
J Physiol 562.3 (2005) pp 829–838 829

Alterations in insulin receptor signalling in the rat
epitrochlearis muscle upon cessation of voluntary exercise
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The major purpose of this study was to elucidate mechanisms by which decreasing enhanced
physical activity induces decreased insulin sensitivity in skeletal muscle. Rats with access to
voluntary running wheels for 3 weeks had their wheels locked for 5 h (WL5), 29 h (WL29),
or 53 h (WL53); a separate group of rats never had wheel access (sedentary, SED). Relative to
WL5, submaximal insulin-stimulated 2-deoxyglucose uptake into the epitrochlearis muscle was
lower in WL53 and SED. Insulin binding, insulin receptor β-subunit (IRβ) protein level, sub-
maximal insulin-stimulated IRβ tyrosine phosphorylation, and glucose transporter-4 protein
level were each lower in both WL53 and SED than in WL5 and WL29. Akt/protein kinase B
Ser473 phosphorylation was lower in WL53 and SED than in WL5. Protein levels of protein
tyrosine phosphatase-1B, Src homology phosphatase-2, and protein kinase C-θ did not vary
among groups. The amount of protein tyrosine phosphatase-1B, Src homology phosphatase-2,
and protein kinase C-θ associated with IRβ in insulin-stimulated muscle also did not differ
among the four groups. The mean of SED and WL53 had a significantly higher IRβ-associated
protein tyrosine phosphatase-1B than the mean of WL5 and WL29. The enclosure of multiple
changes (decreases in insulin binding, IRβ protein, IRβ tyrosine phosphorylation, and glucose
transporter-4 protein) in the epitrochlearis muscle within the 29th to 53rd hour after cessation of
voluntary wheel running raises the possibility that a single regulatory event could be responsible
for the coordinated decrease.
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There is a strong relationship between physical inactivity
and insulin resistance (Kriska et al. 1993; Mayer-Davis
et al. 1998; Gustat et al. 2002). This is supported by
observations that insulin sensitivity falls off within days
when physically active humans become sedentary, with the
decreased physical activity decreasing insulin-mediated
glucose uptake. For example, the area under the insulin
curve during an oral glucose tolerance test increased
73, 30, or 93% when endurance-trained individuals did
not exercise for 7–10, 14, or 10 days, respectively (Heath
et al. 1983; Houmard et al. 1993; Arciero et al. 1998).
Measured by submaximal hyperinsulinaemic, euglycaemic
clamp techniques, glucose disposal rate decreased 23%
after 10 days of no exercise in physically trained subjects
(King et al. 1988), and the insulin concentration required
for 50% of maximal glucose uptake increased 23% after
5 days of decreased physical activity in endurance-trained
subjects (Mikines et al. 1989). Thus, it is clear that insulin
sensitivity declines within days of decreasing physical
activity in humans. However, little is known about the
cellular basis for the effect.

Skeletal muscle accounts for 75–95% of
insulin-stimulated glucose disposal in humans (Baron
et al. 1988). We have shown that insulin resistance
develops in the mouse soleus muscle after 1 day of
hindlimb immobilization (Seider et al. 1982). Other
studies have shown that following swim-training,
insulin-stimulated glucose uptake into the isolated rat
epitrochlearis muscle decreases to sedentary levels 40–90 h
following the last swimming bout (Kawanaka et al. 1997;
Host et al. 1998a; Reynolds et al. 2000). Taken together,
the above reports suggest that skeletal muscle could be
the source of the physical inactivity-induced decline
in whole-body, insulin-stimulated glucose disposal in
humans.

To gain a better understanding of the mechanisms
by which decreased physical activity decreases
insulin-stimulated glucose uptake, we wanted to employ
an animal model that would mimick what happens when
previously active subjects stop exercising. The use of
voluntary running wheels more closely approximates
the manner in which humans have historically engaged
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in physical activity in that rats both eat and engage
in voluntary physical activity on an intermittent basis
during their waking nocturnal hours (Rodnick et al.
1989). This enables the animals to be studied during a
time when they are normally sleeping, not physically
active, and not eating (Rodnick et al. 1989; Moraska &
Fleshner, 2001). In addition, we chose to study rats in a
postprandial state, rather than in a fasted state, as this,
in our opinion, represents the more common condition
in modern humans. Locking the running wheels so that
the animals cannot run facilitates the study of events that
occur with decreased physical activity (Tsai et al. 1981).
One purpose of this study was to determine the time
course of decline in glucose uptake into the epitrochlearis
muscle with a return to normal cage activity following
3 weeks of voluntary wheel running. Based on these
results, we next hypothesized that a reduction in measures
of insulin receptor signalling would first occur at either 29
or 53 h after locking the running wheels. A major finding
of this study was that the insulin receptor β-subunit
(IRβ) protein level and two essential components of
insulin receptor activation, insulin binding and tyrosine
phosphorylation, decreased to sedentary levels in the
rat epitrochlearis muscle between 29 and 53 h after
cessation of voluntary running activity following 3 weeks
of voluntary wheel running.

Methods

Materials

2-[1,2-3H(N)]Deoxyglucose and d-[1-14C]mannitol were
from American Radiolabeled Chemicals. 125I-labelled
insulin was from New England Nuclear. IRβ poly-
clonal, phosphotyrosine monoclonal, protein tyrosine
phosphatase-1B (PTP1B) monoclonal, protein kinase C-θ
(PKC-θ) monoclonal and Src homology phosphatase-2
(SHP2) monoclonal antibodies were from BD Biosciences.
IRβ, Akt and Akt Ser473 phospho-specific polyclonal
antibodies and protein A agarose were from Upstate

Figure 1. Experimental design
The length of the line for each experimental group
corresponds to the time line at the top of the figure. See
text for description. VRW, voluntary running wheel.
n = 24 animals for each experimental group.

Biotechnology. Glucose transporter-4 (GLUT4) poly-
clonal antibody was from Biogenesis. Horseradish
peroxidase (HRP)-linked anti-mouse and anti-rabbit
secondary antibodies and HRP-linked protein A
were from Amersham. Vectastain ABC kit was from
Vector Laboratories. All other chemicals were from
Sigma.

Animal protocol

The animal protocol was approved by the Institutional
Animal Care and Use Committee at the University of
Missouri-Columbia. Fischer 344 × Brown Norway F1
hybrid rats (Harlan) were obtained at age 21–23 days
and allowed to acclimatize for 1 week. The animals
were housed in approved temperature-controlled animal
quarters with a 04.00–16.00 h light : 16.00–04.00 h dark
cycle that was maintained throughout the experimental
period. After 1 week (day 0), the rats were randomly
assigned to one of four groups as follows: wheel lock 5
(WL5), wheel lock 29 (WL29), or wheel lock 53 (WL53),
representing 3 weeks of voluntary wheel access followed
by 5, 29, or 53 h of wheel lock that prevented access to
voluntary running, respectively, or SED, representing a
sedentary group without running wheel access for the
entire 3 weeks (Fig. 1). At this time, the animals were
separated into individual cages of the same dimensions;
cages for animals in the running groups (WL5, WL29,
WL53) were equipped with a voluntary running wheel
outfitted with a Sigma Sport BC 800 bicycle computer
(Cherry Creek Cyclery, Foster Falls, VA, USA) for
measuring running activity. After 3 weeks (on day 21),
the wheels were locked for all running groups at 04.00 h.
SED and WL5 animals were killed at 09.00 h. The WL29
group remained in their cages with locked wheels before
being killed the following day (on day 22) at 09.00 h (after
29 h of wheel lock), and WL53 remained in their cages
with locked wheels until day 23 when they were killed at
09.00 h (after 53 h of wheel lock). The animals had ad
libitum access to food at all times until the day on which
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they were killed, when food was removed at 04.00 h.
At 09.00 h, the animals were anaesthetized with 60 mg
pentobarbital (kg body mass)−1. Epitrochlearis muscles
were carefully dissected out, rinsed in preoxygenated
Krebs-Henseleit buffer (KHB: 116 mm NaCl, 4.6 mm
KCl, 1.16 mm KH2PO4, 25.3 mm NaHCO3, 2.5 mm
CaCl2, 1.16 mm MgSO4, pH 7.4)−40 mm mannitol,
and used for experiments as described below.
The animals were exsanguinated by removal of the
heart.

2-Deoxyglucose uptake

2-Deoxyglucose (2-DOG) uptake was performed
essentially as described (Hokama et al. 1997) with
minor modifications. Briefly, muscles were preincubated
in KHB−0.1% bovine serum albumin (BSA)−38 mm
mannitol–2 mm sodium acetate for 30 min. The muscles
were then transferred to the same solution either without
insulin (basal), or with 60 µU ml−1 (submaximal, 0.4 nm)
or 2 mU ml−1 (maximal, 12.8 nm) insulin for 10 min. In all
cases, the left epitrochlearis muscle was incubated without
insulin and the contralateral right muscle was incubated
with either submaximal or maximal insulin. The muscles
were rinsed by incubation in KHB−0.1% BSA−40 mm
mannitol with or without insulin for 10 min. The muscles
were then incubated in KHB−0.1% BSA−38 mm mannitol
(0.2 µCi ml−1)−2 mm 2-deoxyglucose (1.5 µCi ml−1) for
20 min after which they were blotted dry over ice on filter
paper pre-wetted with incubation medium, rapidly cut
cross-wise into two pieces (∼1/3 and 2/3 of the muscle
size), placed in aluminium foil, and frozen in liquid
nitrogen. During all incubation steps, the muscles were
kept in stoppered vials under a constant stream of 95%
O2−5% CO2 in a 37◦C shaking water bath at 60 r.p.m.
For determination of 2-DOG uptake, measurement of
radiolabel in the muscle was performed as described
by Hansen et al. (1994) using mannitol to determine
the extracellular space. Briefly, the approximately 1/3
section of the muscle was weighed, boiled in 1 ml
of water for 10 min, cooled on ice for 10 min, and
centrifuged to remove the non-soluble material. Aliquots
of the supernatant were counted in duplicate on a
scintillation counter with preprogrammed windows
for dual scintillation counting of 3H and 14C. As basal
2-DOG uptake did not differ within groups when the
contralateral muscle was used for either submaximal or
maximal 2-DOG uptake (data not shown), the results are
combined for presentation of the data.

Insulin binding

Insulin binding experiments were performed essentially as
described (Le Marchand-Brustel & Freychet, 1978; Bonen
et al. 1986). Epitrochlearis muscles were preincubated
in KHB−0.1% BSA−40 mm mannitol. After 15 min, the

muscles were transferred to KHB−0.1% BSA−40 mm
mannitol containing 125I-labelled insulin (0.12 µCi ml−1).
The right epitrochlearis muscles were exposed to 0.4 nm
insulin and the contralateral left muscles were incubated
with 7.5 µm insulin. During these steps, the muscles
were kept in stoppered vials under a constant stream of
95% O2−5% CO2 in a shaking water bath at 60 r.p.m.
at 37◦C. The muscles were then washed 8 times for
5 min each in 5 ml of ice-cold KHB−0.1% BSA−40 mm
mannitol, dissolved in 1 n NaOH, and neutralized with
2 n HCl. Aliquots were counted in duplicate on a
gamma counter. Non-specific binding was determined
from samples incubated with 7.5 µm insulin and sub-
tracted from the contralateral muscle to obtain values
for specific insulin binding. Non-specific binding did not
differ between groups (data not shown). An aliquot of
the dissolved muscle was used for determining protein
concentration using the Bradford method (Bradford,
1976).

Immunoblots and immunoprecipitations

Immunoanalysis was performed on the remaining 2/3 of
the epitrochlearis muscles from animals where the right
muscle was incubated with submaximal insulin. The left
epitrochlearis muscles, which were incubated without
insulin, were homogenized in 15 ml g−1 homogenization
buffer (50 mm Hepes, pH 7.4, 4 mm EGTA, 10 mm
Na4EDTA, 15 mm Na4P2O7, 100 mm β-glycerophosphate,
25 mm NaF, 1% Igepal CA630, 5 mm activated Na3VO4,
50 µg ml−1 each of leupeptin, pepstatin, and aprotinin),
rotated end-over-end at 4◦C for 1 h, centrifuged at
16 000 g at 4◦C for 20 min, and the supernatant frozen
in aliquots at −80◦C following a Bradford assay for
protein determination (Bradford, 1976). These samples
were used for immunoblot analysis and citrate synthase
activity as described below. The right epitrochlearis
muscles (incubated with submaximal insulin) were
treated in the same manner, except that they were
homogenized in immunoprecipitation buffer (50 mm
Tris-HCl, pH 8.2, 150 mm NaCl, 1 mm Na4EDTA, 1 mm
EGTA, 1% Triton X-100, 0.25% deoxycholic acid, 0.25%
lauryl sulfobetaine, 0.25% caprylyl sulfobetaine, 0.5%
3-(1-pyridino)-1-propanesulphonate, 2.5 mm activated
Na3VO4, 2.5 mm phenylmethanesulphonyl fluoride,
25 µg ml−1 each of leupeptin, pepstatin, and aprotinin);
these samples were used for immunoprecipitation
experiments as described below.

For immunoblot analysis, 20–40 µg of homogenate
protein from the left muscles was subjected to sodium
dodecyl sulphate–polyacrylamide gel electrophoresis and
transferred to a nitrocellulose membrane. The membranes
were stained with Ponceau-S to verify equal loading
and blocked for 1 h. Following an overnight incubation
with primary antibodies at 4◦C, the membranes were
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washed, incubated with secondary antibody for 1 h,
washed again, treated with an enhanced chemiluminescent
reagent, and exposed to film for visualization of the
protein. Protein bands were quantified using a laser
densitometer (Molecular Dynamics). Optimal blocking
conditions, primary antibody dilutions and conditions,
washing protocol and reagent, and secondary antibody
concentration and conditions were determined separately
for each protein assayed. All gels were loaded with an
equal amount of a loading control which was used for
normalization of data between blots. The loading control
for PTP1B was SW13 cell extract; the loading control for all
other antibodies was homogenate of an insulin-stimulated
epitrochlearis muscle from a non-experimental rat.
Immunoblots for Akt and Akt Ser473 phosphorylation
were performed on muscles stimulated with submaximal
insulin and homogenized in immunoprecipitation
buffer.

For immunoprecipitation analysis, 500 µg of
homogenate protein from muscles incubated with
submaximal insulin was rotated end-over-end overnight
at 4◦C with 5 µg of polyclonal anti-IRβ antibody. A
volume of 100 µl of a 50% protein A agarose bead slurry
was added and the samples were rotated end-over-end at
4◦C for 2 h, after which the beads were washed and boiled
in 60 µl of sample buffer. Samples were loaded on a gel and
subjected to immunoblot analysis for phosphotyrosine or
IRβ using monoclonal antibodies as described above. The
membranes were then stripped using Re-Blot Plus Mild
(Chemicon) according to the manufacturer’s instructions
and re-probed for IRβ, PTP1B, SHP2, or PKC-θ as
indicated in the figure legends. Quantification of each blot
with IRβ immunoprecipitate is expressed relative to the
amount of IRβ detected in the same lane on the blot and
normalized to the loading control. As a negative control,
an equivalent amount of submaximal insulin-stimulated
muscle was also subjected to the immunoprecipitation
protocol using 5 µg of rabbit immunoglobulin G in place
of anti-IRβ antibody.

Citrate synthase activity

Fifty micrograms of muscle homogenate from samples
incubated without insulin were used for determination
of citrate synthase activity (Srere, 1969). Briefly,
samples were diluted into a final volume of 400 µl of
100 mm KH2PO4−100 mm K2HPO4, pH 7.4–50 µm
EGTA−50 µm Na4EDTA and kept on ice. Duplicate
samples of 100 µl and 200 µl each were mixed into a final
volume of 900 µl of 100 mm Tris, pH 8.0–0.167 mm acetyl
coenzyme A−0.111 mm 5,5′-dithiobis-(2-nitrobenzoic
acid) and placed in a 30◦C water bath for 5 min.
Oxaloacetic acid, 100 µl at a concentration of 5 mm,
was immediately added and the reaction measured in a
spectrophotometer at 412 nm for 3 min.

Glycogen concentration

The approximately 2/3 sections of the left epitrochlearis
muscles incubated without insulin (from animals where
the right muscle was incubated with maximal insulin)
were used for determination of glycogen concentration
using the anthrone method (Hassid & Abraham, 1957).
Briefly, frozen muscle samples were dissolved in 5 m KOH,
and glycogen was precipitated with ethanol. The glycogen
precipitate was then hydrolysed by boiling in 5 n HCl for
1 h, neutralized with 5 n NaOH, and an aliquot of sample
was boiled in 95% H2SO4−0.1% anthrone for 15 min.
The concentration of glucosyl units was then determined
against glucose standards in a spectrophotometer at
620 nm.

Statistics

Groups were compared using analysis of variance
(ANOVA), and the Student-Neuman-Keuls post hoc test
was used to determine which groups were different. Total
running distance, running distance during the third week
and on day 21, initial and final body mass, total food intake,
and food intake on the night before the animals were killed
were each considered and eliminated as possible covariates
for 2-DOG uptake. Experiments involving PTP1B, SHP2
and PKC-θ were also analysed using ANOVA with a
contrast statement (Neter et al. 1996) to compare the mean
of WL5 and WL29 to the mean of WL53 and SED. Since
an analysis of residuals showed some extreme values, the
results were verified using the non-parametric Wilcoxon
rank sum test. A one-sided alternative was used for both the
contrasts and the rank sum test. Significance for all tests
was defined at P ≤ 0.05. All data are presented ± s.e.m.
Statistics were performed using either SigmaStat (Systat
Software, Inc., Point Richmond, CA, USA) or SAS (SAS
Institute Inc., Cary, NC, USA).

Results

2-Deoxyglucose uptake

2-Deoxyglucose (2-DOG) is a glucose analogue whose
uptake into isolated skeletal muscle preparations has
been shown to accurately estimate glucose uptake
(Hansen et al. 1994). 2-DOG uptake into the isolated
epitrochlearis muscle in vitro was measured either without
insulin (basal), or in the presence of a submaximally
(60 µU ml−1) or maximally (2 mU ml−1) stimulating
insulin concentration. Basal 2-DOG uptake did not differ
among the four treatment groups, indicating that the
postexercise increase in basal 2-DOG uptake had
dissipated (Richter, 1996). Maximal insulin-stimulated
2-DOG uptake was also not different among
the groups (Fig. 2). Submaximal 2-DOG uptake
(µmol 2-DOG (ml intracellular space)−1 (20 min)−1) in
WL53 (0.740 ± 0.093) was significantly lower relative
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to WL5 (1.166 ± 0.090); WL29 (1.027 ± 0.139) was
intermediate between, but not different from, WL5
and WL53. SED (0.761 ± 0.079) was also lower than
WL5 and not different from WL53 (see Fig. 1 for group
descriptions). Thus, submaximal 2-DOG uptake declined
from WL5 values to SED values after 53 h of wheel lock.
For subsequent immunoanalyses, only muscle from
animals used for the submaximal insulin concentrations
was assayed as this was the only insulin treatment
producing significant differences.

Insulin binding, insulin receptor protein level,
and insulin receptor tyrosine phosphorylation

A change in submaximal response with no change in
maximal response has been interpreted to suggest that
there are alterations at the receptor level (Kahn, 1978;
Goodman, 2001). As the results for 2-DOG uptake
demonstrated this pattern, the next studies were directed
toward the insulin receptor. Specific insulin binding
(fmol (mg total protein)−1) at submaximal insulin in the
epitrochlearis muscle was lower in WL53 (1.027 ± 0.069)
compared to both WL5 and WL29 (2.346 ± 0.336 and
2.324 ± 0.279, respectively; Fig. 3A). WL53 and SED
(1.446 ± 0.137) were not different. IRβ protein level in
WL53 was decreased by 34% and 32% compared to WL5
and WL29, respectively, and was 29% and 27% lower
in SED than in WL5 and WL29, respectively (Fig. 3B).
Relative to the amount of IRβ on the same blot,

Figure 2. Effect of physical inactivity on 2-DOG uptake into
isolated epitrochlearis muscle under basal (no added insulin),
submaximal insulin-stimulated (60 µU ml−1), and maximal
insulin-stimulated (2 mU ml−1) conditions
Groups had wheels locked for 5 h (WL5), 29 h (WL29), or 53 h (WL53)
after 3 weeks of voluntary wheel running, or were sedentary (SED)
without running wheels. Columns are mean ± S.E.M.

∗
Significantly

different from groups without an asterisk within the same insulin
concentration (ANOVA, P ≤ 0.05). n = 15–16 in each group for basal
and 7–8 in each group for both insulin concentrations.

submaximal insulin-stimulated IRβ tyrosine
phosphorylation was decreased by 30% and 27% in
WL53 compared to WL5 and WL29, respectively, and
was 24% and 27% lower in SED than in WL5 and
WL29, respectively (Fig. 3C). Thus, three descriptive
indices of the insulin receptor (insulin binding, IRβ

protein, and IRβ tyrosine phosphorylation) showed
identical treatment patterns, being unchanged from
WL5 to WL29, and decreasing in WL53 to SED
levels.

PTP1B, SHP2 and PKC-θ

To obtain information on potential factors producing the
change in IRβ tyrosine phosphorylation, levels of three
proteins (PTP1B, SHP2 and PKC-θ) that can negatively
regulate IRβ tyrosine phosphorylation were measured in

Figure 3. Effect of decreased physical activity on descriptive
indices of the insulin receptor and its activation in epitrochlearis
muscle
A, submaximal insulin binding to the epitrochlearis muscle. B, IRβ

protein levels relative to loading control (see Methods) with a
representative immunoblot (above graph). C, tyrosine phosphorylation
of IRβ in response to 40 min of submaximal insulin stimulation with a
representative immunoblot (above graph). IRβ immunoprecipitates
were subjected to immunoblotting for phosphotyrosine, then stripped
and re-probed for IRβ (see Methods). Data were normalized to a
loading control (see Methods) and are expressed relative to the
normalized band intensity for IRβ protein present in the same lane.
Columns are mean ± S.E.M.

∗
Signficantly different (ANOVA, P ≤ 0.05)

from groups without an asterisk. n = 6–8 in each group.
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Figure 4. Effect of decreased physical activity on negative
regulators of insulin receptor activation in epitrochlearis muscle
PTP1B (A), SHP2 (B) and PKC-θ (C) protein levels normalized to a
loading control (see Methods) with representative immunoblots (above
graphs). Columns are mean ± S.E.M.

∗
Significantly different from

WL53 (ANOVA, P ≤ 0.05). n = 6–8 in each group.

Figure 5. Representative immunoblots (A) and
protein levels of PTP1B (B), SHP2 (C) and
PKC-θ (D) in IRβ immunoprecipitates from
epitrochlearis homogenates from muscle
incubated with submaximal insulin for 40 min
IRβ immunoprecipitates were subjected to
immunoblotting for IRβ, then stripped and
re-probed for PTP1B, SHP2, or PKC-θ (see
Methods). Data in each panel were normalized to a
loading control (see Methods) on the same blot
and are expressed relative to the normalized band
intensity for IRβ present in the same lane. IgG in
the first lane of panel A was immunoprecipitated
with rabbit immunoglobulin G and is a negative
control with no detectable signal. Columns in the
main graphs represent the means for each group ±
S.E.M. The columns in the insets illustrate the
means ± S.E.M. for the linear combination of the
individual group means for WL5 and WL29
(WL5+29) and for WL53 and SED (WL53+S). See
Results for more detail. IP, immunoprecipitation;
IB, immunoblot. ∗ Significantly different (ANOVA
with contrast statement, P ≤ 0.05). n = 6–8 in
each group.

homogenates and in IRβ immunoprecipitates (Rocchi
et al. 1996; Elchebly et al. 1999; Strack et al. 2000;
Ouwens et al. 2001; Zabolotny et al. 2004). The pre-hoc
hypothesis was that the level of each of these proteins
and their association with IRβ upon submaximal insulin
stimulation would show an inverse pattern of changes
compared to the pattern of changes in IRβ tyrosine
phosphorylation observed in the earlier part of the
present study, i.e. in comparison to Fig. 3C where WL53
and SED were lower than WL5 and WL29 for IRβ tyrosine
phosphorylation, WL53 and SED would be higher than
WL5 and WL29 for PTP1B, SHP2 and PKC-θ . Total protein
level for PTP1B and PKC-θ did not differ between groups
(Fig. 4A and C), while the SHP2 protein level was 23%
lower in WL53 than SED (Fig. 4B). The amount of PTP1B,
SHP2, or PKC-θ associated with IRβ, expressed per unit
of IRβ on the same blot, was also not different between
groups (P = 0.07 for PTP1B; Fig. 5). Because it had been
hypothesized a priori that both WL53 and SED would each
be greater than either WL5 or WL29, we further tested this
hypothesis using ANOVA with a contrast statement (Neter
et al. 1996). When this method was employed, it was found
that the mean of SED and WL53 had a significantly higher
IRβ-associated PTP1B than the mean of WL5 and WL29
(Fig. 5B, inset); PTP1B, SHP2 and PKC-θ total protein
levels (data not shown) and IRβ-associated SHP2 and
PKC-θ were not significantly different (Fig. 5C and D,
insets). These results were confirmed using the Wilcoxon
rank sum test.
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Akt, citrate synthase activity, glycogen concentration
and GLUT4

Akt total protein content did not differ between groups
(data not shown). Akt Ser473 phosphorylation per unit
of Akt on the same blot was 32% and 40% lower in
WL53 and SED, respectively, than in WL5 (Fig. 6A),
providing confirmation that signalling downstream of the
insulin receptor is also decreased after 53 h of wheel lock.
Citrate synthase activity (nmol (mg protein)−1 min−1)
in the epitrochlearis was lower in SED compared to
all other groups (169 ± 8 in WL5, 167 ± 11 in WL29,
160 ± 6 in WL53 and 134 ± 5 in SED; Fig. 6B), indicating
that oxidative capacity (Holloszy et al. 1970) of the
epitrochlearis muscle did not decline after 53 h of
wheel lock. As other studies have shown a relationship
between 2-DOG uptake and glycogen concentration
(Henriksen & Halseth, 1994; Jensen et al. 1997; Host
et al. 1998b) or GLUT4 protein level (Henriksen et al.
1990; Kawanaka et al. 1997; Host et al. 1998a; Reynolds
et al. 2000), these were also measured in the present
study. Consistent with other studies using voluntary wheel
running (Rodnick et al. 1992; Hokama et al. 1997),
epitrochlearis muscle glycogen levels in the present study
were not significantly different between groups (Fig. 6C),
suggesting that glycogen is not playing a regulatory role
in the diminished submaximal insulin-stimulated 2-DOG
uptake in the wheel lock period. The GLUT4 protein level
in WL53 decreased 29% and 21% relative to WL5 and
WL29, respectively (Fig. 6D). The level of GLUT4 was also
less in SED by 31% and 24% relative to WL5 and WL29,
respectively.

Running activity, body mass and food intake

Total running distance (103.6 ± 2.0 km), average daily
running distance during the third week (5.7 ± 0.1 km),
and distance run on the last day (day 21; 6.1 ± 0.4 km)
did not differ among groups with wheel access. Initial
body mass (71.9 ± 0.5 g) did not differ between groups.
Final body mass was lower in SED (186.3 ± 3.9 g) than
in WL5, WL29 and WL53 (199.0 ± 3.0, 208.9 ± 2.5 and
212.3 ± 3.3 g, respectively). Average daily food intake and
food intake on the night before the animals were killed
was also lower in SED (14.8 ± 0.3 and 16.0 ± 0.4 g) than
in WL5 (17.9 ± 0.3 and 21.4 ± 0.5 g), WL29 (17.0 ± 0.4
and 19.5 ± 0.5 g), and WL53 (17.9 ± 0.3 and 20.9 ± 0.4 g).
Data for running activity, body mass and food intake are
not shown.

Discussion

In rats prohibited from voluntary running after 3 weeks
of access to voluntary running wheels, submaximal
insulin-stimulated 2-DOG uptake in the 53 h wheel lock

group (WL53) exhibited a significant decline to values
similar to those in the sedentary group (SED; Fig. 2).
A novel observation of the current study is that insulin
binding, IRβ protein level, and insulin-mediated IRβ

tyrosine phosphorylation remained at 5 h wheel lock
(WL5) values for 29 h of wheel lock (WL29), but declined
to SED values after 53 h of wheel lock (Fig. 3). Moreover,
GLUT4 protein levels followed this same pattern, declining
to SED values between 29 and 53 h of wheel lock (Fig. 6D).
These observations are important as they identify by
association some of the potential factors that may be
involved in diminished submaximal insulin-mediated

Figure 6. Biochemical adaptations to decreased physical activity
in the epitrochlearis muscle
A, Akt Ser473 phosphorylation relative to the total amount of Akt in
the same lane and normalized to a loading control (see Methods) with
a representative immunoblot (above graph). B, citrate synthase activity.
C, glycogen concentration. D, GLUT4 protein levels normalized to a
loading control (see Methods) with a representative immunoblot
(above graph). Columns are mean ± S.E.M.

∗
Signficantly different

(ANOVA, P ≤ 0.05) from groups without an asterisk.
∗ ∗

Significantly
different (ANOVA, P ≤ 0.05) from WL5. n = 6–8 in each group.
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Table 1. Directional changes in groups having wheels locked for
29 h (WL29) or 53 h (WL53), and in the sedentary (SED) group,
relative to 5 h of wheel lock

WL29 WL53 SED

Insulin (60 µU ml−1)-stimulated 2-DOG ↔ ↓ ↓
uptake

Insulin binding ↔ ↓ ↓
IRβ protein level ↔ ↓ ↓
IRβ tyrosine phosphorylation ↔ ↓ ↓
Akt Ser473 phosphorylation ↔ ↓ ↓
GLUT4 protein level ↔ ↓ ↓
Arrows indicate the relative direction of significant changes
(ANOVA, P ≤ 0.05) for each of the measured variables. The table
demonstrates the similar pattern of change observed in the
listed variables.

glucose uptake into the epitrochlearis muscle upon
decreased physical activity. Furthermore, the observations
demonstrate that these reductions coordinately transpired
between 29 and 53 h after the running wheels were locked
(Table 1).

The decrease in IRβ tyrosine phosphorylation per
unit of IRβ at 53 h of wheel lock suggests that, in
addition to the decrease in IRβ protein level, there
are also concurrent adaptations which diminish IRβ

phosphorylation. An important step regulating signal
transduction through the insulin receptor is the action
of protein tyrosine phosphatases, which dephosphorylate
tyrosine residues on the receptor, rendering it inactive
(Cheng et al. 2002). To further investigate potential
changes in the regulation of IRβ tyrosine phosphorylation,
we examined two protein tyrosine phosphatases, PTP1B
and SHP2 (Rocchi et al. 1996; Seely et al. 1996;
Elchebly et al. 1999; Boute et al. 2003; Zabolotny et al.
2004). In addition, we examined PKC-θ , which decreases
insulin-stimulated tyrosine phosphorylation by inducing
serine phosphorylation of IRβ, although it is unclear
whether this is a direct or indirect effect (Strack et al. 2000).
PTP1B, SHP2 and PKC-θ protein levels did not differ
among WL5, WL29 and WL53, while WL53 was higher
than SED for SHP2 protein level (Fig. 4). Due to a scarcity
of tissue, we were unable to determine the possibility that
there is altered localization of PKC-θ to the sarcolemma,
which could affect its activity and association with the
insulin receptor (Idris et al. 2002; Altman & Villalba, 2003).
The amount of PTP1B, SHP2 and PKC-θ associated with
IRβ also did not differ between groups (Fig. 5). When
ANOVA was used with a contrast statement, the mean
of WL53 and SED was found to be significantly greater
than the mean of WL5 and WL29 for IRβ-associated
PTP1B, but not for IRβ-associated SHP2 or PKC-θ (Fig. 5,
insets). This provides some support for the hypothesis that
IRβ-associated PTP1B would be higher in WL53 and SED
than in WL5 and WL29. Based on evidence showing that

PTP1B negatively regulates IRβ tyrosine phosphorylation
and skeletal muscle glucose uptake (Elchebly et al. 1999;
Klaman et al. 2000; Cheng et al. 2002; Zabolotny et al.
2004), this suggests that PTP1B might play a role in
the down-regulation of submaximal insulin-stimulated
tyrosine phosphorylation between 29 and 53 h of wheel
lock, but further experiments are needed to test this
hypothesis.

Insulin stimulates glucose uptake into skeletal muscle
by inducing translocation of GLUT4 to the cell membrane
(Watson & Pessin, 2001). Others have shown an association
between decreases in epitrochlearis muscle GLUT4 protein
level and insulin-stimulated glucose uptake 40–90 h
following the cessation of swim- or treadmill-training
(Kawanaka et al. 1997; Host et al. 1998a; Reynolds
et al. 2000). In the current study, GLUT4 declined
to SED values between 29 and 53 h of wheel lock,
confirming the previous studies and extending them
to include cessation of voluntary wheel running. It is
noteworthy that GLUT4 exhibited the same time pattern
of decrease as insulin binding, IRβ protein level, and
IRβ tyrosine phosphorylation (Table 1), as it raises the
intriguing possibility that a single regulatory event could
be responsible for the synchronization.

An additional noteworthy finding in the present study
is that the sedentary group, which was housed without
voluntary running wheels, weighed 6% less after 3 weeks
than animals with exposure to the running wheels. This
is in agreement with a study using male Fischer 344 rats
of a similar age (Yano et al. 1997), whereas studies using
similarly aged male rats of other strains have shown either
no difference (Hokama et al. 1997; Zachwieja et al. 1997)
or an increase (Collier et al. 1969; Johnson et al. 1977)
in body mass with normal cage activity relative to those
with access to running wheels. The lower body mass in the
sedentary group in this study is at least partly explained
by their lower food intake; this is consistent with other
voluntary wheel running studies in which male rats of a
similar age without access to running wheels consume less
food than do those with access (Yano et al. 1997; Zachwieja
et al. 1997), although some studies show that similarly aged
male rats with normal cage activity consume more food
(Collier et al. 1969; Johnson et al. 1977).

A potential translational significance of the current
study to human physiology is that many studies have
shown that decreased physical activity produces lower
insulin sensitivity in healthy human subjects in as little
as 5 days following the cessation of habitual exercise (see
Introduction). Despite the clear relationships between
physical inactivity and insulin resistance and between
insulin resistance and chronic disease (Booth et al. 2002),
there have been few studies examining the initial cellular
changes by which a reduction of voluntary physical activity
to sedentary levels decreases insulin-stimulated glucose
uptake. A unique aspect of the present study is the emphasis
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on cessation of voluntary running activity in freely fed
rats, and the results demonstrate that submaximal 2-DOG
uptake into the epitrochlearis muscle declines to sedentary
levels between 5 and 53 h after cessation of voluntary wheel
running (Fig. 2). Moreover, this decline is accompanied
by a concomitant decrease in insulin binding, IRβ

protein level, submaximal insulin-stimulated IRβ tyrosine
phosphorylation, Akt Ser473 phosphorylation, and GLUT4
protein level (Table 1). Others have reported the decline
in GLUT4 protein following cessation of swim- or
treadmill-training (Kawanaka et al. 1997; Host et al.
1998a; Reynolds et al. 2000), but this is the first study
to demonstrate a rapid reduction in IRβ protein and
essential components of insulin receptor activation upon
the cessation of voluntary wheel running, although
our interpretations must be tempered by not knowing
whether there is a difference in these variables in the
non-insulin-stimulated condition.

In conclusion, decreased physical activity precipitated
a rapid and synchronous decline in submaximal
insulin-stimulated glucose uptake, descriptive indices of
the insulin receptor and its activation, and GLUT4
protein. This suggests that in rats accustomed to daily
voluntary wheel running, multiple adaptations regulating
insulin-mediated glucose uptake into the epitrochlearis
muscle take place between 29 and 53 h of decreased
physical activity, and it raises the possibility that a single
regulatory event could be responsible for the coordinated
decrease.
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