; OVX fatigue n¼ 4.) Example immunoblots are

depicted below the graph.

different from OVX control or statistically different from SHAM fatigue

(P< 0.05). (SHAM n¼ 4; SHAM fatigue n¼ 4; OVX n¼ 4; OVX fatigue n¼ 4.)

Example immunoblots are depicted below the graph.

Fig. 4. Effects of repetitive in situ muscle contraction on normalized

p38 phosphorylation (Thr180/Tyr182) in SHAM and OVX mice. � Indicates

statistically different from SHAM control or # statistically different from OVX

control (P< 0.05). (SHAM n¼ 4; SHAM fatigue n¼ 4; OVX n¼ 4; OVX fatigue

n¼ 4.) Example immunoblots are depicted below the graph.
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Fig. 5. Effects of repetitive in situ muscle contraction on normalized

JNK phosphorylation (Thr183/Tyr185) in SHAM and OVX mice. � Indicates

statistically different from SHAM control or # statistically different from OVX

control (P< 0.05). (SHAM n¼ 4; SHAM fatigue n¼ 4; OVX n¼ 4; OVX fatigue

n¼ 4.) Example immunoblots are depicted below the graph.
IN VITRO MUSCLE CONTRACTION

These data suggest that removal of the ovaries from female mice

alters the ability of contraction to induce changes in signaling

events. To determine if this effect was mediated by a circulating

factor, we employed an in vitro contractile model where the EDL

muscle was physically removed from the animal. If there was a

circulating factor in the blood that was critical for affecting the

signaling mechanisms in the female animal, then removing any

exposure to the circulating factor would remove the effect. In the in

vivo experiments, blood flow remained intact during contractions,

allowing exposure of the muscle to any circulating factor. With the

in vitro model, blood flow was not intact, precluding exposure of

circulating factors to the muscle. The EDL was utilized for the in

vitro experiments since it is not possible to use the TA in an in vitro

bath model. However, these muscles are similar in that they

contain similar fiber type compositions and both are dorsiflexors

[Burkholder et al., 1994]. The same fatigue protocol was used for

both the in vitro protocol and the in situ protocol. No differences

were detected in fatigue characteristics between the groups (data

not shown).

In the in vitro model, normalized AMPK and ERK2 phosphoryla-

tion was significantly increased to similar levels in both the SHAM

and OVX animals after muscle fatigue was induced (Fig. 6A,B).

No significant differences were detected between groups. Since no

differences were detected in p38 or JNK phosphorylation in the in

situ models, no in vitro data are presented for these signaling

proteins.
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DISCUSSION

Our findings suggest that ovarian hormones affect the ability of

repetitive muscle contraction to induce increases in AMPK and

ERK2 phosphorylation. Interestingly, these differences are not

discernable in all models of muscle contraction. When the muscle

from a SHAM female mouse was fatigued in situ (i.e., blood flow

intact), there was no increase in AMPK phosphorylation, whereas in

an OVX animal there was a significant increase. At baseline, the

OVX group exhibited reduced levels of AMPK phosphorylation

compared to the SHAM animals. Also, normalized AMPK and ERK2

phosphorylation was found to be higher after contractions in the

OVX animals compared to the SHAM animals. However, when the

muscle was removed from the animal and stimulated in vitro, these

differences between groups did not occur. These data demonstrate

that a circulating factor(s), presumably from the ovaries, affects the

ability of contraction to activate AMPK and ERK2 in skeletal muscle.

With respect to AMPK, these data support similar findings in

humans, in which females did not increase AMPK activation in

response to exercise when compared to men [Roepstorff et al., 2006].

These differences in AMPK phosphorylation between genders

appear to be due to minimal changes that occurred in the AMP/

ATP ratio in the women during the exercise bout [Roepstorff et al.,

2006]. Our findings confirm those results and extend them by

indicating that intact blood flow is critical to replicate these

findings. However, if the muscle is removed from the female animal

and placed in an in vitro system, then AMPK phosphorylation

occurs, as would be predicted. It appears that ovarian hormones

may contribute to this effect, in that the OVX animals showed an

expected contraction-induced increase in AMPK phosphorylation,

just as males do [Roepstorff et al., 2006]. It should be noted that

the gender effect appears to only be detected in AMPK measured

from a cytosolic fraction, since recent data have found no gender

differences in AMPK phosphorylation isolated from a nuclear

fraction [Vissing et al., 2008].

The reduction in AMPK activation at rest in the OVX animals

compared to the SHAM animals could result in a number of

molecular or physiological effects in the skeletal muscle. For

example, AMPK has been shown to affect gene transcription of a

number of targets including GLUT4 [McGee et al., 2008], VEGF

[Zwetsloot et al., 2008], or PGC-1a [Irrcher et al., 2008].

Interestingly, previous publications have shown that GLUT4 levels

are reduced in OVX animals [Saengsirisuwan et al., 2009] and VEGF

levels are reduced in post-menopausal women [Croley et al., 2005],

thus it is possible that the changes in basal AMPK activation in the

OVX animals may contribute to these alterations in gene expression.

It is also equally possible that alterations in AMPK activity in the

OVX animals contribute to changes in fiber type, since it has been

suggested recently that genetic alterations in AMPK affect fiber type

composition of skeletal muscle [Rockl et al., 2007]. However, in our

hands, and in the hands of other laboratories, minimal changes have

been detected in the fiber types of muscle from OVX animals (data

not shown). For example, others have not found significant changes

in fiber type percentages based on myosin heavy chain staining

of individual fibers when comparing OVX and SHAM animals

[McCormick et al., 2004; Piccone et al., 2005; Moran et al., 2007].
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Fig. 6. A,B: Effects of repetitive in vitro muscle contraction on normalized AMPK (Thr172) (A) and normalized ERK2 (Thr202/Tyr204) (B) phosphorylation in SHAM and OVX

mice. � Indicates statistically different from SHAM control or # statistically different from OVX control (P< 0.05). (SHAM n¼ 4; SHAM fatigue n¼ 4; OVX n¼ 4; OVX fatigue

n¼ 4.) Example immunoblots are depicted underneath the graph.
Changes in circulating ovarian hormones had a clear affect

on contraction induced-activation of ERK2 in skeletal muscle.

Although the effect was not visible by measurement of absolute

levels of ERK2 phosphorylation, we observed a decrease in the total

amount of ERK2 in our cytosolic fraction in the OVX animals

compared to the SHAM animals. Thus, when normalized to the total

amount of ERK2, ERK2 phosphorylation was increased in the OVX

animals. The decrease in ERK2 total levels in our cytosolic fraction

is likely not due to degradation of the protein, but rather to

translocation of ERK to a cellular compartment that is not visible in

our cytosolic fraction. There is precedence for ERK2 movement in

other tissues with contraction or stretch [Kawamura et al., 2003], but

this is the first indirect evidence of translocation in contracting

skeletal muscle (although ERK translocation to the nucleus has been

shown to be influenced by changes in estrogen levels in other non-

muscle tissue) [Chen et al., 2005]. Experiments are currently being

pursued to determine if cellular movement of ERK2 does in fact

occur in response to muscle contraction. Our data suggest that

a decrease in ovarian hormones results in enhanced cytosolic

phosphorylation of ERK2 after contraction, although the down-

stream consequence of this effect is unclear at the moment.

A number of roles have been defined for the MAPK signaling

family in contracting muscle. In particular, there is good evidence

that members of the MAPK family contribute to contraction-

induced alterations in muscle specific gene expression [Kramer and

Goodyear, 2007]. Previous research has suggested that OVX animals

exhibit increased tissue inflammation at rest, as measured by

elevations in various pro-inflammatory cytokines and subsequent

activation of p38 and JNK [Meldrum et al., 2005; Wang et al., 2006].

Thus, it was surprising that we detected no differences in p38 or JNK

phosphorylation at rest between the OVX and SHAM animals, since
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both p38 and JNK are stress activated kinases and sensitive to

various inflammatory cytokines. In addition, there is also evidence

suggesting that activation of the ERK proteins may contribute to

regulation of lipid metabolism during contraction. Activation of

ERK signaling is thought to regulate increased mobilization of

triacylglycerol by means of increasing the activity of HSL

[Donsmark et al., 2003]. We made an effort towards measuring

changes in HSL phosphorylation to determine if it was altered in our

preparation, however we were unable to successfully quantify it due

to a weak signal of HSL. This may in part be due to the fact that we

performed our contractile measures in the TA and EDL muscles,

where expression of HSL would be predicted to be lower [Langfort

et al., 1999]. Furthermore, the inhibition of ERK signaling has been

shown to block free fatty acid (FFA) uptake by decreasing CD36/FAT

presence at the muscle membrane and decreasing fat oxidation

[Raney and Turcotte, 2007]. It is possible that, when compared to

SHAM animals, the contracting muscles in the OVX animals are

capable of increased triacylglercol mobilization and FFA uptake

during repeated contraction. OVX animals did exhibit increased

levels of circulating FFAs compared to the SHAM animals. Although

untested at this time, we predict that this would result in sparing

of stored muscle glycogen and improved fatigue resistance.

The enhanced activation of ERK2 may explain why the OVX

muscles exhibited increased fatigue resistance in response to in situ

contraction, even though AMPK activation levels were similar.

At this time, the mechanism that provided the OVX animals with

resistance to in situ muscle fatigue remains unclear; particularly

when one considers that the protection was lost in the in vitro

stimulation model. Since there were no discernible contractile

differences between the SHAM and OVX animals in the in vitro

model, it appears that mechanisms that alter EC-coupling are not
JOURNAL OF CELLULAR BIOCHEMISTRY



affected in this model. However, when in the in situ model (where

blood flow is maintained), it is possible that a circulating factor

could affect the susceptibility to muscle fatigue. Previous studies

have shown that muscle fatigue can be delayed when blood glucose

levels are elevated [Helander et al., 2002], which we found to occur

in the OVX animal at rest.

In conclusion, these findings suggest that females have a

circulating ovarian hormonal factor(s) that can affect the ability of

muscle contraction to alter the phosphorylation status of AMPK and

ERK2. The differences were consistently found in the in situ model

of muscle contraction, where blood flow remains intact, while the

differences were lost in the in vitro model, where the muscle is

removed from the animal. The in vitro model removes the muscle

from exposure to any circulating factors, by placing the muscle in a

bath system. Thus when comparing the in situ and in vitro data,

we conclude that the skeletal muscle is exposed to a circulating

factor, that maybe generated by the ovary, which has an effect on

contraction-induced activation of signaling events in the muscle.

Together with previously published data, these data indicate

that ovarian hormone status is a critical consideration when

understanding cellular regulation of muscle processes in females.
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