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Insulin stimulation of glucose transport activity in rat skeletal muscle:
increase in cell surface GLUT4 as assessed by photolabelling

Cindy M. WILSON* and Samuel W. CUSHMAN

Experimental Diabetes, Metabolism, and Nutrition Section, Diabetes Branch, National Institute of Diabetes and Digestive and Kidney Diseases,

National Institutes of Health, Bethesda, MD 20892, U.S.A.

We have used a photoaffinity label to quantify cell surface
GLUT4 glucose transporters in isolated rat soleus muscles. In
this system, insulin stimulated an 8.6-fold increase in 3-O-
methylglucose glucose transport, while photolabelled GLUT4

increased 8-fold. These results demonstrate that the insulin-
stimulated increase in glucose transport activity in skeletal muscle
can be accounted for by an increase in surface-accessible GLUT4
content.

INTRODUCTION

Skeletal muscle is the tissue primarily responsible for whole-body
insulin-stimulated glucose disposal [1-3]. Glucose transport is
thought to be the rate-limiting step for glucose utilization in
skeletal muscle [4-6]. GLUT4 represents the primary glucose
transporter isoform expressed in the insulin-sensitive tissues
skeletal muscle, heart and adipocytes, and is the major glucose
transporter responsible for the rapid stimulation of glucose
uptake by insulin in these tissues [7-12]. However, the mechanism
of insulin action in skeletal muscle has not yet been clarified.

Immunocytochemical and biochemical techniques have
demonstrated the possibility of GLUT4 translocation to the cell
surface of heart and skeletal muscle in response to insulin
stimulation [12-18], similar to that seen in adipocytes [19]. In the
isolated rat soleus and in perfused hindlimb, insulin stimulated a
5-20-fold increase in glucose transport activity [20-23]. However,
insulin stimulates only a 2-3-fold increase in GLUT4 con-
centration in plasma membranes when measured by the tra-
ditional cytochalasin B binding method, and/or by GLUT4
Western blotting [10,24,25]. This difference initially gave rise to,
and now perpetuates, the concept that insulin stimulation in
skeletal muscle results in both recruitment and activation of
glucose transporters [11,25-27]. On the other hand, these data
could also indicate that such in vitro techniques for assessing cell
surface glucose transporter content are inadequate to quantify
the translocation process seen in vivo [10,12,25], as has been
noted previously for rat adipocytes [28]. Until now, only by using
isolated plasma membrane vesicles could glucose transport
activity and glucose transporter content (by Western blotting or
cytochalasin B binding) be measured in the same preparation
[29,30]. However, no method exists to make similar measurements
in intact skeletal muscle.

Recently an impermeant glucose transporter photoaffinity
reagent, 2-N-4-(1-azi-2,2,2-trifluoroethyl)benzoyl-1,3-bis-(D-
mannos-4-yloxy)-2-propylamine (ATB-BMPA), has been used
to quantify glucose transporter content and to study subcellular
distribution in both isolated adipocytes [9,31-33] and cell cultures
[7]. In the present study we quantified the cell surface GLUT4 in
isolated rat soleus muscle in response to insulin stimulation by
immunoprecipitation of ATB-[2-*H]BMPA-labelled glucose

transporters. This has allowed us, for the first time, to correlate
the cell surface GLUT4 with glucose transport activity in order
to answer the question of whether insulin-stimulated glucose
transport in skeletal muscle occurs only by an increased surface-
accessible content of GLUTA4.

EXPERIMENTAL
Materials

Male Sprague-Dawley rats (45-60 g) were purchased from
Charles River Breeding Laboratories (Boston, MA, U.S.A.) and
housed for 3-5 days prior to use. Fraction V BSA (Intergen,
Purchase, NJ, U.S.A.) was dialysed against Krebs—Henseleit
bicarbonate (KHB) buffer. Cytochalasin B and cytochalasin E
were from Aldrich (Milwaukee, WI, U.S.A.). Insulin was a gift
from Dr. R. B. Chance (Eli Lilly, Indianapolis, IN, U.S.A.). p-
Glucose, L-glucose and 3-O-methylglucose were obtained from
Sigma (St. Louis, MO, U.S.A.). Protein A-Sepharose was
purchased from Pharmacia (Piscataway, NJ, U.S.A.). All radio-
labelled compounds, other than the photolabel, were from Du
Pont-New England Nuclear (Boston, MA, U.S.A.). A rabbit
polyclonal antiserum, prepared against the 20-amino-acid pep-
tide corresponding to the C-terminal sequence of GLUT4, was
kindly supplied by Hoffmann-La Roche (Nutley, NJ, U.S.A.).
ATB-[2-*H]BMPA (specific radioactivity 10 Ci/mmol) was a gift
from Dr. G. D. Holman (University of Bath, U.K.), and was
prepared from ATB and [2-*H]BMPA as previously described by
Clark and Holman [34].

Photoaffinity labelling of isolated rat soleus muscles

Intact soleus muscles (approx. 25 mg) were isolated from rats
following anaesthesia with a gas mixture of CO,/O, (7:3) and
decapitation. Muscles were equilibrated at 29 °C for 30 min in
continuously gassed (0,/CO,, 19:1) KHB buffer containing
1 mM pyruvic acid, 0.19% dialysed BSA and 1.8 mM calcium
(basal buffer). The buffer was exchanged for fresh buffer for an
additional 20 min incubation with one of the following additions:
no addition for basal; 130 nM insulin, 130 nM insulin plus
80 uM cytochalasin B and 2.5 uM cytochalasin E; 130 nM
insulin plus 300 mM D-glucose; or 130 nM insulin plus 300 mM
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L-glucose. Individual soleus muscles were transferred to 1 ml
of buffer, with the same additions, containing 1 mCi/ml ATB-
[2-*H]BMPA for another 5 min (in the dark at 24 °C) unless
otherwise stated. Each muscle was then irradiated twice for
1 min intervals with an 80 W PhotoMax mercury arc lamp
(Oriel, Stratford, CT, U.S.A.) employing a 2 cm aqueous 209,
CuSO, filter. Muscles were manually turned over between
irradiation intervals. Following irradiation, the muscles were
rapidly blotted on wet 1 M Whatman filter paper, trimmed of
their tendons and immediately frozen between liquid-nitrogen-
cooled clamps. Muscles were kept at —70 °C until further
analysis.

Preparation of total crude muscle membranes

Frozen muscles were individually weighed, and then homogen-
ized with a Tekmar Polytron for 15s in 2 ml of ice-cold buffer
containing 25 mM Hepes, 1 mM Na-EDTA, 250 mM sucrose,
2 mM phenylmethanesulphonyl fluoride and 1 xM each of leu-
peptin, pepstatin and aprotinin. Following homogenization,
muscles were centrifuged at 150000 ¢, ~at 4°C for 90 min.
Cytosolic protein supernatants were discarded and the pellets
were rinsed twice with 1 ml of ice-cold buffer. The total crude
particulate pellets were then resuspended in approx. 400 ul of
homogenization buffer and solubilized for immunoprecipitation
in an equal volume of 4% Thesit (C,Hg0,,) detergent
(Boehringer Mannheim, Indianapolis, IN, U.S.A.). The samples
were allowed to solubilize for 60 min at room temperature, then
centrifuged (150000g,.. at 4°C for 90 min) to pellet non-
solubilized, glucose transporter-devoid material. The solubilized
total crude membranes were then immunoprecipitated.

Immunoprecipitation of GLUT4

Immunoprecipitation was carried out as described by Calderhead
and Lienhard [35], with the following modifications. An immuno-
complex was made by incubating 22.5 l of the anti-(GLUT4 C-
terminus) antiserum in 500 xl of PBS with 100 1 of 50 %, Protein
A-Sepharose for 90 min at 4 °C. Uncomplexed antibody was
then washed off. Thesit-solubilized total crude muscle membranes
were added to the immunocomplex and mixed at 4 °C overnight.
The pellets were washed twice with 1 ml of 0.2 % Thesit in PBS
followed by 3 x 1 ml washes in PBS containing | mM EDTA.
Finally, the antibody conjugates were released from the Protein
A-Sepharose matrix in sample buffer containing 2.8, SDS,
4.6 M urea and 100 mM dithiothreitol (final concentrations).

Quantification of ATB-[2-*H]BMPA-labelled GLUT4 glucose
transporters

The immunoprecipitated GLUT4 glucose transporters were
subjected to electrophoresis on 16cmx3mm 109 SDS/
polyacrylamide gels run in the Laemmli discontinuous buffer
system [36]. Gels were stained with Coomassie Blue, destained,
and then sliced by lane into 8 mm slices. The gel slices were dried
at 80 °C for 3 h, dissolved in 500 xl of alkaline 309 H,O, at
80 °C for 2 h; radioactivity was counted in a liquid scintillation
counter. The positions of the photolabelled peaks were compared
with those of prestained molecular mass markers run in adjacent
lanes. The level of radioactivity associated with each peak was
obtained by integrating the radioactivity under the peak and
subtracting the average background activity of slices on either

side of the peak. Total radioactivity was standardized by
expression as c.p.m./g wet weight of tissue.

3-0-Methylglucose transport

Isolated soleus muscles were initially incubated for 30 min at
29 °C in continuously gassed (0,/CO,, 19:1) basal KHB buffer,
then changed to fresh buffer in the presence or the absence of
130 nM insulin and incubated for an additional 20 min (as
described for photolabelling). Sugar uptake incubation medium
was then added (final concentrations: 40 mM 3-O-methyl-
glucose, 9.44 xCi/mmol 3-O-[**C]methylglucose, 0.625 xCi/ml
L-[*H]glucose) and the muscles were incubated for an additional
15min (insulated-stimulated) or 25 min (basal). 3-O-Methyl-
glucose uptake was calculated as ymol/5 min per g wet weight of
tissue after correcting for extracellular space as calculated from
the L-glucose counts [37,38].

Statistics

Data are expressed as means + S.E.M. for the numbers of muscles
as indicated. Significance was tested with a one-way analysis of
variance or, if multiple conditions were compared, by factorial
analysis of variance with a post hoc Scheffé F test. Differences
were accepted as significant at the P < 0.05 level.

RESULTS AND DISCUSSION

Conditions for optimal GLUT4 labelling with ATB-[2-°H]BMPA in
isolated soleus muscles

The incubation time and temperature experiments illustrated in
Figure 1 were performed to: (1) determine the optimal incubation
time for diffusion of ATB-[2-*H]BMPA into isolated soleus
muscles and (2) address the possibility that cell surface labelling
might be overestimated due to the endocytosis of ATB-[2-
*H]BMPA bound to GLUT4 prior to irradiation. The ap-
propriate u.v. exposure conditions (intensity and duration) for

1073 x ATB-[2-*H]BMPA-labelled GLUT4
(c.p.m./g wet weight)
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Figure 1 Determination of conditions for photolabelling of surface-
accessible GLUT4 in isolated soleus muscles

To determine whether ATB-[2-H]BMPA was internalized over time, soleus muscles were
equilibrated and insulin-stimulated as described in the Experimental section. Muscles were then
incubated in the presence of ATB-[2-H]BMPA for 1, 5, 10 or 30 min at 24 °C ([7), 18 °C (Q)
or 4 °C (A\), and photolabelied GLUT4 was recovered. The lack of difference with temperature
indicates adequate diffusion rather than internalization, up to 10 min. A 5 min incubation time
at 24 °C was chosen for the subsequent experiments. Values are means +S.D. (n = 3 soleus
muscles for each data point).
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maximal label incorporation following incubation of isolated
soleus muscles with ATB-[2-*H]BMPA for 5 min at 24 °C were
initially determined (results not shown).

For these experiments, isolated soleus muscles were incubated
with ATB-[2-*H]BMPA for increasing time periods at room
temperature (~ 24 °C), 18 °C or 4 °C. Clark and Holman have
shown that incubation at 18 °C markedly inhibited endocytotic
activity [39], while 4 °C slowed membrane movement. We found
that the amount of photolabel incorporated into recovered
GLUT4 increased when the incubation period was extended
from 1 to S min at all three incubation temperatures, presumably
due to diffusion into the muscle fibre layers, and remained
relatively constant for up to 20 min. Only with 30 min of
incubation was an additional increase in labelling observed at
24 °C as compared with continued constant labelling at 4 °C,
suggesting uptake of photolabel into intracellular compartments
(Figure 1). Thus GLUT4 that is photolabelled following incu-
bation for 5-10 min at all three temperatures and for up to
30min at 4°C is likely to be localized to the cell surface
membrane.

This interpretation was further supported by autoradiographic
studies at the light microscope level, which demonstrated that
ATB-[2-*H]BMPA reached the innermost fibres with 1 min of
incubation at 24 °C and appeared to be uniformly distributed
throughout the intact soleus muscle within 5 min of incubation
(R. W. Dudek, G.L.Dohm, G.D.Holman, S. W.Cushman
and C. M. Wilson, unpublished work). Based on these results,
we chose a 5 min incubation time with ATB-[2-*H]BMPA at
24 °C to maximize cell surface labelling and minimize the
possibility of internalization.

We have also compared the PhotoMax mercury arc lamp
with the Rayonet lamp used in other photolabelling studies [9].
The exposure time for maximal ATB-[2-*H]BMPA labelling of
GLUT4 was 2-3 times less with the mercury lamp compared
with the Rayonet (2 min versus 6 min). We used the mercury arc
lamp for all studies, since it was important to minimize the total
incubation time (incubation + irradiation) to prevent photolabel
internalization.

Quantification of GLUT4 in photolabelled soleus muscles

Figure 2 illustrates typical gel profiles of photolabelled GLUT4
immunoprecipitated from crude membranes of basal and insulin-
stimulated soleus muscles. A distinct single peak of *H counts
was observed running in the molecular mass range that cor-
responds to that of GLUT4 as detected by Western blotting.
Photolabelling in the presence of insulin plus cytochalasin B
abolished the GLUT4 immunoprecipitated peak. The inset shows
a gel profile of total crude membranes from insulin- and
insulin +cytochalasin B-stimulated muscles. There appeared to
be other photolabelled proteins, as indicated by the multiple
peaks. However, only the 45 kDa peak was affected by cyto-
chalasin B, indicating that this peak represents photolabelled
glucose transporters. This demonstrates the importance of the
immunoprecipitation procedure to eliminate non-specific back-
ground for better quantification.

Several criteria were met which ensured full recovery of
photolabelled GLUT4. No glucose transporter 45 kDa protein
was observed in the supernatant remaining after immunopre-
cipitation, as determined either by cutting and counting or by
Western blotting for GLUT4. The efficiency of immunoprecipit-
ation for GLUT4 used in these studies, as determined by Western
blotting, was found to be greater than 859,. This efficiency
enables reliable quantification of the amount of photolabelled
GLUT4 from intact soleus muscles.
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Figure 2 Identification of GLUT4 in photolabelled soleus muscle

The SDS/10%-PAGE profiles of the *H recovered from GLUT4 immunoprecipitated crude total
membranes are shown with corresponding molecular mass positions. The three profiles are of
single soleus muscles in the basal ([7J), insulin-stimulated (O), or insulin-stimulated plus
cytochalasin B (CB) (A) condition. The competitive inhibitor eliminates the 45 kDa peak. The
inset shows two gel profiles [muscles from insulin-stimulated (Q), and insulin-stimulated plus
cytochalasin B (/) muscles] of non-immunoprecipitated crude total membranes. There are
multiple peaks, but only the 45 kDa peak disappears with cytochalasin B competition. The high
background and multiple peaks make immunoprecipitation necessary for accurate quantification.

Table 1 Specificity of GLUT4 photolabelling in isolated soleus muscles

Isolated soleus muscles were equilibrated, incubated with insulin alone or insulin plus either
the competitive inhibitor cytochalasin B or p-glucose, photolabelled, immunoprecipitated and
quantified (see the Experimental section). Values are the means + S.E.M. of the quantified area
under the GLUT4 peak for each condition (nis given in parentheses). ATB-[2-H]BMPA labelling
of GLUT4 in insulin-stimulated soleus muscles in the presence of cytochalasin B or p-glucose
decreased photolabelling of GLUT4 in insulin-stimulated muscle by 86%. The L-glucose, an
osmotic control, did not compete with the label. * indicates significance at » < 0.001 compared
with insulin-stimulated (or L-glucose) muscles. Glc, glucose; Cyto, cytochalasin.

ATB-[2-*H]BMPA-labelled

Incubation conditions GLUT4 (c.p.m./g wet weight)

Insulin 5406 4408 (49)
Insulin 4 CytoB 759 4+ 250" (13)
Insulin + o-Glc 974 +£183* (12)
Insulin + L-Glc 4404 1465 (11)

Effects of competition on photoaffinity labelling by
ATB-[2-°H]BMPA

Table 1 shows the effects of specific competitive inhibitors,
cytochalasin B and p-glucose, on ATB-[2-*H]BMPA photo-
labelling. Both inhibited GLUT4 photolabelling in the insulin-
stimulated state by 80-909%,, whereas L-glucose had no effect.
These data indicate the specific labelling of the glucose transporter
by ATB-[2-*H]BMPA in intact soleus muscles. Because photo-
labelling of GLUT4 was so low in the basal state, competitive
inhibition studies of labelling were not carried out in this
condition. It can be noted that the photolabelled GLUT4 in the
basal condition (see Figure 3) was not significantly different from
the insulin + cytochalasin B or the insulin + D-glucose condition.
Thus the magnitude of the response to insulin may be slightly
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Figure 3 Comparison of surface-accessible GLUT4 with glucose transport
activity

Isolated soleus muscles were equilibrated and incubated as basal or insulin-stimulated. They
were then used for transport measurements; or were photolabelled, immunoprecipitated and
GLUT4 was quantified as described (see the Experimental section). Surface-accessible GLUT4
() determined by photolabelling was 8-fold greater in insulin-stimulated compared with basal
muscles (7= 30 for each). Glucose transport activity (), determined using ['C]3-C
methylglucose, showed an 8.6-fold greater transport activity in insulin-stimulated as compared
with basal muscles (7= 24 for each condition). * indicates P < 0.001 versus insulin-
stimulated.

underestimated in the absence of an appropriate correction for
‘non-specific’ basal labelling.

Isolated soleus muscle cell surface GLUT4 content compared with
glucose transport

The results of a direct comparison, in isolated soleus muscles, of
cell surface GLUT4 photolabelling with ATB-[2-*H]BMPA in
the basal and insulin-stimulated conditions (689491 versus
5406 +408 c.p.m./g wet weight) and 3-O-methylglucose trans-
port (0.063+0.009 versus 0.536+0.04 umol/S min per g wet
weight) are shown in Figure 3. Both parameters increased by
approx. 8-fold with insulin stimulation over the basal condition.
This clearly demonstrates that the stimulatory effect of insulin on
glucose transport activity in an in vitro skeletal muscle prep-
aration can be entirely accounted for by the appearance of
surface membrane-accessible GLUT4. (The data reported here
were first described at the 1992 Annual Meeting of the American
Diabetes Association [40]. During the subsequent preparation of
this paper similar data obtained using almost identical methods
were reported by Lund et al. [41].)

This study demonstrates the novel use of the exofacial photo-
label ATB-[2-*H]BMPA to detect surface membrane-accessible
GLUT4 glucose transporters in isolated rat soleus muscles.
Using identical muscle preparations, we have carefully assessed
the specificity of the labelling of GLUT4 in each step, in order to
confirm the quantitative relationship between cell surface GLUT4
and glucose transport activity. This study directly demonstrates
the change in number of surface-accessible GLUT4 in contact
with the extracellular space in response to insulin in a model
traditionally used to measure glucose transport activity.

The present study, however, does not answer the question of
the cellular location of the glucose transporters that become
accessible to ATB-[2-*H]BMPA and glucose in response to
insulin. ATB-[2-*H]BMPA has been shown to bind to the
functional glucose transporters, and not to those occluded or

otherwise inactive [31,33,42). Therefore the increase in photo-
labelled GLUT4 could be due either to translocation to the
surface membrane and/or to unmasking of transporters already
in the cell surface membrane, such that they become accessible
to glucose and photolabel. Recent studies with ATB-[2-*H]
BMPA in isolated rat adipocytes have shown that an approx.
20-fold stimulation of glucose transport activity by insulin was
accompanied by a similar steady-state increase in cell surface
GLUTA4. These transporters were ultimately redistributed to the
intracellular pool [9,32], directly demonstrating translocation in
adipocytes. Further studies are necessary in order to determine if
one or both mechanisms are involved in the increase of surface-
accessible GLUT4 by insulin stimulation in skeletal muscle.

We acknowledge the assistance of Dr. T. Ploug in the transport assay. We thank Dr.
G. L. Dohm for his critical reading of the manuscript. We also thank Dr. G. D. Holman
for generously providing the ATB-[2-*H]BMPA.
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