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In fat and muscle, insulin stimulates glucose uptake by rapidly mobilizing the GLUT4 glucose transporter
from a specialized intracellular compartment to the plasma membrane. We describe a method to quantify the
relative proportion of GLUT4 at the plasma membrane, using flow cytometry to measure a ratio of fluorescence
intensities corresponding to the cell surface and total amounts of a tagged GLUT4 reporter in individual living
cells. Using this assay, we demonstrate that both 3T3-L1 and CHO cells contain intracellular compartments
from which GLUT4 is rapidly mobilized by insulin and that the initial magnitude and kinetics of redistribution
to the plasma membrane are similar in these two cell types when they are cultured identically. Targeting of
GLUT4 to a highly insulin-responsive compartment in CHO cells is modulated by culture conditions. In
particular, we find that amino acids regulate distribution of GLUT4 to this kinetically defined compartment
through a rapamycin-sensitive pathway. Amino acids also modulate the magnitude of insulin-stimulated
translocation in 3T3-L1 adipocytes. Our results indicate a novel link between glucose and amino acid metabolism.

The GLUT4 glucose transporter is expressed predominantly
in adipose and muscle tissues, where it accounts for the bulk of
insulin-stimulated glucose uptake (12, 84, 95). In the presence
of insulin, GLUT4 is redistributed from an intracellular com-
partment to the plasma membrane, where it facilitates the
diffusion of glucose into the cell (15, 35, 73, 77, 102). Another
glucose transporter isoform, GLUT1, is also expressed in fat
and muscle tissues and is present at high levels in many other
cell types and in cultured cell lines. A large proportion of
GLUT1 is present on the plasma membrane even in the ab-
sence of insulin. Thus, while both GLUT1 and GLUT4 recycle
at the plasma membrane, only GLUT4 recycling is character-
ized by significant intracellular sequestration, resulting from a
slow rate of exocytosis, in the absence of insulin. Insulin in-
creases the rate of GLUT4 exocytosis, with little or no de-
crease in its rate of endocytosis, so that in adipocytes the
proportion of GLUT4 at the cell surface increases from ,10%
in the absence of insulin to 35 to 50% in its presence (41, 55,
85, 113, 114).

Characterization of the intracellular insulin-responsive
GLUT4-containing compartment is complicated by the fact
that GLUT4 resides in several morphologically distinct loca-
tions within the cell. Ultrastructural studies have shown that
GLUT4 is present in tubulovesicular structures distinct from
lysosomes, as well as in a perinuclear compartment that is in
close vicinity to the trans-Golgi network (39, 96–98). Recent
work demonstrates that approximately 40 to 45% of intracel-
lular GLUT4 localizes in a transferrin receptor (TfnR)-posi-
tive endosomal compartment, while 50 to 60% is in a second,
TfnR-negative compartment; it is GLUT4 in this TfnR-nega-

tive compartment that is rapidly mobilized upon insulin addi-
tion (1, 32, 46, 55, 57, 65, 76). In primary adipocytes, this
TfnR-negative compartment can be subdivided into separate
storage and exocytic pools of GLUT4 (55, 56). Other data
suggest that the TfnR-positive GLUT4 compartment is the
precursor of the TfnR-negative, insulin-responsive compart-
ment (109). Moreover, targeting motifs within GLUT4 medi-
ate its distribution between TfnR-negative and TfnR-positive
compartments (66). Studies using the cation-dependent man-
nose 6-phosphate receptor (CD-M6PR) as an endosomal
marker also find a similar, highly insulin-responsive, M6PR-
negative pool of intracellular GLUT4 in 3T3-L1 adipocytes
(64). Thus, it appears that GLUT4 is sequestered out of en-
dosomes and into a highly insulin-responsive compartment.
We have recently shown that 3T3-L1 adipocytes also possess
an insulin-regulated secretory compartment containing ACRP30,
a tumor necrosis factor alpha-like protein produced exclusively
by adipocytes (7, 87, 92). This regulated secretory compart-
ment is distinct from the insulin-regulated compartment con-
taining GLUT4 (7).

Kinetic studies are consistent with the notion that there are
multiple compartments through which GLUT4 traffics in adi-
pocytes. GLUT4 recycles between the plasma membrane and
intracellular sites in both basal and insulin-stimulated states,
yet the initial externalization of GLUT4 after insulin addition
is too rapid to be explained by the steady-state rate constants
for exocytosis and endocytosis in the presence of insulin (14,
85, 113). It has therefore been argued that a two-pool model,
with one intracellular and one plasma membrane compart-
ment, does not explain the observed kinetics GLUT4 external-
ization after insulin addition and that GLUT4 must traffic
through three or more compartments (37, 85, 114). Among
these compartments is postulated to be a highly insulin-respon-
sive intracellular compartment from which GLUT4 is rapidly
mobilized by insulin (37, 56, 114). The GLUT4 accumulated in
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this highly insulin-responsive compartment in the basal state is
depleted upon insulin addition, and the steady-state exocytosis
rate for GLUT4 in the continued presence of insulin becomes
limited at some other step in the recycling pathway. This ki-
netically defined, highly insulin-responsive compartment in
adipocytes corresponds well with the morphologically and bio-
chemically defined, TfnR-negative compartments containing
GLUT4 in adipocytes and myocytes, which are also depleted of
GLUT4 after acute insulin stimulation (1, 32, 46, 55, 57, 65,
76).

The mechanisms controlling GLUT4 accumulation in this
specialized insulin-sensitive compartment are poorly under-
stood. The compartment is believed to be present only in
muscle and fat and apparently develops early during 3T3-L1
adipocyte differentiation in cell culture (16, 19, 27, 34, 38, 39,
82, 89, 107). Some data indicate that a similar compartment to
which GLUT4 is targeted is present in CHO cells, though this
has been controversial (40, 44, 93, 105, 109). Kinetic studies
suggest that even if some GLUT4 is targeted to a highly in-
sulin-responsive compartment in CHO cells, sorting to this
compartment is not efficient and does not constitute a major
pathway by which GLUT4 traffics, in contrast to the case in
adipocytes (3). Studies of the insulin-responsive aminopepti-
dase (IRAP), a protein of uncertain physiologic function that is
thought to cotraffic with GLUT4, show that this protein par-
ticipates in similar mechanisms for dynamic retention in the
endosomal systems of CHO cells and 3T3-L1 adipocytes (43,
100). The assertion that the trafficking mechanisms employed
by IRAP are identical those used by GLUT4 rests upon evi-
dence that these proteins colocalize and cotraffic, with similar
kinetics, under all conditions. Most data support this hypoth-
esis (20, 23, 45, 62, 65, 81, 101). Of note, trafficking of IRAP,
like that of GLUT4, is much more insulin-responsive in 3T3-
L1 adipocytes than in CHO cells (43, 100). This is presumed
to result from cell-type-specific differences, although, as with
GLUT4, little is known about the mechanisms regulating
IRAP accumulation and release from the highly insulin-re-
sponsive pool.

The present work began as a study of the cell type specificity
of insulin-regulated GLUT4 trafficking. Using a novel reporter
molecule to obtain detailed kinetic data, we find that GLUT4
participates in a highly insulin-responsive compartment not
only in the fully differentiated 3T3-L1 adipocytes that we em-
ploy, but in undifferentiated 3T3-L1 preadipocytes as well.
Such a compartment is not present in all cell types, since NIH
3T3 cells do not exhibit highly insulin-responsive trafficking. In
CHO cells, we observe highly insulin-responsive trafficking
only when the cells are cultured identically to 3T3-L1 adipo-
cytes, in Dulbecco’s modified Eagle’s medium (DMEM). In
standard F12 culture medium, the cells are less responsive. The
highly insulin-responsive kinetics correlate with basal state re-
distribution of intracellular GLUT4 from the perinuclear re-
gion into punctate, peripheral structures. We pinpointed the
amino acid content of these media as the relevant difference
causing these trafficking characteristics: thus, given sufficient
concentrations of essential amino acids, GLUT4 accumulates
in a highly insulin-responsive compartment in CHO cells. Our
data show that amino acids regulate GLUT4 accumulation in
this compartment through a rapamycin-sensitive pathway. Fi-
nally, we demonstrate that amino acid sufficiency also modu-

lates highly insulin-responsive GLUT4 trafficking in 3T3-L1
adipocytes and that this response is also rapamycin sensitive.
Our data are consistent with the notion that both 3T3-L1 cells
and CHO cells contain peripheral, highly insulin-responsive
compartments through which GLUT4 traffics and that amino
acid sufficiency modulates GLUT4 trafficking through these
compartments in both cell types.

MATERIALS AND METHODS

Antibodies and reagents. Cell culture media and supplements were purchased
from Life Technologies (Grand Island, N.Y.) and JRH Biosciences (Lenexa,
Kans.). Anti-c-Myc monoclonal antibody (clone 9E10) was from Babco/Covance
(Richmond, Calif.) and from Roche. An anti-insulin receptor b-chain antibody
was purchased from BD Transduction Laboratories. Normal donkey serum
and R-phycoerythrin (PE)-conjugated donkey F(ab9)2 anti-mouse immunoglob-
ulin G (IgG) secondary antibody were purchased from Jackson Immunore-
search (West Grove, Pa.). Restriction enzymes were from New England Bio-
labs (Beverly, Mass.) and Pfu and Taq DNA polymerases were from Stratagene
(La Jolla, Calif.). Wortmannin, LY294002, and rapamycin were from Calbio-
chem (La Jolla, Calif.). Oil red O and other chemicals were from Sigma
(St. Louis, Mo.).

Cell culture. Murine 3T3-L1 fibroblasts were cultured in DMEM containing
10% fetal bovine serum (or 10% calf serum, where noted), and differentiation
was induced according to established protocols (7, 22). Briefly, cells were allowed
to reach confluence at least 2 days prior to the induction of differentiation.
Differentiation was induced (on day 0) with medium containing 0.25 mM dexa-
methasone, 160 nM insulin, and 500 mM methylisobutylxanthine. After 48 h (day
2), the cells were fed with medium containing 160 nM insulin. After an additional
48 h (day 4), the cells were refed every 2 days with DMEM–10% fetal bovine
serum. All media were supplemented with 2 mM glutamine, 100 U of penicillin
per ml, and 0.1 mg of streptomycin per ml. Differentiation was monitored by
noting the accumulation of lipid droplets, which typically began by day 4 of
differentiation. Cells were considered fully differentiated between days 8 and 12.
Throughout this report, the terms day 0 3T3-L1 cells and confluent 3T3-L1
preadipocytes are used interchangeably.

CHO-K1 cells stably expressing the murine ecotropic retrovirus receptor were
kindly provided by David Hirsch, Roger Lawrence, and Monty Kreiger (Massa-
chusetts Institute of Technology, Cambridge, Mass.) and maintained in Ham’s
F12 medium (F12) with 10% fetal bovine serum and 2 mM glutamine plus 100
U of penicillin and 0.1 mg of streptomycin per ml (5). NIH 3T3 cells were
cultured in DMEM containing 10% calf serum, glutamine, penicillin, and strep-
tomycin as above. Phoenix ecotropic retrovirus packaging cells were a gift from
Garry Nolan (Stanford University Medical Center), and VE23 ecotropic retro-
virus packaging cells were a gift from Merav Socolovsky (Whitehead Institute,
Cambridge, Mass.) (51, 99, 103). Both retrovirus packaging cell lines were cul-
tured in DMEM–10% fetal bovine serum with glutamine, penicillin, and strep-
tomycin as above.

For experiments involving culture in minimal essential medium (MEM) with
various amino acid concentrations, we used the MEM Select-Amine kit (Life
Technologies). The 13 concentration of each amino acid was as follows (free
base, in milligrams per liter): L-Arg, 102; L-Cys, 36; L-His, 30; L-Ile, 52; L-Leu, 52;
L-Lys, 57; L-Met, 15; L-Phe, 32; L-Thr, 48; L-Trp, 10; L-Tyr, 35; and L-Val, 46.
Relative to these concentrations, DMEM contains 23 Cys, Ile, Leu, Lys, Met,
Phe, Thr, Tyr, and Val; 1.63 Trp; 13 His; and 0.673 Arg. F12 contains 1.673
Arg; 1.253 Cys; 0.53 His and Lys; 0.33 Met; 0.253 Leu, Thr, and Val; 0.23
Trp; 0.153 Phe and Tyr; and 0.083 Ile. All media contained 2 mM glutamine as
well as penicillin and streptomycin as above.

Construction of a GLUT4 reporter. A human GLUT4 cDNA containing a
c-Myc epitope tag in the first exofacial loop was kindly provided by Zhijun Luo
and Joseph Avruch (Massachusetts General Hospital, Boston). This clone had
been constructed as described by Kanai et al. (44). We fused the green fluores-
cent protein (GFP) coding sequence in frame to the carboxy terminus of this
GLUT4 clone based on the results of Dobson et al. (18) that GLUT4-GFP
appears to localize and traffic similarly to wild-type GLUT4. The GFP coding
sequence from pEGFP-N1 (Stratagene) was first cloned into the pMX retroviral
vector using EcoRI and NotI to generate plasmid pMX-GFP (68). PCR was done
using primers 59-GACATTTGACCAGATCTCGG-39 and 59-GGCCCGCGGG
TCATTCTCATCTGGCCC-39 to generate a ;110-bp BglII-SacII fragment
from the 39 end of the rat GLUT4 cDNA (11). This PCR product and an
EcoRI-BglII fragment containing most of the GLUT4myc cDNA were used in
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a three-way ligation with EcoRI- and SacII-digested pMX-GFP to generate
pMX-GLUT4myc-GFP. Next, six additional myc epitope tags were added in
tandem with the existing myc epitope tag, for a total of seven myc epitope tags.
We first used PCR to amplify a ;240-bp EcoRI-HindIII fragment including the
59 end of the rat GLUT4 cDNA and part of a myc tag, using primers 59-CCG
GCCGAATTCATGCCGTCGGGTTTCCAGCAGATC-39 and 59-CTTCAGA
AATAAGCTTTTGCTCCTCTGCAGGACCCTGCCTACCCAGCCAAGTTG
C-39. This fragment was used to replace a corresponding fragment in pMX-
GLUT4myc-GFP, creating a unique HindIII site within the myc epitope tag. A
HindIII fragment containing six tandem myc epitope tags was amplified from
plasmid pCS21MT, a gift from Bill Schiemann (Whitehead Institute), using
primers 59-CCATCGATTTAAAGCTATGGAGCAAAAGCTTATTTCTGA
AGAGG-39 and 59-CAGAAATAAGCTTTTGCTCCTCTGCAGGCTCAAGA
GGTCTTGAGTTCAAGTCCTCTTC-39. This fragment was inserted into the
HindIII site of pMX-GLUT4myc-GFP, creating pMX-GLUT4myc7-GFP. The
entire coding regions of the pMX-GLUT4myc-GFP and pMX-GLUT4myc7-
GFP plasmids were verified by sequencing. The GLUT4myc7-GFP coding se-
quence was also placed in the pB retrovirus vector in order to optimize the
potential translation efficiency; pB is identical to pMX except that two point
mutations were introduced to eliminate potential start codons 59 of the cloning
site (J. S. Bogan, X. Liu, A. E. McKee, and H. F. Lodish, unpublished data). In
this report, the GLUT4 reporter refers to that encoded by the GLUT4myc7-GFP
sequence.

Production of retroviral supernatant and isolation of infected cell popu-
lations. Phoenix or VE23 ecotropic packaging cells were transfected with the
pMX-GLUT4myc-GFP, pMX-GLUT4myc7-GFP, or pB-GLUT4myc7-GFP
plasmid using calcium phosphate as described (51, 99, 103). In some instances,
Phoenix cells were transfected using Fugene 6 (Roche) per the manufacturer’s
protocol. Media containing recombinant retroviruses were harvested 48 or 72 h
after transfection and used to infect dividing 3T3-L1 preadipocytes, NIH 3T3
cells, or CHO cells expressing the murine ecotropic receptor. For 3T3-L1 pre-
adipocytes infected with pMX-GLUT4myc7-GFP, flow cytometry demonstrated
the presence of GFP in .90% of cells after infection. We isolated stable pop-
ulations of infected cells expressing large, medium, and small amounts of the
reporter by flow sorting cells falling within narrow ranges of GFP fluorescence.
The sorted cells were expanded and differentiated into adipocytes, and insulin-
stimulated GLUT4 trafficking (stimulated/basal) was measured by flow cytom-
etry in all cases. We reasoned that there might be a trade-off between signal/noise
(with small amounts of the reporter) and potential saturation of a trafficking
mechanism (at large amounts of the reporter). In general, we chose medium- or
high-expressing cells for use in subsequent experiments, since these had the
greatest fold increase in cell surface GLUT4 after insulin treatment. These cells
generally contained 5 to 10 times as much reporter protein as native GLUT4 in
the mature 3T3-L1 adipocytes, as judged by immunoblotting with antibodies
directed against the N and C termini of GLUT4 (kindly provided by Maureen
Charron, Albert Einstein College of Medicine, Bronx, N.Y.). Similar optimiza-
tion of reporter protein expression levels was carried out in NIH 3T3 and CHO
cells.

Measurement of plasma membrane GLUT4 trafficking by flow cytometry.
Confluent cells were reseeded on the indicated day of differentiation to six-well
plates (Corning; Costar no. 3506) 1 day before use in experiments and starved in
DMEM without fetal bovine serum for at least 3 h before insulin stimulation.
Insulin was generally used at 160 nM; we occasionally used 80 or 200 nM and
noted no difference between these concentrations in either 3T3-L1 or CHO cells.
Insulin was added directly to the wells from a 1003 stock. After treatment in the
presence or absence of insulin for the times indicated in each figure, cells were
quickly transferred to 4°C and washed with cold phosphate-buffered saline (PBS)
containing 0.9 mM Ca21 and 0.5 mM Mg21 (PBS11). All subsequent steps were
carried out at 4°C, and staining of externalized myc epitope was done on adher-
ent cells. Cells were incubated with a 1:200 dilution of anti-Myc (9E10) ascites or
with purified 9E10 (25 mg/ml) in PBS11–2% bovine serum albumin (BSA)–4%
donkey serum for 1.5 h. Cells were then washed twice in PBS11 for 5 min each
time. They were then incubated for 45 min in 12.5 to 25 mg of PE-conju-
gated donkey F(ab9)2 anti-mouse IgG secondary antibody per ml, diluted in
PBS11–2% BSA–4% donkey serum. Cells were rinsed twice in PBS11, then
washed three times in PBS11 for 10 min each, and resuspended by gentle
scraping in PBS11–2% BSA or PBS11–5% fetal bovine serum for flow cytom-
etry. For experiments involving insulin removal, cells were chilled as above after
insulin stimulation and then washed twice with 5 mM sodium acetate–150 mM
NaCl (pH 4.0) (48, 112). Cells were rewarmed in 37°C DMEM for the times
indicated, restimulated with insulin or not restimulated, then returned to 4°C,
and chilled with cold PBS11 before staining as above.

Flow cytometry was done on a FACScan or FACSCalibur cytometer (Becton

Dickinson). Appropriate compensation between the FL1 and FL2 channels was
set using uninfected (GFP negative) cells or cells stained with PE only (e.g., using
a PE-conjugated anti-TfnR antibody [Pharmingen]). Pilot experiments demon-
strated minimal loss of viability; only 2 to 3% of the cells typically stained with
propidium iodide using the protocol described above, so propidium iodide was
not used in experiments when accurate compensation and quantitation of fluo-
rescence intensities was essential. For each sample, data from $10,000 cells were
collected. We used median fluorescence intensities for quantification, since this
measure of central tendency is least sensitive to outliers. For each sample, the PE
and GFP fluorescences specifically attributable to the presence of the GLUT4
reporter were determined by subtracting background fluorescences, measured
using control unstained cells and cells not expressing the reporter, respectively.
These control cells were treated with the same conditions (e.g., type of serum and
medium and amino acid concentrations) used for the experimental cells. The
ratio of fluorescence intensities plotted on the vertical axes of many figures is a
relative, not absolute, measure of the proportion of GLUT4 at the cell surface.
The scales are numbered arbitrarily and are not intended to permit comparison
in absolute terms of data obtained in different experiments. In some of the
kinetic studies (Fig. 7 to 10), the data were subjected to a simple smoothing
operation. This consisted of calculating an equation, 0.25 rt 2 1 1 0.5 rt 1
0.25 rt 1 1, where r is the ratio of specific fluorescences for time point t. This
calculated value was used for time points t 5 2 to t 5 n 2 1, where n is the total
number of time points. For the last time point, t 5 n, 0.33 rt 2 1 1 0.67 rt was
calculated. Basal values of r (r1) were unchanged.

Subcellular fractionation. Four 10-cm plates of 3T3-L1 adipocytes were used
per condition to isolate low-density microsomal and plasma membrane fractions
(Fig. 1b). Eight and ten plates per condition were used to isolate low-density
microsomes for analysis by sucrose density gradient centrifugation (Fig. 1c) and
in vesicle immunopurification experiments (Fig. 1d), respectively. Five plates of
adipocytes and 10 plates of preadipocytes were used per condition in the exper-
iments presented in Fig. 3b and 4b, respectively. For experiments presented in
Fig. 1b and 1c, cells were serum starved overnight, treated in the presence or
absence of insulin (160 nM, 10 min), then transferred to 4°C, and washed with
cold PBS11. For the vesicle immunopurification (Fig. 1d), cells were starved
overnight, then transferred to 4°C, and washed with cold PBS11 without insulin
stimulation. For kinetic studies (Fig. 3b and 4b), 480 nM insulin was used (added
from a prewarmed 33 stock) in order to maximally and simultaneously stimu-
late all of the cells on each 10-cm dish. Cell were transferred to 4°C and washed
with cold PBS11 at the indicated times. In all cases, cells were next washed once
with cold 250 mM sucrose–10 mM Tris (pH 7.4)–0.5 mM EDTA (buffer A). Cells
were resuspended by scraping in cold buffer A with Complete protease inhibi-
tors (Roche) and then homogenized using 16 strokes (four plates) or 25 strokes
(eight plates) in a Dounce-type Teflon tissue grinder (Kontes no. 22; VWR). All
subsequent steps were performed at 4°C. The homogenate was centrifuged at
11,500 rpm in an SS-34 rotor (16,000 3 g) for 20 min. The pellet was resuspended
in buffer A and then layered on top of 1.12 M sucrose–10 mM Tris (pH 7.4)–0.5
mM EDTA in a ;2-ml centrifuge tube. The samples were centrifuged in a
TLS-55 rotor at 36,000 rpm (158,000 3 g) for 20 min. The interface was removed
using a syringe, diluted in buffer A, and centrifuged in a TLA-100.2 rotor at
37,000 rpm (74,000 3 g) for 9 min. The pellet was resuspended in buffer A and
centrifuged again under identical conditions. The pellet from this centrifugation,
designated PM, was resuspended in TNET (1% Triton X-100, 150 mM NaCl, 20
mM Tris [pH 8.0], 2 mM EDTA) or in radioimmunoprecipitation assay (RIPA)
buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS]) and stored at 220°C until needed.

The supernatant from the initial centrifugation was recentrifuged at 19,000
rpm in an SS-34 rotor (43,000 3 g) for 30 min. The pellet (designated HDM) was
resuspended in TNET or RIPA buffer and stored at 220°C. The supernatant was
centrifuged at 65,000 rpm in a Ti70.1 rotor (39,000 3 g) for 75 min. The pellets
from this centrifugation, designated LDM, were resuspended in either TNET or
RIPA buffer and stored at 220°C until needed or resuspended in 500 ml of 50
mM sucrose–10 mM Tris (pH 7.4)–0.5 mM EDTA and loaded on top of a 4.9-ml
10 to 30% (wt/vol) linear sucrose gradient prepared in 10 mM Tris (pH 7.4)–0.5
mM EDTA. Separation of low-density microsomes by sedimentation was done
essentially as described with minor modifications (19). The samples were cen-
trifuged in an SW50.1 rotor at 48,000 rpm (280,000 3 g) for 55 min. Fractions
were collected from the tops of the gradients. Equal volumes of each fraction
were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and immu-
noblotting, and the total protein content in each fraction was determined using
the Micro-BCA kit (Pierce). In experiments where LDM and PM fractions were
analyzed directly (without sedimentation of the LDM), total protein content was
first determined and then equal amounts of protein were analyzed by SDS-
PAGE and immunoblotting.
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FIG. 1. Assay for changes in proportion of GLUT4 at the plasma membrane. A GLUT4 reporter containing Myc epitope tags in the first
exofacial loop as well as GFP fused in frame at the carboxy terminus was constructed as described in Materials and Methods. As shown in panel
a, this reporter enables measurement of changes in the proportion of GLUT4 at the plasma membrane as changes in the ratio of fluorescence
intensities corresponding to cell surface and total amounts of the reporter. Cell surface GLUT4 reporter is detected using an anti-Myc primary
antibody and PE-conjugated secondary antibody. Total GLUT4 reporter is proportional to GFP fluorescence. (b) Low-density microsome (LDM)
and plasma membrane (PM) fractions were isolated from 3T3-L1 adipocytes expressing the reporter and analyzed by SDS-PAGE and immuno-
blotting. Equal amounts of protein were loaded in each lane. Immunoblotting was done using an antibody directed against the carboxyl terminus
of GLUT4 and demonstrates that both the reporter (95 kDa) and native GLUT4 (50 kDa) are redistributed from the LDM fraction to the PM
after acute insulin treatment. The amount of translocation is quantitatively similar. (c) The LDM fractions from basal and insulin-stimulated
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3T3-L1 adipocytes expressing the reporter and from control cells were further separated by sedimentation on a 10 to 30% linear sucrose gradient,
as described in Materials and Methods. Equal volumes of each gradient fraction were analyzed by to determine total protein and by SDS-PAGE
and immunoblotting to detect native GLUT4 (in control cells, using an anti-GLUT4 antibody) and the GLUT4 reporter (using an anti-Myc
antibody). As shown in the top panels, the reporter and endogenous GLUT4 cosediment in both basal (left) and insulin-stimulated (right) cells.
Densitometry was used to quantify the bands (middle panels), and data are plotted as the percentage of the total reporter or native GLUT4 present
in each gradient fraction; these profiles are quite similar. As a control, the percentage of total protein present in each gradient fraction is plotted
(lower panels); these profiles are similar to each other and distinct from those of the GLUT4 reporter and endogenous GLUT4. (d) LDM fractions
from unstimulated 3T3-L1 adipocytes expressing the reporter and from control cells not expressing the reporter were used in vesicle immuno-
purification experiments. LDM fractions were incubated with two pooled anti-GFP monoclonal antibodies, followed by protein G-Sepharose
beads. After pelleting and washing of the beads, the immunopurified material was eluted in sample buffer and analyzed by SDS-PAGE and
immunoblotting with an anti-GLUT4 rabbit polyclonal antibody. As shown in the upper two panels, native GLUT4 is detected in the immuno-
purified material. The lower panels present a similar immunoblot of the supernatants and demonstrate that even though the immunopurification
did not quantitatively remove all of the GLUT4 reporter, the endogenous GLUT4 is depleted, as expected. (e) Flow cytometry is used to quantify
the insulin-stimulated change in the proportion of GLUT4 at the plasma membrane of 3T3-L1 adipocytes expressing the reporter protein.
Serum-starved cells were treated or not with insulin, chilled, stained for externalized Myc epitope tag, and analyzed by FACS as described in
Materials and Methods. PE and GFP fluorescence intensities are plotted on the vertical and horizontal axes, respectively, of the dotplots presented.
Note that both scales are logarithmic. Compared to the background fluorescence of cells not expressing the reporter (yellow), cells expressing the
reporter (blue) have increased GFP fluorescence (leftmost panel). Among cells expressing the reporter, unstained cells (blue) and basal (stained
for cell surface Myc, shown in red) and insulin-stimulated (stained for cell surface Myc, shown in green) populations have progressively increasing
PE fluorescence with no change in GFP fluorescence. Control experiments show that the background staining is negligible (not shown). The four
panels allow direct comparison of pairs of samples. In this experiment, insulin caused a fourfold increase in the ratio of median fluorescence
intensities attributable to externalized Myc epitope and to GFP expression, corresponding to a fourfold increase in the proportion of total GLUT4
present at the cell surface. (f) Flow cytometry was used to measure insulin-stimulated GLUT4 translocation in confluent CHO cells. As in panel
e, PE fluorescence (proportional to cell surface GLUT4 reporter) is plotted on the vertical axis and GFP fluorescence (proportional to total
GLUT4 reporter) is plotted on the horizontal axis; both scales are logarithmic. Background (unstained) cells expressing the reporter are shown
in blue, and basal and insulin-stimulated populations are shown in red and green, respectively. The three panels allow direct comparison between
each pair of samples. There is a minor population of unstained cells (blue) within the first decade of each scale; these cells do not express the
GLUT4 reporter and conveniently demonstrate that the flow cytometer is properly adjusted to compensate for fluorophore bleedthrough.
Compared to 3T3-L1 adipocytes, the background fluorescences (both PE and GFP) account for much less of the total fluorescence intensities in
CHO cells, and the signal-noise ratio is correspondingly increased (compare panels e and f). In this experiment, insulin stimulated a 3.5-fold
increase in the proportion of total GLUT4 present at the cell surface.
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For vesicle immunopurification experiments, LDM fractions were resus-
pended in PBS11–2% BSA and then incubated overnight at 4°C in the presence
of 25 ml (10 mg) of anti-GFP monoclonal antibodies (Roche). Protein G-Sepha-
rose beads were preblocked with PBS11–2% BSA, then added to each sample,
and incubated for 1 h at 4°C. The beads were pelleted, and the supernatant was
transferred to new tubes and frozen until needed. The beads were washed five
times in PBS11–2% BSA and then three times more in PBS11 without BSA.
Material was eluted from the beads at 65°C for 30 min in SDS-PAGE sample
buffer, and equal volumes were loaded for electrophoresis and subsequent im-
munoblotting.

Other methods. Immunofluorescence microscopy of permeablized cells was
done essentially as described (7). Cells were fixed with 4% paraformaldehyde in
PBS for 40 min, permeablized with 0.2% Triton X-100 for 5 min, and then
washed extensively with PBS11. Staining of CHO cells expressing the GLUT4
reporter was done in order to increase the fluorescent signal from that due to
GFP alone and employed a monoclonal anti-Myc antibody and a fluorescein
isothiocyanate (FITC)-conjugated secondary antibody.

For immunofluorescence microscopy of unpermeablized cells (Fig. 6a), cells
on coverslips were stimulated with insulin, then transferred to 4°C, and washed
with cold PBS11. Living cells were stained at 4°C using anti-Myc (9E10) mono-
clonal antibody (25 mg/ml) in PBS11–2% BSA–4% goat serum. After 1 h at 4°C,
cells were washed and incubated with Alexa594-conjugated goat anti-mouse IgG
secondary antibody (10 mg/ml) (Molecular Probes). Cells were then fixed with
parafomaldehyde as described above, and coverslips were mounted using Pro-
long antifade reagent (Molecular Probes). Microscopy was done using a Zeiss
Axiophot microscope, and images were acquired on film. In order to compare
fluorescence intensity due to externalized Myc epitope, GFP images were ac-
quired first using an exposure time calculated by the camera, and the exposure
time used for the corresponding Alexa594 images was set as a constant fraction
of the GFP exposure time. In this way, we attempted to normalize the images of
externalized Myc epitope tag for variations in the total amount of the reporter
protein and cell density.

Oil red O staining was done on cells grown in 10-cm dishes. Cells were fixed
with 4% paraformaldehyde for 45 min at room temperature, permeablized with
0.2% Triton X-100 for 5 min at 4°C., and stained using a 2-mg/ml solution of Oil
red O in ethanol (24). Phase-contrast and bright-field microscopy was done using
an Olympus inverted microscope.

RESULTS

Novel assay for GLUT4 trafficking at the plasma membrane.
To assay changes in the proportion of GLUT4 that is present
at the plasma membrane, we constructed a cDNA encoding a
GLUT4 reporter protein. This protein contains seven c-Myc
epitope tags in the first exofacial loop of GLUT4 and GFP
fused in-frame at the carboxy terminus. As shown in Fig. 1a,
expression of this protein in cells enables us to measure
changes in the proportion of GLUT4 at the cell surface as
changes in a ratio of fluorescence intensities. We use an anti-
Myc monoclonal antibody followed by a PE-conjugated sec-
ondary antibody to detect reporter protein present at the sur-
face of living cells. Green (GFP) fluorescence indicates the
total amount of the reporter present in each cell. Thus, the
ratio of PE to GFP fluorescence intensities corresponds to
the proportion of total GLUT4 that is present at the plasma
membrane. We employ flow cytometry to measure these
fluorescence intensities simultaneously and on a cell-by-cell
basis.

We placed the GLUT4 reporter in a murine retrovirus vec-
tor and infected 3T3-L1 preadipocytes. Using fluorescence-
activated cell sorting (FACS), we isolated a population of cells
falling within a narrow range of GFP fluorescence intensi-
ties; individual cells in this population express similar
amounts of the reporter protein. These 3T3-L1 cells under-
went normal adipose cell differentiation (see below), and
we took several approaches to confirm that the GLUT4

reporter traffics appropriately. We first used differential cen-
trifugation to isolate low-density microsomal (LDM) and
plasma membrane (PM) fractions from cells expressing the
GLUT4myc7-GFP reporter and from control cells. As shown
in Fig. 1b, acute insulin treatment causes similar decreases in
the amounts of both native GLUT4 (;50 kDa) and the re-
porter protein (;95 kDa) in the LDM fraction. Correspond-
ingly, insulin treatment causes similar increases in both pro-
teins in the PM fraction. Of note, the increases in the plasma
membrane fraction are in the 5- to 10-fold range (insulin/
basal), as judged by densitometry of several experiments. Thus,
both the reporter and endogenous GLUT4 proteins redistrib-
ute to the plasma membrane in a quantitatively similar man-
ner.

Figure 1c presents data further substantiating that the
GLUT4 reporter codistributes with endogenous GLUT4 in
low-density microsomes prepared from 3T3-L1 adipocytes. In
this experiment, we first isolated LDM fractions from basal
and insulin-stimulated cells containing the reporter and from
control cells not expressing the reporter. We layered these
fractions on top of 10 to 30% linear sucrose density gradients
and sedimented the microsomes by centrifugation. We then
collected fractions from each sample and immunoblotted to
detect endogenous GLUT4 or the reporter. As shown in the
upper left panels of Fig. 1c, both native GLUT4 and the re-
porter sediment similarly in unstimulated cells, with the bulk of
both proteins present in fractions 8 to 13 and in the pellet
(middle left panel). In insulin-stimulated cells, the distribu-
tions of both endogenous GLUT4 and the reporter shift to the
pellet; fractions 8 to 13 contain most of the remaining protein,
as in the unstimulated cells (top and middle right panels). As
a control, total protein was measured in each fraction and is
plotted at the bottom of the figure for unstimulated cells (left)
and for insulin-stimulated cells (right). These profiles are sim-
ilar for cells containing the GLUT4 reporter and for control
cells and are distinct from the distributions of endogenous
GLUT4 and the GLUT4 reporter. The distribution of the
GLUT4 reporter on these gradients is broader than that of
native GLUT4, perhaps because the reporter is expressed at
roughly fivefold-higher levels (not shown) and may be pres-
ent in a more heterogeneous population of vesicles. None-
theless, the bulk of GLUT4 reporter in low-density micro-
somes is present in vesicles that sediment similarly to those
containing native GLUT4 in both basal and insulin-stimu-
lated cells.

To further determine if endogenous GLUT4 and the
GLUT4 reporter are present in the same vesicles, we used an
anti-GFP antibody and protein G-Sepharose beads to immu-
nopurify vesicles from the LDM fraction of unstimulated
3T3-L1 adipocytes expressing the reporter. As shown in Fig.
1d, immunoblotting demonstrates the presence of endogenous
GLUT4 in these vesicles, as well as confirming the presence of
the reporter. As a control, 3T3-L1 adipocytes not expressing
the GLUT4 reporter were treated in parallel; in this case,
neither the GLUT4 reporter nor endogenous GLUT4 is de-
tected in the material eluted from the beads. Endogenous
GLUT4 is detected in the supernatants from both samples and,
as expected, is depleted from that of the cells expressing the
reporter. Some GLUT4 reporter also remains in the superna-
tant, and we estimate that the immunopurification removed
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only 50 to 75% of vesicles containing the reporter protein from
the starting microsomes. The results indicate that endogenous
GLUT4 and the GLUT4 reporter are present together in a
population of vesicles within the low-density microsomal frac-
tion.

To measure insulin-stimulated GLUT4 externalization in
differentiated 3T3-L1 adipocytes expressing the reporter, we
used flow cytometry as shown in Fig. 1e. This technique allows
simultaneous measurement of PE fluorescence (corresponding
to cell surface GLUT4 reporter and shown on the vertical
scale) and GFP fluorescence (corresponding to total GLUT4
reporter and shown on the horizontal scale). Control 3T3-L1
adipocytes not expressing the reporter (shown in yellow) have
background fluorescences that are highly correlated across the
relevant wavelengths and appear as a diagonal population. For
cells expressing the reporter but not stained for cell surface
Myc epitope (shown in blue), fluorescence along the PE axis is
due entirely to this background autofluorescence. Control ex-
periments using secondary antibody without primary (anti-
Myc) antibody, as well as control experiments using both pri-
mary and secondary antibodies on cells not expressing the
reporter, demonstrate that background staining is negligible
(data not shown); thus, essentially all of the increase in PE
fluorescence observed in the basal (red) and insulin-stimulated
(green) populations is due to detection of Myc on the cell
surface. Similarly, the GFP fluorescence attributable to the

GLUT4 reporter can be determined by subtracting the back-
ground autofluorescence (yellow). Within each population of
stained cells (basal and insulin stimulated), the amount of
staining for cell surface Myc correlates with the amount of the
reporter present and therefore with GFP fluorescence. The
populations therefore lie along a diagonal, and GLUT4 exo-
cytosis results in a net translocation of the entire population
upwards, along the PE axis, with no change in the slope of
the diagonal. Within this defined population of cells we
observe no saturation of the recycling mechanism: changes
in the proportion of GLUT4 at the cell surface are equiva-
lent, even among cells expressing ;50-fold-different amounts
of the reporter.

To measure GLUT4 trafficking at the surface of CHO cells,
we infected CHO cells expressing the murine ecotropic retro-
virus receptor with a retrovirus carrying the GLUT4 reporter
and used FACS to isolate cells falling within a narrow range of
GFP fluorescence intensities. Upon insulin stimulation of
these cells, we again noted externalization of the GLUT4 re-
porter, as detected by flow cytometry. As shown in Fig. 1f,
autofluorescence accounts for much less of the total fluores-
cent signals in CHO compared to 3T3-L1. Thus, the unstained
cells expressing the reporter do not fall along a diagonal be-
cause autofluorescence contributes minimally. Similarly, where-
as autofluorescence contributes perhaps one-quarter of the
total PE fluorescence in 3T3-L1 adipocytes, in CHO cells this

FIG. 2. Adipose differentiation and GLUT4 translocation in 3T3-L1 cells. 3T3-L1 preadipocytes were infected with a retrovirus containing
the GLUT4 reporter, and flow sorting was used to isolate a population of cells falling within a narrow range of GFP fluorescence intensities.
These cells were expanded and used in experiments; because the retrovirus integrates into the genome, the population is stable. These cells
undergo normal 3T3-L1 adipose differentiation, as demonstrated by staining lipid with Oil red O. (a) Phase-contrast (upper left) and bright-
field (upper right and lower left and right) microscopy of cells at the indicated days of differentiation is shown. Scale bar, 50 mm. (b)
Confluent 3T3-L1 preadipocytes (day 0) or 3T3-L1 cells that had undergone differentiation for various lengths of time were stimulated or
not with insulin (160 nM, 10 min), and changes in the proportion of GLUT4 reporter present at the cell surface were measured using flow
cytometry as described in the text. Some samples were treated with either 100 nM wortmannin (42) or 50 mM LY294002 (8, 13) for 40 min
prior to insulin addition, as noted. The amount of the reporter within each cell varies during 3T3-L1 differentiation and is increased ap-
proximately threefold on days 2 and 4 (not shown). We attribute this to increased activity of the retroviral promoter as the cells undergo
clonal expansion at the onset of adipocyte differentiation, especially since we also observed increased expression of the reporter in preconfluent,
dividing cells (91). Because the assay measures changes in the ratio of cell surface to total GLUT4 rather than in the absolute amount of cell surface
GLUT4, the data presented are internally controlled for this variation, and data from different days of differentiation can be meaningfully
compared. The numbering on the vertical scale indicates a relative measure of GLUT4 at the cell surface, and these arbitrary units cannot be
compared in absolute terms to those in other figures. In all instances, insulin stimulates GLUT4 exocytosis, and this effect is blocked by either of
the two phosphatidylinositol-3-kinase inhibitors.
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figure is reduced to 1 to 2%. As with 3T3-L1 adipocytes, the
distribution of each of the stained populations (basal and
insulin stimulated, shown in red and green, respectively)
falls along a diagonal because the amount of Myc epitope at
the surface of each cell is proportional to the amount of the
reporter present within that cell. Insulin stimulates the en-
tire population to shift upward (;4-fold) along the PE (Myc)
axis, with no change in the slope of the diagonal, consistent
with exocytosis of the GLUT4 reporter equally and with no
saturation of the recycling mechanism among the infected
cells.

Insulin stimulates GLUT4 translocation similarly in undif-
ferentiated 3T3-L1 cells and throughout 3T3-L1 adipose dif-
ferentiation. One difficulty in working with 3T3-L1 cells is that
if the undifferentiated fibroblasts are allowed to become con-
fluent, they must be induced to undergo adipose differentiation
or they will lose that capacity. This characteristic makes the
introduction of exogenous proteins by stable transfection tech-
nically difficult, since the cells invariably become confluent
during clonal selection. We circumvented this difficulty by iso-

lating a pool of cells infected with a replication-deficient ret-
rovirus encoding the reporter protein. Over 90% of the target
3T3-L1 fibroblasts were infected, and those falling within a
narrow window of GFP fluorescence were isolated by FACS;
individual cells in this sorted population express similar
amounts of the reporter. Figure 2a demonstrates that these
sorted cells undergo normal 3T3-L1 adipose differentiation, as
assessed by Oil red O staining to highlight the development of
intracellular lipid droplets.

We next sought to determine when during the course of
3T3-L1 adipocyte differentiation the cells become competent
to translocate GLUT4 to the plasma membrane after insulin
addition. Cells expressing the reporter were differentiated to
different days, and the ability of insulin to stimulate GLUT4

FIG. 3. Kinetics of GLUT4 trafficking in 3T3-L1 cells. (a) Conflu-
ent 3T3-L1 preadipocytes (day 0) or 3T3-L1 cells at various stages of
adipocyte differentiation (as indicated) were treated with insulin for
various lengths of time, and changes in the proportion of GLUT4
reporter present at the cell surface were analyzed. Data are plotted for
basal cells and for cells treated with 80 nM insulin for 0.5, 1, 1.5, 2, 3,
4, 5, 6, 8, 10, 12, 15, 20, or 30 min. Membrane trafficking was stopped
by washing with cold PBS, cells were stained at 4°C for externalized
Myc epitope tag using a PE-conjugated secondary antibody, and PE
and GFP fluorescence intensities were measured using flow cytometry
as described in the text. Regardless of the state of differentiation,
insulin causes a rapid externalization of GLUT4 that peaks 4 to 5 min
after insulin addition. Subsequently, there is a net internalization, so
that a steady state in the presence of insulin is reached 20 min after
insulin addition. The numbering on the vertical scale indicates a rela-
tive measure of GLUT4 at the cell surface, and these arbitrary units
cannot be compared in absolute terms to those in other figures. (b)
Insulin-stimulated translocation of endogenous GLUT4 to the plasma
membrane of 3T3-L1 adipocytes was analyzed by subcellular fraction-
ation. Cells were starved overnight and then stimulated with 480 nM
insulin (added from a prewarmed, 33 stock) for various amounts of
time. Cells were transferred to 4°C, washed with cold PBS, and frac-
tionated as described in Materials and Methods. Plasma membrane
(PM) and low-density microsomal (LDM) fractions were analyzed by
immunoblotting. Equal amounts of protein were loaded in each lane.
GLUT4 translocates to the plasma membrane in a biphasic pattern,
with a peak at 7 min after insulin addition, followed by a subsequent
decrease. A reciprocal pattern is observed in the LDM fraction. As a
control, the PM immunoblot was reprobed with an anti-insulin recep-
tor (b-subunit) antibody, which demonstrates similar amounts of in-
sulin receptor at the plasma membrane at all time points. The exper-
iment was performed twice, with similar results each time. (c) 3T3-L1
preadipocytes (day 0) or cells at various times during adipocyte differ-
entiation were stimulated with 80 nM insulin for 20 min, then placed
at 4°C, and washed with an acidic buffer to remove insulin. Cells were
rewarmed in serum-free medium to allow GLUT4 reinternalization for
6, 12, 18, 24, 30, 40, 60, 90, or 120 min; some cells that had been
rewarmed for 120 min were restimulated with 80 nM insulin for 5, 10,
or 15 min. Cells were stained for cell surface Myc epitope and analyzed
by flow cytometry as described in the text. In all instances, the GLUT4
reporter was reinternalized after removal of insulin and recycles upon
readdition of insulin.
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exocytosis was tested as described above. Unexpectedly, and as
shown in Fig. 2b (and subsequently in Fig. 3a), we found that
insulin stimulates GLUT4 exocytosis at all times during
3T3-L1 differentiation, even in undifferentiated, confluent fi-
broblasts. Moreover, as shown in Fig. 2b, insulin-triggered
GLUT4 exocytosis is invariably blocked by treatment of the
cells with phosphatidylinositol-3-kinase inhibitors, either wort-
mannin or LY294002. In several experiments we noted that the
overall fold increase in cell surface GLUT4 was greater at day
2 of differentiation than at day 0, primarily due to more pro-
nounced intracellular sequestration in unstimulated cells;
nonetheless, the effect at day 0 is robust and consistently ob-
served (Fig. 2b and see below).

To determine if the kinetics of insulin-stimulated GLUT4
externalization vary during the course of 3T3-L1 differentia-
tion, we stimulated cells at different days of differentiation and
assayed changes in the proportion of GLUT4 at the cell sur-
face as a function of time. As shown in Fig. 3a, insulin triggers
a rapid redistribution of GLUT4 to the cell surface, with iden-
tical kinetics at all days of 3T3-L1 differentiation. In all cases
there was a biphasic response to insulin addition, with an initial
rapid externalization of GLUT4 such that the greatest pro-
portion was present on the plasma membrane 4 to 5 min
after insulin addition. Subsequently, in all cases, the fraction
of GLUT4 on the plasma membrane fell by 20 to 40% and
reached a steady state by 15 to 20 min after insulin addition.
This overshoot of the steady-state proportion of GLUT4 at
the cell surface in the presence of insulin presumably cor-
responds to rapid mobilization (and depletion) of GLUT4 in
a highly insulin-sensitive compartment, as noted in the intro-
duction.

Because of the relative ease with which we are able to mea-
sure GLUT4 at the cell surface, all of the data points presented
in all six panels of Fig. 3a were acquired in the same experi-
ment. As noted above, our assay is internally controlled for the
amount of reporter present within each cell. Thus, any data
point in any of the six panels can be directly compared to any
other data point in the figure. Clearly, unstimulated day 2 cells
have a lower proportion of GLUT4 on the cell surface than
unstimulated confluent fibroblasts (day 0 cells), in agreement
with the data presented in Fig. 2b. While the slightly higher
basal level of GLUT4 at the surface of confluent fibroblasts
lessens the overall fold increase in cell surface GLUT4 after
insulin addition, the overall picture is similar in undifferenti-
ated 3T3-L1 cells and in cells that have undergone any degree
of adipose differentiation. Importantly, the overshoot of the
final, steady-state response in the presence of insulin is present
in all cases.

To determine if insulin stimulates externalization of native
GLUT4 with a similar overshoot of the final steady-state re-
sponse, we performed subcellular fractionation of 3T3-L1 adi-
pocytes. These cells do not express the GLUT4 reporter pro-
tein, and we detected endogenous GLUT4 by immunoblotting
equal amounts of total protein from each time point. As shown
in Fig. 3b, we observed a rapid accumulation of GLUT4 in the
plasma membrane fraction (PM GLUT4) and a corresponding
decrease in GLUT4 present in the low-density microsomal
fraction (LDM GLUT4). The presence of GLUT4 in the PM
fraction peaks at 7 min after insulin addition; subsequently,
there is a decrease in the amount present. Similarly, GLUT4 in

the LDM fraction is first depleted and subsequently reaccu-
mulates slightly. As a control, we reprobed the blot of the
plasma membrane fractions with an anti-insulin receptor
b-chain antibody. As shown in the lower panel of the figure,
this detected similar amounts of insulin receptor at the plasma
membrane at most time points. There is a slight decrease
immediately (3 min) after insulin addition, perhaps due to
internalization of the receptor, and the amount normalizes at
subsequent times. Thus, immunoblotting of subcellular frac-
tions demonstrates that native GLUT4 traffics with kinetics
similar to those we observed using the tagged GLUT4 reporter
and the FACS-based assay.

We next examined reinternalization and recycling of the
GLUT4 reporter after insulin removal. Based on the results
shown in Fig. 3a, cells were stimulated with insulin for 20 min
so that the redistribution of GLUT4 to the plasma membrane
would be at steady state, then chilled, washed with a low-pH
buffer to remove insulin, and rewarmed in serum-free medium
for various amounts of time. Cells were allowed to reinternal-
ize GLUT4 for up to 2 h, at which time they were restimulated
with insulin for 5, 10, or 15 min. As shown in Fig. 3c, the
reporter protein is reinternalized in undifferentiated 3T3-L1
cells and at all times of 3T3-L1 adipocyte differentiation and
is recycled upon restimulation with insulin in all cases. As in
Fig. 3a, all of the data points in Fig. 3c were collected in par-
allel and can be compared, even if presented in different panels
of the figure. The rate of reinternalization is slightly prolonged
in more differentiated cells compared to less differentiated
cells. Finally, restimulation with insulin causes reexternali-
zation of the reporter; the magnitude and kinetics of this
effect are similar to the initial response, and the biphasic
pattern described above is likely present. We conclude that
the addition of Myc epitope tags and fusion of GFP to the
carboxy terminus of GLUT4 do not impair its ability to un-
dergo endocytosis or insulin-stimulated recycling at the plasma
membrane.

As noted above, we were surprised to observe insulin-stim-
ulated GLUT4 translocation to the plasma membrane of un-
differentiated 3T3-L1 preadipocytes. To determine if this re-
sponse is general to other cell types, we expressed the GLUT4
reporter protein in NIH 3T3 cells by retrovirus infection, iso-
lated a stable pool of cells by flow sorting, and compared
insulin-stimulated externalization in these cells and in 3T3-L1
preadipocytes. As shown in Fig. 4a, the NIH 3T3 cells respond
poorly to insulin stimulation, with a less than twofold increase
in the proportion of GLUT4 at the cell surface. In contrast, the
3T3-L1 preadipocytes demonstrate a rapid externalization,
such that the increase in cell surface GLUT4 reached almost
fourfold at 5 min after insulin addition. Subsequently, the
proportion of GLUT4 at the cell surface decreases markedly,
so that the first phase of the response overshoots the final
steady state. The data are consistent with the presence of a
highly insulin-responsive pool of GLUT4 in the basal state in
3T3-L1 preadipocytes but not in NIH 3T3 cells. After the
initial, rapid mobilization (and depletion) of this pool, the
3T3-L1 preadipocytes may be only marginally able to recycle
GLUT4 faster than NIH 3T3 cells, so that the difference in
steady-state presence of insulin is minimal. We also expressed
the GLUT4 reporter in a cultured, nontransformed hepatocyte
cell line (AML12 [110]) and found that in these cells as well,
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insulin stimulated minimal translocation and there was no
overshoot (not shown). We conclude that insulin regulates
GLUT4 recycling through a highly insulin-responsive mecha-
nism present in 3T3-L1 adipocytes and, at least to some de-
gree, in 3T3-L1 preadipocytes, but not characteristic of all cell
types.

To further demonstrate that insulin mobilizes GLUT4 to the
plasma membrane of 3T3-L1 preadipocytes, we performed
subcellular fractionation and immunoblotting. Since native
GLUT4 is not expressed in undifferentiated 3T3-L1 cells, we
used cells expressing the GLUT4 reporter. As shown in Fig.
4b, insulin stimulates movement of the GLUT4 reporter out
of the LDM fraction and into the PM fraction. The peak
response is at 8 min after insulin addition. By 20 min there
is a decrease from this peak in the PM fraction as well as
a slight increase in the amount present in the LDM frac-
tion. These subcellular fractionation data not only indicate
that the GLUT4 reporter is translocated in 3T3-L1 preadi-
pocytes, but also suggest that there is an early overshoot
before the final steady-state response. Thus, the subcellular
fractionation data are in accord with our flow cytometry
data.

One possible explanation for why we observe GLUT4 trans-
location in 3T3-L1 preadipocytes where others have not is that

we routinely culture these cells in 10% fetal bovine serum
rather than the more usual 10% calf serum. We therefore
cultured confluent 3T3-L1 preadipocytes in each of these sera
for 3 days prior to assaying the effect of insulin on GLUT4
trafficking. As shown in Fig. 4c, cells cultured in 10% calf
serum and in 10% fetal bovine serum responded indistinguish-
ably. In both cases, insulin causes a fourfold increase in the
fraction of GLUT4 present at the plasma membrane at early (5
min) time points, with a subsequent decrease, as previously
noted. These data are consistent with the those presented in
Fig. 3a and 4a and indicate that the effect that we observed
does not result from culture of 3T3-L1 preadipocytes in fetal
bovine serum.

Kinetics of insulin-stimulated GLUT4 translocation in
CHO cells are medium dependent. To determine if the kinetics
of insulin-stimulated GLUT4 externalization are similar in
CHO cells and in 3T3-L1 cells, we assayed changes in the
proportion of GLUT4 at the cell surface of CHO cells stimu-
lated for various amounts of time. To parallel the conditions
used for 3T3-L1 cells, some CHO cells were placed in DMEM
2 days before the experiment; others were left in standard
CHO medium (F12). As shown in Fig. 5, CHO cells cultured in
DMEM respond to insulin with a dramatic, biphasic redistri-
bution of GLUT4 to the cell surface. In contrast, CHO cells
cultured in F12 medium redistributed GLUT4 less dramati-
cally and with no overshoot of the final steady-state proportion

FIG. 4. Kinetics of GLUT4 trafficking in 3T3-L1 preadipocytes and
NIH 3T3 cells. (a) Confluent 3T3-L1 preadipocytes and NIH 3T3 cells
expressing similar amounts of the reporter were treated with 160 nM
insulin for various lengths of time, chilled, and analyzed by FACS to
measure changes in the proportion of GLUT4 reporter present at the
cell surface. Insulin caused a much more marked redistribution of
GLUT4 to the plasma membrane of 3T3-L1 preadipocytes than of
NIH 3T3 cells. (b) Translocation of the GLUT4 reporter in 3T3-L1
preadipocytes was assayed by subcellular fractionation and immuno-
blotting. After serum starvation, cells were stimulated with 480 nM
insulin (added from a prewarmed 33 stock) for various amounts of
time, then washed with cold PBS11, and fractionated as described in
Materials and Methods. Equal amounts of protein were loaded in each
lane. Insulin caused an increase in the amount of GLUT4 reporter in
the plasma membrane (PM) fraction, with a peak response at 8 min
after insulin addition and a subsequent decrease at 20 min. A recip-
rocal pattern is apparent in the low-density microsomal (LDM) frac-
tion. The experiment was performed twice, with similar results each
time. (c) Confluent 3T3-L1 preadipocytes were cultured for 3 days in
either 10% fetal bovine serum or 10% calf serum. Cells were then
starved, stimulated with 160 nM insulin for various amounts of time,
and analyzed by flow cytometry. Samples were measured in duplicate
(control samples were in triplicate or quadruplicate). Insulin caused
similar increases in the fraction of GLUT4 reporter at the plasma
membrane under both conditions. The experiment was done twice,
with similar results each time.
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of GLUT4 at the cell surface in the presence of insulin. As with
3T3-L1 cells, GLUT4 externalization in DMEM-cultured
CHO cells peaks at 4 to 5 min after insulin addition and then
decreases to reach a steady state by 20 min after insulin addi-
tion. The peak fraction of GLUT4 at the cell surface is 5.5-fold
more than that in unstimulated cells, and in several experi-
ments 50 to 60% of this increase is eliminated in the subse-
quent decrease. For comparison, the peak response of 3T3-L1
adipocytes in Fig. 3a was 5.4-fold over basal (average of days 8
and 10), though the subsequent decrease to steady state was
only ;20% of this peak response.

To examine the subcellular distribution of the GLUT4 re-
porter in CHO cells cultured in these two distinct media, we
performed immunofluorescence microscopy. Cells were cul-
tured in F12 or DMEM for 2 days, stimulated with insulin for
0, 5, or 20 min, chilled, and stained without permeablization to
detect the externalized Myc epitope tag. As shown in Fig. 6a,
cells cultured in F12 have a small increase in the amount of
externalized Myc epitope at 5 and significantly more at 20 min
after insulin addition (top row). In contrast, cells cultured in
DMEM have greater cell surface staining at 5 min than at 20
min after insulin addition (third row); after 5 min of insulin
treatment, the amount of surface Myc-GLUT4 fluorescence
is much greater in cells cultured in DMEM than in F12. We
also examined the distribution of GLUT4 reporter within
the cells using GFP fluorescence. In this case, we noted that
cells cultured in F12 have an abundance of the reporter

protein in the perinuclear region, both in the absence of
insulin and after 5 or 20 min of insulin treatment (second
row). In cells cultured in DMEM, this perinuclear accumu-
lation is less marked (fourth row). Though these microscopy
data are more difficult to quantify accurately than the flow
cytometry data (Fig. 5), it is clear that the kinetics that we
observe by microscopy are similar to those observe using flow
cytometry.

Figure 6b presents a higher magnification demonstrating the
intracellular distribution of the GLUT4 reporter in CHO cells
cultured in these two distinct media. In the basal state, GLUT4
is prominent in the perinuclear region in cells cultured in F12
medium (Fig. 6b, lower left panel, arrowheads). In contrast,
cells cultured for 2 days in DMEM have less GLUT4 in the
perinuclear region and more that is present in punctate struc-
tures in the periphery (upper left panel). Insulin treatment for
5 min causes a dramatic increase in plasma membrane GLUT4
in cells cultured in DMEM (Fig. 6b, arrows, upper center
panel). Cells cultured in F12 have a less marked accumulation
of GLUT4 at the plasma membrane after 5 min of insulin
treatment (Fig. 6b, lower center panel). By 20 min after insulin
addition, the amount of GLUT4 at the plasma membrane is
similar in cells cultured in both media and is less than the peak
response at 5 min of insulin treatment for cells cultured in
DMEM (right panels of Fig. 6b). Of note, cells cultured in F12
medium have continued prominent perinuclear GLUT4 accu-
mulation even after 5 or 20 min of insulin treatment (Fig. 6b,

FIG. 5. Culture conditions modulate the kinetics of insulin-stimulated GLUT4 translocation in CHO cells. Two days before the experiment,
confluent CHO cells were placed in DMEM identical to that used for 3T3-L1 adipocytes or left in F12 culture medium. Cells were starved
overnight before the experiment. On the day of the experiment, cells were stimulated with 80 nM insulin for 0, 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 20, or 30 min, then transferred to 4°C, and washed with cold PBS. Staining and flow cytometry were done as described in the
text. For cells cultured in DMEM, insulin stimulated a rapid increase in GLUT4 reporter present at the cell surface, peaking at 4 to 5 min after
insulin addition. Subsequently, the proportion of GLUT4 on the plasma membrane decreases, and a steady state in the presence of insulin is
reached 20 min after insulin addition. In contrast, cells cultured in F12 medium externalized GLUT4 with monophasic kinetics, characterized by
no overshoot of the final steady-state response in the presence of insulin. Both the initial and final proportions of GLUT4 at the cell surface are
essentially unaffected by the culture conditions, despite the marked effect on intermediate time points. For cells cultured in DMEM, the peak
response is a 5.5-fold increase in the proportion of GLUT4 at the cell surface compared to the basal state. The kinetics and the amplitude of the
peak response are similar in CHO cells cultured in DMEM and in 3T3-L1 cells (compare to Fig. 3a, 4a, and 4c).
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arrowheads, lower center and right panels). These data are
consistent with the flow cytometry data presented in Fig. 5.
Thus, correlation of kinetic and microscopy data suggests that
GLUT4 accumulates in a peripheral, highly insulin-responsive
compartment in the basal state when the cells are cultured in
DMEM. The perinuclear GLUT4 accumulation seen in the
cells cultured in F12 may represent a longer-term reservoir.
Finally, the overshoot of the steady-state proportion of
GLUT4 at the cell surface in the presence of insulin corre-
sponds, to a first approximation, to the amount of GLUT4
that has accumulated in the peripheral compartment in CHO
cells.

Amino acid sufficiency modulates highly insulin-responsive
GLUT4 trafficking in CHO cells and in 3T3-L1 adipocytes.
DMEM and F12 medium differ in several respects. Though
DMEM has greater glucose and calcium concentrations, nei-
ther of these components alone or in combination proved
necessary or sufficient to cause highly insulin-responsive (i.e.,
biphasic) kinetics (data not shown). We noted that many es-
sential amino acids are present at markedly higher concentra-
tions in DMEM than in F12 (see above) and tested the possi-
bility that these are required for highly insulin-responsive
GLUT4 trafficking. After culture for 24 to 36 h in various
media, we examined the kinetics of insulin-stimulated GLUT4
translocation in CHO cells. As shown in Fig. 7a, the degree
of overshoot of the final steady-state response in the pres-
ence of insulin correlates quite well with the concentration
of most essential amino acids in different media. DMEM has
twofold the concentrations of most amino acids present in
MEM, which in turn has 2- to 12-fold greater concentrations
of most amino acids than F12. In MEM made without any
amino acids, we observed no overshoot of the final, steady-
state proportion of GLUT4 at the plasma membrane in the
presence of insulin. We also tested the kinetics of GLUT4
externalization in CHO cells cultured in MEM with 23, 13,
0.23, or no amino acids, as shown in Fig. 7b. Higher con-
centrations of amino acids result in a greater overshoot of
the final steady-state response in the presence of insulin. Since
glutamine was held constant, we surmise that flux through the
glucosamine pathway is not likely to be responsible for this
effect.

Another insulin signaling output that is sensitive to amino
acid availability is the phosphorylation of p70 S6-kinase
(28). In this case, withdrawal of most individual amino acids
inhibits the ability of insulin to stimulate p70 phosphory-
lation to various degrees; the most potent were leucine and
arginine, and the effect was mimicked by rapamycin. We also
observed a modest decrease in the proportion of GLUT4
rapidly mobilized by insulin in CHO cells cultured without
leucine and arginine (not shown). More striking is the abil-
ity of rapamycin to alter the kinetics of insulin-stimulated
GLUT4 externalization. As shown in Fig. 8, rapamycin used
over a range of concentrations progressively eliminated the
rapid first phase of insulin-stimulated GLUT4 externaliza-
tion, so that at the highest concentration there was no over-
shoot of the final steady-state response. Of note, the amount
of GLUT4 reporter protein, as assessed by GFP fluorescence,
did not change by more than ;10% after amino acid depriva-
tion or rapamycin treatment (not shown). These data par-
allel those presented in Fig. 7 and indicate that amino acid
sufficiency modulates GLUT4 targeting to a highly insulin-
responsive compartment through a rapamycin-sensitive mech-
anism.

To learn whether our observations in CHO cells are relevant
to GLUT4 trafficking in 3T3-L1 adipocytes, we varied the
amino acid concentrations in which fully differentiated 3T3-L1
adipocytes expressing the reporter were cultured. After 36 h,
we examined the externalization of GLUT4 after insulin addi-
tion. As shown in Fig. 9, 3T3-L1 adipocytes cultured in MEM
with 23 amino acids (relative to standard MEM and similar
to DMEM) mobilized GLUT4 similarly to cells cultured in
DMEM (e.g., Fig. 3a). Strikingly, culture in progressively
lower concentrations of amino acids resulted in decreased
magnitude of GLUT4 translocation (Fig. 9). In all cases, the
overshoot of the steady-state response remains intact, even
in the absence of amino acids (except glutamine). Indeed,
for 3T3-L1 adipocytes cultured in the absence of amino
acids, the response demonstrates a marked overshoot fol-
lowed by only a modest fold increase in GLUT4 at the cell
surface in the steady state; this is somewhat reminiscent of
the response we observed using CHO cells cultured in
DMEM (Fig. 5). Culture of 3T3-L1 cells in the presence of

FIG. 6. Culture conditions modulate the subcellular distribution of GLUT4 in CHO cells. CHO cells expressing the GLUT4 reporter were
plated on coverslips, allowed to reach confluence, and then treated as described in the legend to Fig. 5. Two days before microscopy, cells were
changed to DMEM or continued in F12 culture medium. On the day of microscopy, cells were serum starved for 3 h and then stimulated with 160
nM insulin for the times indicated. (a) Cells were chilled and stained without fixation or permeablization to detect externalized Myc epitope tag.
A red (Alexa594-conjugated) secondary antibody was used, and the images are shown in the first (F12) and third (DMEM) rows. GFP was used
to detect the total cellular GLUT4 reporter, and images are shown in green in the second (F12) and fourth (DMEM) rows. Cells cultured in F12
medium have the greatest amount of GLUT4 at the cell surface at 20 min, whereas those cultured in DMEM have more at the cell surface at 5
min. Scale bar, 10 mm. (b) The subcellular distribution of the GLUT4 reporter is more closely examined. These cells were fixed, permeablized, and
stained with anti-Myc antibody and a FITC-conjugated secondary antibody in order to increase the total green fluorescent signal, which is then
due to the combination of GFP and FITC. In cells cultured in F12, there is prominent staining of the GLUT4 reporter in the perinuclear region;
this does not change significantly with short-term insulin treatment (bottom panels, arrowheads). In contrast, the GLUT4 reporter is absent from
the perinuclear region in unstimulated cells cultured in DMEM and is present more prominently in punctate, peripheral structures (top left panel).
Insulin treatment for 5 min results in a dramatic accumulation of GLUT4 at the plasma membrane in the cells cultured in DMEM (top center
panel, arrows). In contrast, cells cultured in F12 medium have much less plasma membrane GLUT4 after 5 min of insulin treatment (bottom center
panel). By 20 min after insulin addition, plasma membrane GLUT4 is similar in cells cultured in the two culture media (top right and bottom right
panels) and is less prominent than at 5 min in the cells cultured in DMEM (compare to top center panel). The changes observed at the plasma
membrane by microscopy correlate well with those quantified by flow cytometry (Fig. 5). Additionally, microscopy demonstrates that when the cells
are cultured in DMEM rather than F12 medium, GLUT4 is distributed away from the perinuclear region and into punctate structures in the
periphery. Scale bar, 10 mm.

VOL. 21, 2001 AMINO ACIDS REGULATE GLUT4 IN 3T3-L1 AND CHO CELLS 4797



FIG. 7. Amino acid concentrations regulate the amount of rapidly insulin-mobilized GLUT4 in CHO cells. (a) CHO cells expressing the
reporter were cultured in the indicated media for 36 h and serum starved during the last 12 h of this period. Cells were stimulated with 160 nM
insulin for various amounts of time, then chilled, stained for externalized Myc epitope tag, and analyzed by FACS as described in the text to
determine the relative proportion of GLUT4 at the cell surface in each sample. Compared to the amino acid concentrations in standard MEM
(defined as 13 amino acids), concentrations of most amino acids in DMEM are twofold higher, and concentrations of most amino acids in F12
are only 0.08 to 0.5 times as high (depending on the particular amino acid; see Materials and Methods). All media contained 2 mM glutamine.
The degree to which insulin stimulates a transient overshoot of the final, steady-state proportion of GLUT4 at the plasma membrane correlates
well with the concentrations of essential amino acids in the various media. The data shown are from two separate experiments (mean 6 standard
deviation) and are normalized to the steady-state response in the presence of insulin (30-min time point). (b) A similar experiment was performed
with cells cultured in MEM containing various concentrations of essential amino acids except for glutamine, which was held constant (see text).
Higher amino acid concentrations cause a greater overshoot of the final, steady-state fraction of GLUT4 at the plasma membrane after insulin
addition.
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rapamycin has a similar effect, as shown in Fig. 10. Here,
a progressive increase in the concentration of rapamycin
caused a progressive decrease in the magnitude of GLUT4
translocation by insulin. As with amino acid insufficiency,
rapamycin treatment of 3T3-L1 adipocytes does not alter
the presence of biphasic kinetics. Finally, the amount of
GLUT4 reporter present in each cell, as assessed by GFP
fluorescence, did not decrease by more than 10% after ami-
no acid starvation or rapamycin treatment (not shown).
Overall, the data are consistent with the notion that ami-
no acid sufficiency modulates GLUT4 trafficking through a
kinetically defined, highly insulin-responsive compartment
in 3T3-L1 adipocytes and that this effect is rapamycin sen-
sitive.

DISCUSSION

We have shown that insulin triggers rapid exocytosis of
GLUT4 in 3T3-L1 adipocytes and preadipocytes and in CHO

cells, but not in NIH 3T3 cells. This conclusion is based on
studies using a novel, FACS-based assay to measure changes in
the proportion of GLUT4 present at the plasma membrane
and is supported by subcellular fractionation data. This action
of insulin is blocked by either of two structurally dissimilar
phosphatidylinositol-3-kinase inhibitors in 3T3-L1 cells at all
times during differentiation, suggesting that identical signal-
ing mechanisms are involved. Moreover, insulin stimulates
GLUT4 externalization with identical, biphasic kinetics at all
times during 3T3-L1 differentiation, and we demonstrate rein-
ternalization and recycling of the reporter protein as well.
Strikingly, we find that when CHO cells are cultured identically
to 3T3-L1 adipocytes (in DMEM), the kinetics and initial mag-
nitude of insulin-stimulated GLUT4 redistribution are similar
in both cell types. In contrast, when CHO cells are cultured in
their usual medium (F12), GLUT4 is only minimally distrib-
uted to a highly insulin-responsive compartment, assessed ki-
netically. The presence of GLUT4 in this rapidly mobilized
compartment correlates with a basal-state redistribution of

FIG. 8. Rapamycin treatment diminishes the amount of rapidly insulin-mobilized GLUT4 in CHO cells. CHO cells expressing the GLUT4
reporter were cultured in DMEM, treated with the indicated concentrations of rapamycin for 36 h, and serum starved during the last 12 h of this
period. Cells were stimulated with 160 nM insulin for the indicated times, then chilled, stained for externalized Myc epitope, and subjected to flow
cytometry to determine the relative proportion of GLUT4 at the cell surface in each sample. Increasing concentrations of rapamycin caused a
progressive diminution of the first phase of GLUT4 externalization (i.e., the overshoot before the steady-state response). Simultaneously, the
proportion of GLUT4 at the cell surface in the basal state increased slightly but progressively with increasing rapamycin concentration. Together
with the data presented in Fig. 7, these data show that amino acid abundance regulates the amount of rapidly insulin-translocated GLUT4 in CHO
cells through a rapamycin-sensitive mechanism.
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GLUT4 out of the perinuclear region and into punctate struc-
tures in the periphery. We next demonstrate that the difference
in GLUT4 targeting in these two media is, at least in part, due
to a difference in amino acid concentrations. Thus, our data
indicate that in CHO cells cultured with abundant amino
acids, GLUT4 accumulates in a peripheral compartment
that is rapidly mobilized after insulin addition. Conversely,
in low amino acid concentrations, GLUT4 may be targeted
primarily to the endosomal system or the trans-Golgi retic-
ulum. We show that rapamycin can inhibit the ability of ami-
no acids to cause GLUT4 accumulation in a highly insulin-
responsive compartment in CHO cells. Finally, we find that
amino acid concentrations also modulate GLUT4 trafficking
in 3T3-L1 adipocytes and that this effect is also rapamycin
sensitive.

Assay for GLUT4 trafficking at the cell surface. Several
assays for GLUT4 trafficking at the cell surface have been
described. The subcellular fractionation protocol pioneered by
Cushman and colleagues provided the first evidence that glu-
cose uptake is regulated by redistribution of glucose transport-
ers to the plasma membrane (15, 102). However, the use of
subcellular fractionation to measure cell surface GLUT4 is
laborious, and accurate quantitation has been difficult because
of cross-contamination of plasma membrane fractions (35).
The use of photoactivatable bismannose compounds to selec-
tively tag cell surface glucose transporters allowed improved
quantitation as well as measurement of steady-state internal-
ization and externalization rate constants in the basal and

insulin-stimulated states (10, 14, 35, 36, 85, 113). Yet this
approach, too, is laborious and requires quantitative immuno-
precipitation and analysis by SDS-PAGE. The preparation of
plasma membrane sheets, followed by immunostaining for
GLUT4 and fluorescence microscopy, is at best semiquantita-
tive (50, 59, 63, 79).

Expression of an exogenous, tagged GLUT4 reporter offers
greater flexibility in detection and quantitation. Ebina and
others have shown that an epitope tag in the first exofacial loop
allows detection of a GLUT4 reporter on the surface of intact
cells and that changes in the amount present can be easily
quantified (44, 75, 108). Other investigators fused GLUT4 to
GFP and observed insulin-regulated trafficking in individual
cells by fluorescence microscopy (18, 67, 104). We and others
have described the use of these tags in combination (54; J. S.
Bogan and H. F. Lodish, Abstr. 38th Annu. Meet. Am. Soc.
Cell Biol., abstr. L65, 1998). The level of expression of such
reporter proteins is critical; significant overexpression of a
GLUT4 reporter in primary rat adipose cells results in satura-
tion of the trafficking mechanism, with decreased insulin re-
sponsiveness (2). Indeed, significant overexpression in 3T3-L1
adipocytes might be one reason that insulin stimulated a rela-
tively low increase in cell surface epitope-tagged GLUT4 in the
original study (44).

We present here the first detailed characterization of a
GLUT4 reporter with both an exofacial epitope tag and GFP
fused to the cytosolic tail. The assay that we describe repre-
sents a significant advance over previous metrics because it
allows accurate quantification of changes in the proportion—

FIG. 9. Amino acid sufficiency modulates insulin-stimulated GLUT4
translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes expressing the
GLUT4 reporter were cultured in MEM with the indicated concen-
trations of amino acids for 36 h and serum starved during the last 12 h.
Cells were stimulated with 160 nM insulin for the indicated times, then
chilled, stained for externalized Myc epitope tag, and analyzed by flow
cytometry to determine the relative proportion of GLUT4 at the cell
surface in each sample. MEM with 23 amino acids approximates the
amino acid concentrations found in DMEM (see Materials and Meth-
ods). Culture of the cells in media with poor amino acid availability
results in reduced translocation of GLUT4 to the cell surface after
insulin stimulation.

FIG. 10. Rapamycin treatment diminishes insulin-stimulated GLUT4
translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes expressing the
GLUT4 reporter were cultured in DMEM with the indicated concen-
trations of rapamycin for 36 h and starved for the final 12 h of this
period. Cells were then stimulated with 160 nM insulin for the indi-
cated amounts of time, chilled, stained to detect externalized Myc
epitope, and subjected to FACS to determine the relative proportion
of GLUT4 at the cell surface in each sample. In the presence of
increasing concentrations of rapamycin, GLUT4 was translocated to
progressively fewer degrees by insulin stimulation.
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rather than the amount—of GLUT4 that is present at the cell
surface. These measurements are made on a cell-by-cell basis
using flow cytometry, with the result that alterations in cell
surface GLUT4 targeting are determined with high specificity
and precision. Importantly, we show that this reporter protein
codistributes with native GLUT4, that native GLUT4 co-
immunopurifies with vesicles containing the reporter, and
that the reporter is reinternalized after insulin removal and
recycles to the plasma membrane upon restimulation. The
time course for GLUT4 reinternalization is slightly pro-
longed in 3T3-L1 adipocytes compared to fibroblasts; this may
be because adipocytes express a greater number of insulin re-
ceptors, which are endocytosed with bound insulin (78).
Thus, insulin removal may not effectively stop insulin sig-
naling in adipocytes. We have been careful to isolate a stable
population of cells that express a moderate amount of the
reporter protein so as to avoid saturation of the trafficking
mechanism. The use of flow cytometry, as well as the pres-
ence of several tandem epitope tags, nonetheless enables us
to measure small amounts of cell surface and total reporter.
Finally, our method allows rapid analysis of multiple sam-
ples, making possible the detailed kinetic studies that we
present here.

Kinetics of GLUT4 mobilization after insulin addition. Us-
ing this novel, FACS-based assay to measure the relative pro-
portion of GLUT4 at the cell surface, we present detailed
kinetic data characterizing the insulin responsiveness of vari-
ous cell types. In 3T3-L1 preadipocytes and adipocytes as well
as in CHO cells, insulin causes a rapid ;5-fold increase in
plasma membrane GLUT4, peaking at about 5 min. Cell sur-
face GLUT4 then declines until a steady-state level is reached
at about 15 min. We also detected this transient overshoot in
cell surface GLUT4 using uninfected 3T3-L1 adipocytes and
subcellular fractionation to study the endogenous protein. In
the fractionation data, the peak occurs slightly later (7 min),
possibly because of the difficulty in synchronizing the responses
of a large number of cells (several 10-cm dishes) required for
biochemical analysis. By comparison, the FACS-based assay is
done in a six-well-plate format. It seems more likely that all of
the cells in a single well will behave as a synchronized cohort;
if so, the FACS data may be the more accurate kinetic mea-
surement.

A second possible explanation for the slightly faster kinet-
ics that we observed using the FACS-based assay compared
to subcellular fractionation could be transient trafficking of
GLUT4 through caveolae. GLUT4 present in these Triton-
insoluble plasma membrane domains might not be detected
using our fractionation and immunoblotting protocol, yet an
externalized Myc epitope tag would presumably still be de-
tected by cell surface staining of intact cells. Whether or not
GLUT4 traffics through caveolae remains uncertain, and data
have been reported both in favor of and against this possi-
bility (26, 47, 86). Recent work indicates that mobilization
of GLUT4 requires signaling through a CAP-Cbl complex
that localizes transiently in Triton-insoluble, caveolin-en-
riched plasma membrane subdomains after insulin stimula-
tion (6). These data are broadly consistent with the notion
that GLUT4 may also traffic transiently through such do-
mains during insulin-stimulated exocytosis. Such a phenom-
enon might also help to explain observations that GLUT4

may under some circumstances be present in the plasma
membrane without a corresponding increase in glucose up-
take (33, 49, 106, 111).

Our data could be consistent with a biphasic effect on either
GLUT4 exocytosis or endocytosis. We favor the former inter-
pretation because of biochemical and immunoelectron micros-
copy data indicating that, in adipocytes, GLUT4 is sequestered
from endosomes into a highly insulin-responsive, TfnR-nega-
tive and CD-M6PR-negative pool (1, 32, 46, 55, 57, 64, 65, 76).
Insulin acts primarily to mobilize this sequestered pool of
GLUT4 to the cell surface. Thus, in the absence of insulin, the
exocytosis rate is limited by sequestration and accumulation of
GLUT4 in the insulin-responsive compartment. After insulin
addition, the GLUT4 that has accumulated in this compart-
ment is mobilized, and the compartment itself is depleted of
GLUT4. Importantly, the rate of GLUT4 exocytosis in the
steady-state presence of insulin is now limited at some other
step in the recycling pathway; this could be trafficking from
endosomes to the insulin-responsive compartment or directly
to the cell surface (37, 114). Recent analyses also suggest the
presence of a unique GLUT4 storage compartment and sug-
gest that traffic through this compartment to the highly insulin-
responsive exocytic compartment may be rate limiting for exo-
cytosis in the steady-state presence of insulin (55, 56). This
notion may fit with other recent work demonstrating that GFP-
tagged GLUT4 proteins move to the cell surface directly from
the perinuclear region, which may be a storage compartment,
in 3T3-L1 adipocytes (70). In either case, the relative amount
of GLUT4 present in the highly insulin-responsive compart-
ment of unstimulated cells can be assessed indirectly, as
the amount of GLUT4 translocated immediately (in the first
5 min) after insulin addition (i.e., before steady state is
reached).

The above reasoning forms the rationale for our focus on the
biphasic kinetics of GLUT4 translocation in insulin-responsive
cells. The first phase of the response (the overshoot before the
steady state) represents mobilization of GLUT4 that has ac-
cumulated in the insulin-responsive pool. The second phase
(the steady state in the presence of insulin, after 15 to 20 min)
is determined by trafficking rates that do not inform us of the
initial size of the insulin-responsive pool. The initial overshoot
of the steady-state GLUT4 distribution after insulin stimula-
tion was predicted by mathematical analysis, but measurement
of GLUT4 or IRAP in plasma membranes by subcellular frac-
tionation or photolabeling did not convincingly demonstrate its
occurrence (14, 37, 74, 81, 85, 111). Likewise, older studies of
glucose uptake and cytochalasin B binding failed to detect a
biphasic response (49, 52, 53). Our observation of this phe-
nomenon may reflect an improved sensitivity of our FACS
assay. However, we were also able to detect this initial over-
shoot in cell surface GLUT4 using uninfected 3T3-L1 adipo-
cytes and subcellular fractionation. We do not know why this
response has not been detected previously, though clearly the
details of insulin stimulation are important. In experiments
examining native GLUT4, we used high concentrations of in-
sulin added from a prewarmed 33 stock to simultaneously and
maximally stimulate all of the cells in the population. We
would probably have not stimulated cells this way were it not
for our FACS results, which we sought to confirm. Another
consideration is that the divergent results may be due to dif-
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ferences between 3T3-L1 cells and primary rat adipocytes,
which were used for many previous kinetic studies. Our mea-
surement of the initial rate of GLUT4 externalization is more
rapid than that reported by Clark et al. (14) and Patki et al.
(70) but is quite similar to data of Satoh et al. (14, 70, 85).
Indeed, careful examination of the latter group’s data suggests
a slight overshoot of the insulin-stimulated steady-state re-
sponse in primary rat adipocytes, though at the time this ap-
pears to have been attributed to uncertainty in the measure-
ment (see Fig. 6A of Satoh et al. [85]).

Cell type specificity of GLUT4 trafficking. Using the assay
described here, we initially observed highly insulin-responsive
GLUT4 trafficking in differentiated and undifferentiated
3T3-L1 cells and in CHO cells, leading us to suggest that
machinery required for insulin-responsive GLUT4 trafficking
might not be exclusive to adipose and muscle (J. S. Bogan and
H. F. Lodish, Abstr. 38th Annu. Meet. Am. Soc. Cell Biol.,
abstr. L65, 1998). Very recently, similar results led others to
conclude that undifferentiated fibroblasts possess the requisite
mechanism (54). Our data demonstrate that this is not the
case. We find that a highly insulin-responsive pool containing
GLUT4 is present in fully differentiated 3T3-L1 adipocytes but
absent in NIH 3T3 cells. This conclusion is based as much
on the presence of the overshoot as it is on the magnitude of
the increase in cell surface GLUT4 after insulin addition to
3T3-L1 adipocytes. After insulin treatment of NIH 3T3 cells,
we observed neither the overshoot nor a large increase in cell
surface GLUT4, consistent with the generally held notion that
a highly insulin-responsive mechanism is not present ubiqui-
tously (16, 19, 27, 34, 38, 39, 83, 89, 107).

The situation in 3T3-L1 preadipocytes and in CHO cells is
more complicated. We observed highly insulin-responsive
GLUT4 trafficking, at least to some degree, in “undifferen-
tiated” 3T3-L1 preadipocytes. The overall fold increase in
GLUT4 at the cell surface is less in these cells than in day 2
3T3-L1 cells or in fully differentiated 3T3-L1 adipocytes, yet we
consistently observed an overshoot of the final steady-state
response in the presence of insulin (Fig. 2b, 3a, 4a, 4b, and 4c).
This result does not arise from culture of the cells in fetal
bovine serum rather than calf serum (Fig. 4c). We also consis-
tently observed greater sequestration of the GLUT4 reporter
on day 2 of differentiation (and subsequently) than in the
undifferentiated cells (Fig. 2b and 3a). It is possible that two
mechanisms are operative: one for basal sequestration that is
active in 3T3-L1 adipocytes but not active in 3T3-L1 preadi-
pocytes and another that is responsible for the overshoot that
is active in both 3T3-L1 adipocytes and preadipocytes, but not
in NIH 3T3 cells. However, a simpler explanation is that
GLUT4 undergoes partial targeting to a highly insulin-respon-
sive compartment in the 3T3-L1 preadipocytes, sufficient to
cause the overshoot but not sufficient to cause significant basal
sequestration (i.e., by drawing enough GLUT4 out of the en-
dosomal system). We hypothesize that such a mechanism be-
comes more active at day 2 of differentiation and is then suf-
ficient to deplete GLUT4 from endosomes. This would result
in greater fold translocation of GLUT4 to the cell surface on
day 2 because of increased sequestration in the basal state,
consistent with our data. Such an interpretation might also
be compatible with findings that a biochemically detectable
population of highly insulin-responsive vesicles first devel-

ops in 3T3-L1 cells at 2 to 3 days after induction of differ-
entiation (19). Of course, there is also likely to be significant
variation among 3T3-L1 cell lines used in different labora-
tories.

The idea of partial sorting may also apply to CHO cells,
which appear to possess a highly insulin-sensitive trafficking
mechanism, but which do not generally translocate GLUT4 by
the same fold increase seen in fully differentiated 3T3-L1 adi-
pocytes (4, 16, 43, 44, 93). Importantly, CHO cells have several
adipocyte-like features, and the observation of a highly insulin-
responsive GLUT4 trafficking mechanism in these cells does
not imply that such a mechanism is present in all cell types.
CHO-K1 cells transfected with the b3-adrenergic receptor ac-
cumulate triglyceride droplets when cultured in differentia-
tion medium similar to that used for 3T3-L1 cells (25). The
untransfected CHO cells constitutively express hormone-
sensitive lipase and peroxisome proliferator-activated receptor g
(PPARg), a major regulator of adipose differentiation; PPARg
expression is upregulated in the presence of the b3-adrenergic
receptor and differentiation medium. Thus, CHO cells have
several adipocyte-like characteristics, and the notion that CHO
cells can mobilize GLUT4 from an adipocyte-like, highly insu-
lin-responsive compartment is not inconsistent with reports
finding that heterogeneous expression of GLUT4 usually re-
sults in intracellular sequestration without insulin responsive-
ness (4, 16, 27, 34, 39, 89, 107).

Amino acid concentrations regulate GLUT4 trafficking. We
hypothesize that the mechanism for sorting and retaining
GLUT4 in a highly insulin-responsive compartment is some-
what less efficient in CHO cells than in 3T3-L1 adipocytes, but
that it is otherwise essentially the same and that both cell types
can be considered models for primary adipocytes. 3T3-L1 adi-
pocytes are the better model, based on expression of known
adipocyte marker proteins. Despite this distinction, amino acid
concentrations (and rapamycin treatment) likely alter the same
step(s) in the GLUT4 recycling pathway in both cell types. If
so, then the simplest explanation to encompass the data that
we present is that amino acid concentrations (and rapamycin)
alter the rate of GLUT4 movement from the highly insulin-
responsive compartment to the cell surface in both the absence
and presence of insulin. In CHO cells, most GLUT4 recycles
via the endosomal system. Yet in sufficient amino acids, traffic
through the highly insulin-responsive compartment becomes
significant and is detectable (Fig. 5 and 7). In contrast, in
3T3-L1 adipocytes, the sorting-retention machinery is efficient
enough to cause some GLUT4 accumulation in—and traffick-
ing through—a highly insulin-responsive compartment even in
low concentrations of amino acids. Thus, in the presence of low
amino acid concentrations or rapamycin, the overshoot re-
mains, though the overall fold increase in cell surface GLUT4
is decreased (Fig. 9 and 10).

Our kinetic and microscopy data suggest that amino acid
concentrations regulate the accumulation of GLUT4 in a pe-
ripheral, highly insulin-responsive compartment in CHO cells.
Thus, in the presence of high amino acid concentrations,
GLUT4 is concentrated in the periphery and insulin stimula-
tion results in an initial, marked overshoot of the steady-state
proportion of GLUT4 at the cell surface. In low amino acid
concentrations, much GLUT4 remains in a perinuclear or
trans-Golgi location, and the kinetics of externalization are
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more modest and exhibit no overshoot of the final, steady-state
response. We do not know if this peripheral, insulin-mobiliz-
able compartment in CHO cells is the same as the highly
insulin-responsive compartment in 3T3-L1 cells. Indeed, im-
munofluorescence microscopy in primary and cultured adipo-
cytes suggests that TfnR-negative compartments containing
GLUT4 are present both in the periphery and in a perinuclear
location (7, 60, 61). Perinuclear GLUT4 may be in a storage
compartment and appears to require intact actin and microtu-
bule networks for mobilization (55, 56, 70). It may be that
insulin stimulates both release of a GLUT4-tethering mecha-
nism and fusion of vesicles containing GLUT4 with the plasma
membrane and that low amino acid concentrations (or rapa-
mycin) inhibit the latter but not the former. If such an expla-
nation is correct, it would suggest that the peripheral vesicles
that we observed in CHO cells cultured in DMEM may be
docked but not fused at the plasma membrane.

That amino acid abundance (or rapamycin treatment) would
secondarily regulate a step in the GLUT4 recycling pathway
that is also controlled by insulin fits well with other data.
Rapamycin appears to inhibit mTOR kinase activity quite spe-
cifically and mimics amino acid starvation in both yeast and
mammalian cells; in Saccharomyces cerevisiae, Tor protein ac-
tivates metabolic pathways for glucose utilization (9, 29; re-
viewed in reference 88). In mammalian cells, insulin is well
known to signal through phosphatidylinositol-3-kinase and
protein kinase B (PKB [Akt]) to phosphorylate p70 S6 kinase
and eIF-4E BP1, and this effect is sensitive to both amino acid
sufficiency and rapamycin (28, 58, 90, 94). Paradoxically, amino
acids appear to inhibit insulin-stimulated phosphorylation of
IRS-1 and IRS-2 and inhibit phosphatidylinositol-3-kinase ac-
tivity (71). This latter effect may result from mTOR-mediated
serine phosphorylation and subsequent proteasomal degrada-
tion of IRS proteins (30, 31, 72). A rapamycin-sensitive path-
way is also important in controlling expression of the p85a
regulatory subunit of phosphatidylinositol-3-kinase in muscle
(80). Other data indicate that rapamycin and nutrient insuffi-
ciency decrease signaling through atypical protein kinase C
(69, 115). Since both PKB and atypical protein kinase C iso-
forms have been implicated in regulation of GLUT4 traffick-
ing, either or both of these pathways could be important for the
response of GLUT4 to amino acid concentrations that we
describe (17). Our data do not contradict previous work show-
ing that short-term rapamycin treatment has no effect on in-
sulin-stimulated glucose uptake (21). Rather, we find an effect
of longer-term amino acid starvation or rapamycin treatment
on GLUT4 distribution in unstimulated cells. Thus, it seems
more likely that amino acids and rapamycin are regulating
some transcriptional or translational output, which in turn
alters the distribution of GLUT4 in the basal state. Further
characterization of this mechanism will be the subject of much
future work.
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