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R243, 1994.-The rates of muscle glucose uptake of lean and 
obese Zucker rats were assessed by hindlimb perfusion under 
basal conditions (no insulin), in the presence of a maximally 
stimulating concentration of insulin (10 mu/ml), and after 
muscle contraction elicited by electrical stimulation of the 
sciatic nerve. After perfusion, plasma and microsomal mem- 
branes were isolated from selected hindlimb muscles for 
determination of GLUT-4 protein distribution. Under basal 
conditions, rates of glucose uptake were similar for lean and 
obese rats despite plasma membranes from lean rats contain- 
ing 82% more GLUT-4 protein than obese rats. Insulin 
stimulation resulted in significant increases in plasma mem- 
brane GLUT-4 protein concentration in lean but not obese 
rats. Glucose uptake of lean rats (35.3 t 4.7 pmol*h-l.g-l) in 
the presence of insulin was approximately fourfold greater 
than that of obese rats (8.8 t 1.3 krnolh-lag-l), but this 
difference in glucose uptake could not be completely accounted 
for by the difference in plasma membrane GLUT-4 protein 
concentration. Stimulation by contraction resulted in signifi- 
cant increases in plasma membrane GLUT-4 protein concen- 
tration in both lean and obese rats and similar rates of glucose 
uptake. These results suggest that the muscle insulin resis- 
tance of the obese Zucker rat is due to 1) a reduced plasma 
membrane GLUT-4 protein concentration, which results in 
part from an impairment in the insulin-stimulated GLUT-4 
protein translocation process, and 2) a defect in the insulin- 
stimulated activation of this protein. However, contraction- 
stimulated glucose uptake, GLUT-4 protein translocation, and 
activation are normal in the obese Zucker rat. 

important as its distribution or possibly its intrinsic 
activity, i.e., transporter turnover number. In this re- 
gard, King et al. (21) recently compared the effects of an 
intraperitoneal injection of insulin on muscle GLUT-4 
protein translocation and intrinsic activity in lean and 
obese Zucker rats. It was found that the GLUT-4 
protein translocation process in the obese Zucker rat 
was defective, but that transporter intrinsic activity was 
normal and responded normally to insulin. With the use 
of this in vivo model, however, it is not possible to 
compare the direct effects of insulin on GLUT-4 protein 
translocation or transporter intrinsic activity between 
lean and obese Zucker rats because responses of counter- 
regulatory hormones to the insulin injection may differ 
between these phenotypes. Therefore, the first purpose 
of the present study was to directly assess the effects of 
insulin on GLUT-4 protein translocation in muscle of 
lean and obese Zucker rats and to determine if a defect 
in the translocation process could account for the muscle 
insulin resistance of the obese rat. 

Muscle contraction, in the absence of insulin, has 
been shown to stimulate glucose uptake (7, 16, 27). 
Stimulation of glucose uptake by contraction occurs 
through a pathway distinct from the insulin pathway 
and provides a second method for stimulating glucose 
uptake into muscle (8,27). Despite the well-documented 
skeletal muscle insulin resistance of the obese Zucker 
rat, recent evidence from our laboratory has shown that 
skeletal muscle glucose uptake in the obese Zucker rat is 
not resistant to contraction stimulation (7). However, it 
is unknown if contraction causes similar increases in 
plasma membrane GLUT-4 protein concentration in 
lean and obese rats. Therefore, the second purpose of 
the present study was to determine if contraction causes 

glucose transporter; 2-deoxyglucose; muscle contraction; insu- 
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- 
similar increases in GLUT-4 protein translocation in 
lean and obese rats and to compare the increases in 
plasma membrane GLUT-4 protein concentration and 
contraction-stimulated glucose uptake in these rats. 

THE GENETICALLY OBESE Zucker rat is a well-documented 
model for muscle insulin resistance (9, 19, 20, 31, 35). 
The locus of this insulin resistance is thought to reside 
in the glucose transport process and occurs in all three 
muscle fiber types of the rat (9, 19, 31). It has recently 
been demonstrated that skeletal muscle expresses a 
glucose transport protein (GLUT-4), which is respon- 
sible for facilitated glucose uptake 
insulin and muscle contraction (10 

. 
,‘; response to both 

1, 18). Activation 
of glucose uptake is thought to occur in part through the 
rapid reversible translocation of GLUT-4 from an intra- 
cellular pool to the plasma membrane (10, 11, 15, 18). 

Recen t evidence from our laboratory (2, 7) and others 
3) has S hown that the difference in insulin-stimulated 

muscle glucose uptake between lean and obese Zucker 
rats cannot be attributed to a difference in total muscle 
GLUT-4 protein concentration. However, the total 
muscle GLUT-4 protein concentration may not be as 

METHODS 

ExperimentaL animals. Nineteen female obese Zucker rats 
(falfa) and seventeen lean littermates (Fal?), 14 wk of age, 
were randomly assigned to a basal (no insulin), insulin, or 
muscle contraction group. All rats were housed three to a cage 
and provided laboratory Chow and water ad libitum. The 
temperature of the animal room was maintained at 21°C and 
an artificial 12:12-h light-dark cycle was set with the lights on 
from 2000 to 0800 h. 

Surgical preparation and hindlimb perfusion. After an 
overnight fast and between 1100 and 1600 h, rats were 
anesthetized with an intraperitoneal injection of 6.5 mg/lOO g 
body wt pentobarbital sodium. The surgical procedure for 
hindlimb perfusion of the rats and the perfusion apparatus 
used were similar to those previously described by Ruderman 
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et al. (28). Additionally, both sciatic nerves of the contraction- 
stimulated rats were surgically exposed and attached to minia- 
ture electrodes. After completion of the surgical preparation, 
cannulas were inserted into the abdominal aorta and vena cava 
of the rats and their hindlimbs were washed out with 50 ml of 
Krebs-Henseleit buffer (pH 7.4). Immediately thereafter the 
cannulas were placed in line with the perfusion system and the 
hindlimbs were allowed to stabilize during a 15min nonrecir- 
culating washout period. The perfusion medium consisted of 
Krebs-Henseleit buffer (pH 7.4) containing 4% dialyzed bovine 
serum albumin (Cohn fraction V, US Biochemical), 30% 
time-expired washed human red blood cells, 0.3 mM pyruvate, 
and 0.5 mM glucose. Perfusate flow rate during the washout 
period was 15 ml/min. After the washout perfusate samples 
were taken from the venous line for determination of insulin, 
and the rats were killed with an intracardiac injection of 
pentobarbital sodium. Insulin analysis indicated that the 
washout procedure effectively lowered the insulin concentra- 
tion of the hindlimbs below the level of detection (< 2.5 
pU/mlL 

For determination of basal- and insulin-stimulated glucose 
uptake, the perfusate was changed to one containing 28 mM 
glucose, 2-deoxy-D-[G-3H]glucose (2-DG; 7.5 l.JCi/mmol glu- 
cose), 2 mM mannitol (60 FCi D-[l-14C]mannitol/mmol), and 
0.3 mM pyruvate. The concentration of glucose used was 
selected because it was approximately fourfold higher than the 
average Michaelis constant for insulin-stimulated muscle 
glucose uptake (24), thereby ensuring that the maximum 
velocity of uptake was measured. When insulin-stimulated 
glucose uptake was determined, the perfusate also contained 
10 mu/ml insulin. Perfusion times were 10 min for basal and 
7 min for insulin- and contraction-stimulated rats, and the 
perfusate flow rate was maintained at 15 ml/min (7). 

For contraction-stimulated glucose uptake, the skin was 
reflected from both hindlimbs of the rat during the initial 
15-min perfusion period. A section of the calcaneus, with the 
Achilles tendon still attached, was then clipped from the foot. 
Next, the triceps surae of both hindlimbs were reflected away 
from the tibia and jewelers’ chains clipped to both calcaneus- 
Achilles tendon interfaces. The chains were attached to an 
apparatus that allowed for adjustment of muscle tension, with 
one chain in line with an isometric force transducer (Harvard 
Instruments, Millis, MA), which was in turn connected to a 
chart recorder. Both hindlimbs of the stimulated rats were 
then immobilized in a specially designed acrylic cradle, and the 
muscles of the triceps surae group were adjusted to achieve 
maximum twitch tension. 

After the 15-min washout period, muscle contraction was 
initiated by stimulating the sciatic nerves with 200-ms trains 
of 100 Hz, with each impulse in a train being 0.1 ms. The 
trains were delivered at a rate of l/s at a supramaximum 
voltage (8-12 V) for 2 x 5 min separated by a 1-min rest 
period. Immediately before the initiation of contraction the 
flow rate was increased to 25 ml/min to ensure proper oxygen 
and substrate delivery to the hindlimb muscles. Once the 
second stimulation period was completed, the perfusate was 
changed over to that used for the measurement of basal 
glucose uptake, and the flow rate was reduced to 15 ml/min. 
Time of perfusion was set for 7 min. All perfusions were 
performed at 37°C and all perfusates were continuously 
gassed with 95% 02-5% COZ. 

Immediately after each perfusion, the hindlimbs of the rats 
were washed out with 30 ml of Krebs-Henseleit buffer to 
remove intravascular erythrocytes. The plantaris (10% slow- 
twitch red, 65% fast-twitch red, 25% fast-twitch white; 32), 
and portions of red (fast-twitch red) and white (fast-twitch 
white) gastrocnemius were then removed from the left leg and 

blotted on gauze dampened with Krebs-Henseleit buffer. The 
muscles were freeze-clamped in tongs cooled in liquid N2 and 
stored at -80°C until analyzed for 2-DG uptake. These 
muscles were chosen because they best represent the hindlimb 
muscle fiber-type composition of the rat, which is mainly 
comprised of fast-twitch red and white fibers (1) and because 
the average glucose uptake of these muscles is representative 
of hindlimb glucose uptake (8,30, unpublished results). 

Determination of average 2-DG uptake. The plantaris and 
red and white portions of gastrocnemius from the left leg were 
weighed, homogenized in 1 ml of 10% trichloroacetic acid 
(TCA) at 4°C and centrifuged in a microcentrifuge (Fisher 
Scientific, Houston, TX) for 10 min. Duplicate 0.3-ml samples 
of the supernatant were transferred to 20-ml scintillation vials 
containing 10 ml of Scintiverse E (Fisher Scientific, Pitts- 
burgh, PA) and vortexed. For determination of perfusate 
specific activity, well-mixed samples of the arterial perfusate 
were obtained during perfusion. The samples were deprotein- 
ized in 10% TCA and treated the same as the muscle samples. 
The samples were counted for radioactivity in a LS-350 liquid 
scintillation spectrophotometer (Beckman Industries, Fuller- 
ton, CA). Efficiency and channel crossover were determined by 
counting 3H and 14C standards of known disintegrations per 
minute. The accumulation of intracellular 2-L3H]DG, which is 
indicative of muscle glucose uptake, was calculated by subtract- 
ing the concentration of 2-[“H]DG in the extracellular space 
from the total muscle 2-L3H]DG concentration. The extracellu- 
lar 2-DG was quantified by measuring the concentration of 
[14C]mannitol in the muscle sample. 

Membrane preparation. Plasma and intracellular mem- 
branes were prepared from perfused hindlimb muscle inner- 
vated by the sciatic nerve. Approximately 6 g of mixed rat 
skeletal muscle consisting of the biceps femoris, flexor halicus 
longus, semimembranosus, semitendinosus, and tibialis ante- 
rior from both legs, and the plantaris, and red and white 
gastrocnemius from the right leg were removed at the end of 
perfusion, cleaned of fat and connective tissue, and weighed 
(Table 1). This muscle was minced in a buffer consisting of 
255 mM sucrose, 100 mM tris(hydroxymethyl)aminomethane 
(Tris), and 0.2 mM EDTA at pH 7.6. The minced muscle was 
next homogenized in a Brinkman PT-10 polytron at a setting 
of 4 and then homogenized again with a Potter-Elvehjem 
Teflon-glass tissue grinder and brought up to a volume of 25 
ml with homogenization buffer. A 0.5-ml aliquot was removed 
for measurement of marker enzymes and protein, and the 
homogenate was then centrifuged at 34,000 g for 20 min. The 
resulting pellet was used for purification of plasma mem- 
branes, whereas the supernatant was used for the purification 
of microsomal membranes according to Hirshman et al. (18). 

Each plasma and microsomal membrane suspension was 
weighed to determine the exact volume. An aliquot of each 
suspension was removed for marker enzymes and protein 
determinations, and the remainder was used for Western 
blotting. All samples were stored at -80°C until assayed. 

Protein and marker enzyme assays. Homogenate and mem- 
brane protein contents were determined for each preparation 
(Table 1) by the Coomassie brilliant blue method (Bio-Rad 
protein assay, Richmond, CA) as described by Bradford (6), 
using crystalline bovine serum albumin as the standard. 
K+-stimulated-p-nitrophenolphosphatase (KpNPPase) spe- 
cific activity was measured as a marker for plasma membranes 
by the method of Bers et al. (5). To determine if there was 
sarcoplasmic reticulum contamination of the plasma mem- 
brane fraction, both homogenate and membrane fractions 
were assayed for Ca 2+-stimulated adenosinetriphosphatase 
(ATPase) activity by the method of Seiler and Fleischer (30). 
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Table I. Body and muscle weights used in membrane preparations and protein recovery 

Basal (7) 

Lean 

Contraction (10) Insulin (5) Basal (7) 

Obese 

Contraction (8) Insulin (5) 

Body wt, g 
Muscle wt, g 
Total protein 

Homogenate, mg 
Plasma membrane, pg/mg CH 

207.5 + 7.6” 
6.94 2 0.30 

208.0 + 6.3* 
6.74 k 0.30 

185.5 2 6.4* 
5.90 + 0.27 

372.2 + 16.1 
5.68 + 0.27 

393.8 k 2.6 
6.15 + 0.27 

350.7 2 25.7 
6.09 + 0.16 

854.7 + 43.0 824.7 + 45.3 780.7 7t 28.7 740.2 + 20.4 725.61+ 28.1 822.5 + 36.7 

protein 
Microsomal membrane, pg/mg 

1.63 2 0.18 1.61 it 0.08 1.78 + 0.05 2.03 k 0.25 2.10 t 0.19 2.37 + 0.21 

CH protein 0.83 IL 0.19 0.81+ 0.13 1.71 k 0.22*t 1.09 + 0.07 0.81 t 0.13 1.11 + 0.06 

Values are means + SE; 
“r Significantly different from 1::n 

for each group in parentheses. 
basal and lean contraction. 

CH, crude homogenate. * Significantly different from obese (P < 0.05). 

Western blotting. Samples of the membrane suspensions (50 
~1) were diluted 1:1 with Laemmli sample buffer (26). Plasma 
membrane (15 pg) or microsomal membrane sample protein 
(30 pg), along with molecular weight markers (Bio-Rad), were 
subjected to sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis run under reducing conditions using a 12% resolving 
gel. Samples from lean and obese rats were run on the same 
gels. AI1 membrane samples were run on duplicate gels. 
Resolved proteins were transferred to polyvinylidene difluo- 
ride (PVDF) sheets (Bio-Rad) by the method of Towbin et al. 
(33) utilizing the buffer system of Kyhse-Andersen (25) and a 
Bio-Rad SD semidry transfer unit. All subsequent incubations 
were carried out in Tween-Tris buffered saline (TTBS; 0.05% 
Tween-20) composed of 20 mM Tris and 500 mM NaCl (pH 
7.5, at 25°C). After transfer, the PVDF sheets were blocked in 
TTBS and 5% nonfat dry milk at pH 7.5. Next, the sheets were 
washed in TTBS for 20 min and then incubated for 1 h with 
the polyclonal GLUT-4 antibody F349 (donated by Dr. Mike 
Mueckler, Washington University, St. Louis, MO) at a titer of 
1:500 in TTBS, 1% milk, and 0.02% sodium azide. The PVDF 
was then washed in TTBS for 20 min followed by incubation 
with lz51-goat-anti-rabbit immunoglobulin G (New England 
Nuclear, Boston, MA) at a concentration of 0.3 r_LCi/ml for 1 h. 
The sheets were then washed and air dried. Antibody binding 
was visualized by autoradiography that was performed at 
-70°C with Kodak X-omat AR film and DuPont Cronex 
Lightning Plus intensifying screens for 24 h. Labeled bands 
were traced, cut out, and counted in a Beckman model 5500 
gamma counter. Each band was corrected for background 

rats, with the exception that the microsomal protein 
concentration of the insulin-stimulated lean rats was 
significantly elevated above that of basal and contraction- 
stimulated lean rats. 

Average basal, insulin-, and contraction-stimulated 
glucose uptakes are shown in Fig. 1. Under basal 
conditions and after muscle contraction, glucose uptake 
was not significantly different between lean and obese 
rats. In contrast, insulin-stimulated glucose uptake was 
fourfold higher in lean than in obese rats. 

Specific activities, recoveries, and degrees of purities 
of the plasma membrane marker enzyme KpNPPase are 
given in Table 2. KpNPPase activity was enriched 
- 40-fold in the plasma membrane fraction and - lo- 
fold in the microsomal membranes, compared with the 
crude homogenate. Degree of enrichment did not differ 
between lean and obese rats. Recovery of KpNPPase was 
- 7% in the plasma membranes and - 1% in the micro- 
somal membranes. There were no differences in percent 
recovery between lean and obese rats, and muscle 
contraction and insulin had no effect on percent recov- 
ery in lean or obese rats. KpNPPase specific activity in 
the plasma membrane was significantly lower in the 
obese rats. The reason for this is unknown, but recent 
evidence has suggested that streptozotocin diabetic rats, 
which also exhibit skeletal muscle insulin resistance, 

radiation, and the counts were expressed as a percentage of a 
standard (100 r_Lg of heart homogenate protein) run on each 
gel. Average counts/min above background for the heart 40 

standard when counting plasma and microsomal membrane 
GLUT-4 were 3,159 t 104 and 3,575 t 256, respectively. 
Background was < 10% of the total counts. 30 

StatisticaL analysis. The data were analyzed by multivariate 2 

analysis of variance using the MANOVA procedure (SPSS/ 2 

PC + 4.0) with a priori comparisons using the appropriate 
g 2 

contrasts to test the effects of phenotype and treatment, and 
w G 2. 
a E 

n Lean 

interactions between these main effects. A level of P < 0.05 g 2 
was considered to be statistically significant. All values were 2 
expressed as means t SE. c3 IO 

RESULTS 

Body weight and the weight of the muscle used in the 
plasma and microsomal membrane preparations are Basal Contraction Insulin 

presented in Table 1. Lean rats were significantly lighter Fig. 1. Hindlimb glucose uptake, determined from glucose uptakes of 

than obese rats, but there was no difference in muscle plantaris and red and white portions of gastrocnemius, for lean and 

mass recovered or total protein recovered between phe- obese Zucker rats under basal conditions, insulin stimulation, and 

notypes. Plasma and microsomal membrane protein 
after muscle contraction. Bars represent means + SE. No. of observa- 

concentrations were similar between lean and obese 
tions are same as indicated in Table 2. *Significantly different from 
basal. “f Significantly different from lean (P < 0.05). 
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Table 2. KpNPPase activities, percent recoveries, and degrees of enrichment of membrane fractions from basal, 
contracted, and insulin-stimulated muscle from lean and obese rats 

Basal (7) 

Lean 

Contraction (10) Insulin (5) Basal (7) 

Obese 

Contraction (8) Insulin (5) 

Homogenate sp act, 
nmol . mg-l . min-l 

Plasma membrane 
Sp act, nmol . rnin * mg-l 
Recovery, % 
Enrichment, no. of times 

Microsomal membrane 
Sp act, nmol-min-l*mg-l 
Recovery, % 
Enrichment, no. of times 

4.04 IL 0.16 3.66 + 0.15 4.38 2 0.42 3.76 + 0.17 3.53 2 0.21 3.98 2 0.28 

157.8 t 12.4’” 166.6 + 9.0’” 165.4 2 20.6’” 112.3 + 10.6 138.10 + 11.6 116.6 + 12.3 
6.3 + 0.56 7.15 2 0.38 6.66 ?I 1.02 6.11 it 0.48 7.57 ZL 0.60 6.96 -+ 0.99 

40.7 + 4.9 45.9 + 2.6 37.8 + 6.16 30.7 + 3.7 39.8 + 3.5 30.2 + 4.2 

45.1 + 4.3 36.0 t 5.3 43.3 + 3.1 36.1 zt 4.2 44.0 2 3.9 34.7 t 4.7 
0.88 + 0.12 0.72 + 0.09 1.76 t 0.39 1.05 !I 0.13 1.21 Ik 0.13 0.97 t 0.13 
11.7 + 1.4 9.2 z!z 1.3 10.0 + 1.2 9.9 k 1.2 12.6 2 1.3 8.8 t 1.3 

Values are means 2 SE; no. for each group in parentheses. KpNPPase, K+-stimulated p-nitrophenolphosphatase. * Significantly different 
from obese (P < 0.05). 

have a decreased skeletal muscle Na+-K+-ATPase activ- 
ity (22). 

Specific activities, degrees of enrichment, and percent 
recoveries of the sarcoplasmic reticulum marker enzyme 
Ca2+-ATPase are given in Table 3. These activities 
demonstrate that there was virtually no contamination 
of the plasma membrane preparation with sarcoplasmic 
reticulum, as the degrees of enrichment of Ca2+-ATPase 
were < 1 for both lean and obese rats. Although the 
average Ca 2+-ATPase activity of the obese rats was 
higher than that of the lean rats, the difference was not 
statistically significant (P = 0.07). The reason for this 
marginal difference in Ca 2+ -ATPase activity between 
the lean and obese rats resulted from several of the 
membrane preparations from the obese rats having a 
high Ca 2+-ATPase activity relative to that of membrane 
preparations from the lean rats. In the majority of 
samples from both lean and obese rats, Ca2+-ATPase 
activity was undetectable. In addition, excluding the 
samples with the high Ca2+-ATPase activities from the 
statistical analysis had no effect on the plasma mem- 
brane GLUT-4 protein results. Ca2+-ATPase activity 
was not detectable in microsomal membranes. 

Figures 2 and 3 are representative autoradiograms 
showing 1251-labeled antibody binding to GLUT-4 pro- 
tein bands from plasma membranes and low-density 
microsomes. Under basal conditions, plasma mem- 
branes from the lean rats had an 82% greater GLUT-4 
protein concentration than plasma membranes from 
obese rats (Figs. 2 and 4). Insulin stimulation signifi- 

cantly increased plasma membrane GLUT-4 protein 
concentration above that of basal in lean but not obese 
rats. Muscle contraction significantly increased plasma 
membrane GLUT-4 protein concentration in both lean 
and obese rats. However, because of their initial lower 
basal membrane concentration, the plasma membrane 
GLUT-4 protein concentration of the obese rats re- 
mained significantly lower than that of the lean rats. 

Under basal conditions there were no significant 
differences in microsomal GLUT-4 protein concentra- 
tion between lean (Figs. 3A and 5) and obese rats (Figs. 
3B and 5). Insulin stimulation caused a significant 
decline in microsomal GLUT-4 protein concentration in 
lean rats (27%) but resulted in only a slight nonsignifi- 
cant decline in microsomal GLUT-4 protein concentra- 
tion in obese rats (11%). Muscle contraction did not 
cause a significant change in microsomal GLUT-4 pro- 
tein content in either lean or obese rats. 

The ratio of hindlimb glucose uptake to plasma mem- 
brane GLUT-4 protein was determined as an estimate of 
GLUT-4 protein intrinsic activity. Because this is an 
indirect measure of intrinsic activity, it will be referred 
to as functional activity (see Table 4 for details). There 
was no significant difference in basal plasma membrane 
GLUT-4 protein activity between the lean and obese 
rats. Contraction stimulation resulted in significant 
increases in plasma membrane GLUT-4 protein activity 
that were similar in both lean and obese rats. In 
contrast, insulin stimulation only increased the plasma 
membrane GLUT-4 protein activity of the lean rats. 

Table 3. Ca+2-stimulated ATPase specific activities, percent recoveries, and degrees of enrichment of membrane 
fractions from basal, contracted, and insulin-stimulated muscle from lean and obese rats 

Basal (7) 

Lean 

Contraction (10) Insulin (5) Basal (7) 

Obese 

Contraction (8) Insulin (5) 

Homogenate sp act, 
nmol-mg~l~min+ 

Plasma membrane 
Sp act, nmol.min+-mg~l 
Recovery, % 
Enrichment, no. of times 

Microsomal membrane sp act, 
nmol~min-l~mg-l 

126.7 k 15.6 153.3 4 13.6 139.6 + 24.8 113.1 k 11.7 123.2 t 13.7 111.9 + 10.6 

0.91+ 0.91 13.84 + 13.84 10.52 k 10.52 56.7 + 47.9 42.2 +: 22.6 74.6 -+ 56.7 
0.001 + 0.001 0.01 It 0.01 0.02 2 0.02 0.17 k 0.15 0.31 k 0.18 0.17 + 0.11 

a.01 + 0.01 0.08 -+ 0.08 0.12 2 0.12 0.59 2 0.50 0.10 2 0.06 0.66 + 0.45 

ND ND ND ND ND ND 

Values are means + SE; no. for each group in parentheses. ND, not detectable. 
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Fig. 2. Autoradiogram showing 1251-labeled GLUT-4 protein bands in 
skeletal muscle plasma membrane from lean (lanes 1-3) and obese 
(lanes 4-6) Zucker rats. Plasma membranes are from basal (lanes 1 
and 4), contraction-stimulated (lanes 2 and 51, and insulin-stimulated 
(lanes 3 and 6) muscle. Lane 7 shows GLUT-4 protein from rat heart 
standard (100 p.g homogenate protein). All lanes were equally loaded 
with 15 p,g/sample plasma membrane protein. Locations of 97-, 66-, 
45-, and Sl-kDa markers are indicated in left margins. 

This resulted in a significant difference in plasma mem- 
brane GLUT-4 protein activity between obese and lean 
rats perfused with insulin. 

DISCUSSION 

The skeletal muscle of the obese Zucker rat is highly 
insulin resistant, which is due in part to a decrement in 
both insulin sensitivity and responsiveness (19, 31, 35). 
The insulin resistance is common to all three fiber types 
of the rat and is associated with a defect in the glucose 
transport process (9, 19, 31). In the present study 
average insulin-stimulated glucose uptake was approxi- 
mately fourfold higher in the lean rats than in the obese 
rats. This confirms earlier results from our laboratory 

Fig. 3. Autoradiograms showing lz51-labeled GLUT-4 protein bands in 
low-density microsomes prepared from skeletal muscle from lean (A) 
and obese (B) Zucker rats. Microsomal membranes are from basal 
(lane 21, contraction-stimulated (lane 21, and insulin-stimulated (lane 
3) muscle. Lane 4 shows GLUT-4 protein from rat heart standard (100 
pg homogenate protein). All lanes were equally loaded with 30 
pgisample microsomal membrane protein. Locations of 97-, 66-, 45, 

100 

90 

W 80 
7 c 

i n Lean 

Basal Contraction Insulin 

Fig. 4. Plasma membrane GLUT-4 protein content of lean and obese 
Zucker rats expressed as percentage of heart standard. Bars represent 
means rt SE. No. of observations are same as indicated in Table 2. 
* Significantly different from basal. t Significantly different from lean 
(P < 0.05). 

that the maximal capacity of insulin-stimulated glucose 
uptake is impaired in the obese Zucker rat ( 7). 

Activation of glucose uptake by insulin involves the 
rapid reversible translocation of specific glucose trans- 
porter proteins to the plasma membrane from an intra- 
cellular pool (10, 11,16,18,23). Six different isoforms of 
this protein have been identified, but in skeletal muscle 
the two predominate isoforms are termed GLUT-l and 
GLUT-4 (4, 11). The GLUT-l isoform is found in small 
amounts in the plasma membrane, and its concentra- 
tion is not significantly increased by insulin (10, 11,15). 
Insulin, however, increases the plasma membrane 
GLUT-4 protein concentration, and this suggests that it 
is primarily the GLUT-4 isoform that is involved in the 
regulation of insulin-stimulated glucose uptake (10, 
11, 18). 

Results from Henriksen et al. (17) indicated that the 
maximal insulin- or contraction-stimulated skeletal 
muscle glucose uptake is correlated with the total 
muscle GLUT-4 protein concentration in normal rats. 
Subsequent studies from our laboratory have shown 

300 H Lean 

5 250 q Obese 

6 6* 200 
LcL 
i; 150 

8" 100 
E 
5 50 

0 
Basal Contraction lnsulm 

Fig. 5. Microsomal membrane GLUT-4 protein concentration of lean 
and obese Zucker rats expressed as percentage of rat heart standard. 
Values are expressed relative to 15 pg microsomal protein so that 
comparisons can be made to plasma membrane GLUT-4 protein 
concentrations. Bars represent means ? SE. No. observations are 
same as indicated in Table 3. *Significantly different from basal 

and 31-kDa markers are indicated in left margins. (P < 0.05). 
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Table 4. Estimated functional activity ofplasma 
membrane GLUT-4protein from lean and obese rats 

Basal Contraction Stimulated Insulin Stimulated 

Lean 3.42 + 0.82 30.70 k 1.85-F 25.56 + 2.35-/- 
Obese 3.93 2 0.70 30.63 2 4.66”f 8.42 2 1.12-j-* 

Values are means + SE in units of nmol glucose uptake. %GLUT- 
4-l. h-i. Functional activity was calculated by dividing hindlimb 
glucose uptake (kmo1.g wet wt-l. h-l> by %GLUT-4 protein/gram 
muscle. %GLUT-4 protein/gram muscle was determined by multiply- 
ing %GLUT-4 protein per milligram plasma membrane protein by 
milligram plasma membrane protein per gram muscle. Results were 
same as presented when %plasma membrane recovery and purity of 
membrane preparation (fold enrichment) were taken into consider- 
ation. * Significantly different from corresponding lean value. -i- Signifi- 
cantly different from corresponding basal value (P < 0.05). 

this relationship also exists in the insulin-resistant 
obese Zucker rat (2, 7). However, for a given muscle 
GLUT-4 protein concentration, the obese rat would be 
predicted to have an insulin-stimulated muscle glucose 
uptake one-fourth that of its lean littermate. These 
results indicate that although total GLUT-4 protein 
concentration is important in the control of insulin- 
stimulated glucose uptake, other factors such as a 
decrement in GLUT-4 protein translocation or intrinsic 
activity (transporter turnover number) are more impor- 
tant in the etiology of the insulin resistance in the 
obese rat. 

To better evaluate the etiology of muscle insulin 
resistance in the obese Zucker rat, we measured GLUT-4 
protein in membrane fractions isolated from lean and 
obese Zucker rats. Western blotting of basal plasma and 
microsomal membranes from lean and obese rats showed 
that the basal plasma membranes of lean rats had 82% 
greater GLUT-4 protein concentration than those of 
obese rats, whereas basal microsomal GLUT-4 protein 
levels were not different between lean and obese rats. 
Although this differs from previous studies in which it 
was reported that skeletal muscle of lean and obese rats 
have similar total GLUT-4 levels, it is not totally 
inconsistent with previous results from our laboratory. 
We have consistently found a small but significantly 
lower GLUT-4 protein concentration in fast-twitch gly- 
colytic fibers (type IIb) and slightly lower GLUT-4 
protein concentrations in slow (type I)- and fast-twitch 
oxidative fibers (type IIa) of obese rats compared with 
lean rats (2, 7). Therefore, the difference in plasma 
membrane GLUT-4 protein between lean and obese rats 
may represent a magnification of the difference in total 
GLUT-4 protein concentration of the three basic skel- 
etal muscle fiber types when expressed per milligram 
membrane protein rather than per milligram of homog- 
enate protein. 

The possibility also exists that the difference in basal 
plasma membrane GLUT-4 protein concentration be- 
tween lean and obese rats resulted from differential 
responses of the membranes to the isolation procedure. 
It should be noted that the degree of enrichment of the 
plasma membranes of the lean rats was - 25% greater 
than that of obese rats. Therefore, a more pure mem- 
brane preparation might account for the higher plasma 
membrane GLUT-4 protein determination in the lean 

rats. We have several reasons, however, why we do not 
believe the differences in plasma membrane GLUT-4 
protein between the lean and obese rats was due to a 
difference in membrane purity. First, the difference in 
basal plasma membrane GLUT-4 protein concentration 
was much greater than that which could be accounted 
for by a difference in membrane purity. Second, when 
individual preparations from lean and obese rats with 
the same degree of enrichment were compared, the lean 
rats always had the higher GLUT-4 protein concentra- 
tion. Third, King et al. (21) have previously reported a 
lower, albeit not statistically different, plasma mem- 
brane GLUT-4 protein concentration in obese compared 
with lean Zucker rats. 

The finding that the lean and obese rats had similar 
rates of basal glucose uptake, yet a large disparity in 
basal plasma membrane GLUT-4 protein concentration, 
may indicate that basal glucose uptake is under the 
control of the GLUT-l isoform of the glucose trans- 
porter and that plasma membrane GLUT-4 protein in 
the absence of insulin or muscle contraction is relatively 
inactive. This is supported by the recent finding that no 
difference exists in GLUT-l protein levels between lean 
and obese Zucker rats (21). Furthermore, the hypoth- 
esis that GLUT-4 protein is relatively inactive in the 
basal state agrees with recent results in adipocytes 
showing that GLUT-4 transporters that are not trans- 
porting glucose may be in close association with the 
plasma membrane (29, 34). The finding that isoproter- 
enol can inhibit insulin-stimulated glucose transport in 
adipocytes without altering glucose transporter distribu- 
tion also supports this hypothesis (34). 

Insulin stimulation produced a significant increase in 
plasma membrane GLUT-4 protein concentration in 
lean but not in obese rats. The actual difference in 
magnitude of GLUT-4 protein translocation between 
lean and obese rats was - 40%. However, because of the 
initial differences in basal plasma membrane GLUT-4 
protein concentrations, the lean rats had plasma mem- 
brane GLUT-4 protein levels that were 74% greater 
than obese rats after insulin stimulation. Western blot 
analysis of basal microsomal membranes from lean and 
obese rats showed no differences in GLUT-4 protein 
concentration. Insulin stimulation resulted in a signifi- 
cant 27% decline in GLUT-4 protein concentration in 
lean microsomal membranes; however, microsomal mem- 
branes from obese insulin-stimulated rats only showed a 
nonsignificant 11% decline in GLUT-4 protein concentra- 
tion. Although the GLUT-4 microsomal responses are 
compatible with the GLUT-4 plasma membrane re- 
sponses, the difference in microsomal GLUT-4 protein 
response between lean and obese rats should be viewed 
with caution due to differences in protein recovery in the 
microsomal fractions. These results, however, suggest 
that the insulin resistance of the obese rat is due in part 
to a deficient amount of GLUT-4 protein associated with 
the plasma membrane after insulin stimulation. This 
appears to be the consequence of an abnormally low 
basal plasma membrane GLUT-4 protein concentration 
as well as a defect in insulin-stimulated translocation of 
GLUT-4 protein from its intracellular storage site to the 
plasma membrane. The nature of the defect in transloca- 
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tion is unknown but could involve a defect in the 
transduction of the hormone signal from the insulin 
receptor (3), the transporter transit system, or vesicle 
fusion process. 

Examination of the functional activity of GLUT-4 
protein in the plasma membrane as assessed by the ratio 
of glucose uptake to plasma membrane GLUT-4 protein 
content (Table 4) indicated that in addition to a defect in 
GLUT-4 protein translocation, there was also a defect in 
the ability of insulin to activate or increase the func- 
tional activity of the GLUT-4 protein at the plasma 
membrane of obese rats. These results differ from those 
of King et al. (Zl), who measured plasma membrane 
glucose transporter turnover number as a marker of 
transporter intrinsic activity in isolated plasma mem- 
brane vesicles of lean and obese Zucker rats. In agree- 
ment with this study, these authors found that the 
obese rat had an impairment in insulin-stimulated 
glucose transporter translocation; however, in contrast 
with our results, the ability of insulin to increase glucose 
transporter activity was the same in their lean and obese 
rats. The differences in the results of the present study 
and those of King et al. (21) are unclear but could be 
related to the fact that the glucose uptake measure- 
ments in the study by King et al. (21) were made in 
isolated membrane vesicles in vitro, whereas in the 
present study glucose uptake was measured in situ 
during hindlimb perfusion. This would suggest that 
factors that modulate the functional activity of the 
GLUT-4 protein may be removed during the membrane 
isolation procedure. Nevertheless, the results of the 
present study, in agreement with the results of King et 
al. (2 l), provide good evidence that insulin-stimulated 
GLUT-4 protein translocation is defective in the muscle 
of the obese rat and that glucose uptake is a multistep 
process, involving both GLUT-4 translocation and acti- 
vation. 

Like insulin, muscle contraction is believed to stimu- 
late skeletal muscle glucose uptake by causing the 
translocation of GLUT-4 protein to the plasma mem- 
brane, although muscle contraction is thought to stimu- 
late translocation through a mechanism separate from 
that of insulin (10, 11,15,16,18,27). In agreement with 
recent results from our laboratory (7), the present 
results indicate that contraction-stimulated glucose up- 
take was not different between the lean and obese rats. 
These results provide strong evidence that contractile 
activity stimulates skeletal muscle glucose uptake 
through a pathway that is distinct from that of insulin. 
Furthermore, contractile activity caused a similar trans- 
location of GLUT-4 protein to the plasma membrane in 
both lean and obese rats. However, due to a reduced 
basal plasma membrane GLUT-4 protein concentration, 
the plasma membrane GLUT-4 protein concentration of 
contraction-stimulated obese rats was 27% lower than 
lean rats. This difference, however, was marginal, and 
the ratio of glucose uptake to plasma membrane GLUT-4 
protein concentration was not different between the 
lean and obese rats (Table 4). These results suggest that 
contraction-stimulated GLUT-4 protein translocation 
and activation are normal in the skeletal muscle of the 
obese Zucker rat. 

Although muscle contraction increased GLUT-4 pro- 
tein translocation to the plasma membrane, the exact 
location of the intracellular pool of contraction-sensitive 
GLUT-4 transporters is still in question (11, 15, 16). In 
the present study, contraction stimulation did not result 
in a significant decline in microsomal GLUT-4 protein 
concentration in lean or obese rats. This is in agreement 
with the results of Douen et al. (10, 11), who demon- 
strated that exercise did not result in a decline in 
microsomal GLUT-4 protein concentration in skeletal 
muscle of normal rats. Furthermore, recent results 
from our laboratory have shown that muscle contrac- 
tion via neural stimulation did not result in a decline in 
microsomal GLUT-4 protein concentration in normal 
rats (12). These results provide evidence for the exis- 
tence of two intracellular pools of GLUT-4 protein in 
mammalian skeletal muscle, one sensitive to mobiliza- 
tion by muscle contraction and one sensitive to mobiliza- 
tion by insulin. 

In contrast with these findings, Fushiki et al. (14), 
using the membrane preparation of Klip et al. (23), and 
Goodyear et al. (15), using the same membrane isolation 
technique as was used in this study, found that an acute 
exercise bout resulted in a decrease in intracellular 
GLUT-4 protein concentration, concurrent with an 
increase in plasma membrane GLUT-4 protein. A pos- 
sible explanation for the difference in findings could be 
the different procedures used for the activation of 
muscle contraction. Fushiki et al. (14) and Goodyear et 
al. (15) used acute treadmill exercise instead of electrical 
stimulation to induce muscle contraction. Furthermore, 
the rats in the study by Goodyear et al. (15) were 
examined in the postprandial state when plasma insulin 
levels would have been elevated, whereas, in the present 
study, muscle contraction was induced during hindlimb 
perfusion in the absence of insulin. Acute exercise has 
been shown to increase insulin sensitivity, and the 
effects of insulin and muscle contraction have been 
shown to have an additive effect on skeletal muscle 
glucose uptake (8, 27). Therefore, it is possible that 
during the studies of Fushiki et al. (14) and Goodyear et 
al. (15) the presence of insulin during exercise could 
have had an effect on intracellular GLUT-4 protein 
translocation. 

Other possible reasons for the differences in results 
could be due to differences in membrane preparations 
and the length of time the muscle was exposed to 
stimulation. This last possibility could account for the 
different findings of Douen et al. (10, 11) and Fushiki et 
al. (14), who exercised their rats in the fasted state and 
used similar membrane isolation procedures. However, 
Douen et al. (10, 11) exercised their rats for 45 min, 
whereas the rats of Fushiki et al. (14) were exercised 
for 2 h. 

In summary, it was found that unlike insulin- 
stimulated glucose uptake, contraction-stimulated glu- 
cose uptake was not impaired in the muscle of the obese 
Zucker rat. The muscle insulin resistance in the obese 
rat was associated with a reduced plasma membrane 
GLUT-4 protein concentration and the inability of 
insulin to activate or increase the functional activity of 
the GLUT-4 transporter. Muscle contraction increased 
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GLUT-4 protein translocation and functional activity to 
a similar extent in lean and obese rats. Finally, insulin, 
but not muscle contraction, reduced the intracellular 

17. 

GLUT-4 protein concentration, suggesting that there 
exists insulin-sensitive and contraction-sensitive pools 18. 
of GLUT-4 protein in mammalian skeletal muscle. 

We thank H. Y. Kang, Gabrielle Patterson, and Eric Schroeder for 
their excellent technical assistance. 

The results of this study appeared in abstract form in Diabetes 42: 19. 
167A, 1993. 

Present address of J. T. Brozinick, Jr.: National Inst. of Health, 
Bldg. 10, Rm. 5N102, Bethesda, MD 20892. 20. 

Address for reprint requests: J. L. Ivy, Dept of Kinesiology, 
Bellmont Hall 222, Univ. of Texas, Austin, TX 78712. 

Received 20 July 1993; accepted in final form 27 January 1994. 
21. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Ariano, M. A., R. B. Armstrong, and V. R. Edgerton. Hind 
limb muscle fiber populations of five mammals. J. Histochem. 
Cytochem. 21: 51-55,1973. 
Banks, E. A., J. T. Brozinick, Jr., B. B. Yaspelkis III, H. Y. 
Kang, and J. L. Ivy. Muscle glucose transport, GLUT-4 content 
and degree of exercise training in obese Zucker rats. Am. J. 
Physiol. 263 (Endocrinol. Metab. 26): E1015-E1020, 1992. 
Barnard, R. J., J. F. Youngren, D. S. Kartel, and D. A. 
Martin. Effects of streptozotocin-induced diabetes on glucose 
transport in skeletal muscle. Endocrinology 126: 1921-1926, 
1990. 
Bell, G. I., T. Kayano, J. B. Buse, C. F. Burant, J. Takeda, D. 
Lin, H. Fukumoto, and S. Seino. Molecular biology of mamma- 
lian glucose transporters. Diabetes Care 13: 198-208, 1990. 
Bers, D. M., K. D. Philipson, and A. Y. Nishimoto. Sodium- 
calcium exchange and sidedness of isolated cardiac sarcolemmal 
vesicles. Biochim. Biophys. Acta 601: 358-371, 1980. 
Bradford, M. M. A rapid and sensitive method for the quantifica- 
tion of microgram amounts of protein, utilizing the principle of 
protein-dye binding. Anal. Biochem. 72: 248-254, 1976. 
Brozinick, J. T., Jr., G. J. Etgen, Jr., B. B. Yaspelkis III, 
and J. L. Ivy. Contraction-activated glucose uptake is normal in 
insulin resistant muscle of the obese Zucker rat. J. AppZ. Physiol. 
73: 382-387,1992. 
Cartee, G. D., A. G. Douen, T. Ramlal, A. Klip, and J. 0. 
Holloszy. Stimulation of glucose transport in skeletal muscle by 
hypoxia. J. AppZ. Physiol. 70: 1593-1600, 1991. 
Cortez, M. Y., C. E. Torgan, J. T. Brozinick, Jr., and J. L. 
Ivy. Insulin resistance of obese Zucker rats trained at two 
different intensities. Am. J. Physiol. 261 (Endocrinol. Metab. 24): 
E613-E619,1991. 
Douen, A. G., T. Ramlal, G. D. Cartee, and A. Klip. Exercise 
modulates the insulin-induced translocation of glucose transport- 
ers in rat skeletal muscle. FEBS Lett. 261: 256-260, 1990. 
Douen, A. G., T. Ramlal, S. Rastogi, P. J. Bilan, G. D. 
Cartee, M. Vranic, J. 0. Holloszy, and A. Klip. Exercise 
induces recruitment of the “insulin-responsive glucose trans- 
porter.” J. BioZ. Chem. 265: 13427-13430, 1990. 
Etgen, G. J., Jr., A. R. Memon, G. A. Thompson, Jr., and 
J. L. Ivy. Insulin- and contraction-stimulated translocation of 
GTP-binding proteins and GLUT-4 protein in skeletal muscle. J. 
BioZ. Chem. 268: 20164-20169,1993. 
Friedman, J. E., W. M. Sherman, M. J. Reed, C. W. Elton, 
and G. L. Dohm. Exercise training increases glucose transporter 
GLUT-4 in skeletal muscle of obese Zucker ( falfa) rats. FEBS 
Lett. 268: 13-16, 1990. 
Fushiki, T., J. A. Wells, E. B. Tapscott, and G. L. Dohm. 
Changes in glucose transporters in muscle in response to exercise. 
Am. J. Physiol. 256 (Endocrinol. Metab. 19): E580-E587, 1989. 
Goodyear, L. J., M. F. Hirshman, and E. S. Horton. Exercise- 
induced translocation of skeletal muscle glucose transporters. 
Am. J. Physiol. 261 (Endocrinol. Metab. 24): E795-E799, 1991. 
Goodyear, L. J., P. A. King, M. F. Hirshman, C. M. Thomp- 
son, E. D. Horton, and E. S. Horton. Contractile activity 
increases plasma membrane glucose transporters in the absence 
of insulin. Am. J. PhysioZ. 258 (Endocrinol. Metab. 21): E667- 
E672,1990. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

IN OBESE RATS R243 

Henriksen, E. J., R. E. Bourey, K. J. Rodnick, L. Koranyi, 
M. A. Permutt, and J. 0. Holloszy. Glucose transporter 
protein content and glucose transport capacity in rat skeletal 
muscle. Am. J. PhysioZ. 259 (EndocrinoZ. Metab. 22): E593-E598, 
1990. 
Hirshman, M. F., L. J. Goodyear, L. J. Wardzala, E. D. 
Horton, and E. S. Horton. Identification of an intracellular pool 
of glucose transporters from basal and insulin-stimulated rat 
skeletal muscle. J. BioZ. Chem. 265: 987-991, 1990. 
Ivy, J. L., J. T. Brozinick, Jr., C. E. Torgan, and G. M. 
Kastello. Skeletal muscle glucose transport in obese Zucker rats 
after exercise training. J. AppZ. Physiol. 66: 2635-2641, 1989. 
Ivy, J. L., W. M. Sherman, C. L. Cutler, and A. L. Katz. 
Exercise and diet reduce muscle insulin resistance in obese Zucker 
rat. Am. J. Physiol. 251 (Endocrinol. Metab. 14): E299-E305, 
1986. 
King, P. A., E. D. Horton, M. F. Hirshman, and E. S. 
Horton. Insulin resistance in obese Zucker rat ( falfa) skeletal 
muscle is associated with a failure of glucose transporter translo- 
cation. J. CZin. Invest. 90: 1568-1575, 1992. 
Kjeldsen, K., H. Braendgaard, P. Sidenius, J. S. Larsen, 
and A. Norgaard. Diabetes decreases Na+-K+ pump concentra- 
tions in skeletal muscles, heart ventricular muscle, and peripheral 
nerves of rat. Diabetes 36: 842-848, 1987. 
Klip, A., T. Ramlal, D. A. Young, and J. 0. Holloszy. 
Insulin-induced translocation of glucose transporters in rat skel- 
etal muscle. FEBS Lett. 224: 224-230, 1987. 
Kubo, K., and J. E. Foley. Rate-limiting steps for insulin- 
mediated glucose uptake into perfused rat hindlimb. Am. J. 
Physiol. 250 (Endocrinol. Metab. 13): ElOO-E102, 1986. 
Kyhse-Andersen, J. Electroblotting of multiple gels: a simple 
apparatus without buffer tank for rapid transfer of proteins from 
polyacrylamide to nitrocellulose. J. Biochem. Biophys. Methods 
10: 203-209,1984. 
Laemmli, U. K. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature Lond. 227: 
680-685,197O. 
Nesher, R., I. E. Karl, and D. M. Kipnis. Dissociation of effects 
of insulin and contraction on glucose transport in rat epitrochle- 
aris muscle. Am. J. Physiol. 249 (Cell Physiol. 18): C226-C232, 
1985. 
Ruderman, N. B., R. S. Houghton, and R. Hems. Evaluation 
of the isolated perfused rat hindquarter for the study of muscle 
metabolism. Biochem. J. 124: 639-651, 1971. 
Satoh, S., H. Nishimura, A. E. Clark, I. J. Kozka, S. J. 
Vannucci, I. A. Simpson, M. J. Quon, S. W. Cushman, and 
G. D. Holman. Insulin-stimulated GLUT-4 subcellular recycling 
in the rat adipose cell: inhibition by phenylarsine oxide favoring 
an occluded state in the plasma membrane. J. BioZ. Chem. 288: 
17820-17829,1993. 
Seiler, S., and S. Fleischer. Isolation of plasma membrane 
vesicles from rabbit skeletal muscle and their use in ion transport 
studies. J. BioZ. Chem. 257: 13862-13871, 1982. 
Sherman, W. M., A. L. Katz, C. L. Cutler, R. T. Withers, and 
J. L. Ivy. Glucose transport: locus of muscle insulin resistance in 
obese Zucker rats. Am. J. Physiol. 255 (Endocrinol. Metab. 18): 
E375-E382,1988. 
Torgan, C. E., J. T. Brozinick, Jr., G. M. Kastello, and J. L. 
Ivy. Muscle morphological and biochemical adaptations to train- 
ing in obese Zucker rats. J. AppZ. Physiol. 67: 1807-1813, 1989. 
Towbin, H., T. Staehelin, and J. Gordon. Electrophoretic 
transfer of proteins from polyacrylamide gels to nitrocellulose 
sheets: procedure and some applications. Proc. NatZ. Acad. Sci. 
USA 76: 4350-4354,1979. 
Vannucci, S. J., H. Nishimura, S. Satoh, S. W. Cushman, 
G. C. Geoffrey, and I. A. Simpson. Cell surface accessibility of 
GLUT4 glucose transporters in insulin-stimulated rat adipose 
cell: modulation by isoproterenol and adenosine. Biochem. J. 288: 
325-330,1992. 
Willems, M. E. T., J. T. Brozinick, Jr., C. E. Torgan, M. Y. 
Cortez, and J. L. Ivy. Muscle glucose uptake of obese Zucker 
rats trained at two different intensities. J. AppZ. Physiol. 70: 
36-42,199O. 


