Molecular Biology of the Cell
Vol. 13, 2421-2435, July 2002

GLUT4 Retention in Adipocytes Requires Two
Intracellular Insulin-regulated Transport Steps

Anja Zeigerer,* Michael A. Lampson,** Ola Karylowski,* David D.
Sabatini,* Milton Adesnik,# Mindong Ren,* and Timothy E. McGraw*$

*Department of Biochemistry and "Program in Physiology, Biophysics and Molecular Medicine, Weill
Medical College of Cornell University, New York, New York 10021; and *Department of Cell Biology,
New York University School of Medicine, New York, New York 10016-6437

Submitted February 5, 2002; Revised March 21, 2002; Accepted April 12, 2002
Monitoring Editor: Jennifer Lippincott-Schwartz

Insulin regulates glucose uptake into fat and muscle by modulating the distribution of the GLUT4
glucose transporter between the surface and interior of cells. The GLUT4 trafficking pathway
overlaps with the general endocytic recycling pathway, but the degree and functional significance
of the overlap are not known. In this study of intact adipocytes, we demonstrate, by using a
compartment-specific fluorescence-quenching assay, that GLUT4 is equally distributed between
two intracellular pools: the transferrin receptor-containing endosomes and a specialized compart-
ment that excludes the transferrin receptor. These pools of GLUT4 are in dynamic communication
with one another and with the cell surface. Insulin-induced redistribution of GLUT4 to the surface
requires mobilization of both pools. These data establish a role for the general endosomal system
in the specialized, insulin-regulated trafficking of GLUT4. Trafficking through the general endo-
somal system is regulated by rab1l. Herein, we show that rabl1 is required for the transport of
GLUT4 from endosomes to the specialized compartment and for the insulin-induced translocation
to the cell surface, emphasizing the importance of the general endosomal pathway in the
specialized trafficking of GLUT4. Based on these findings we propose a two-step model for GLUT4
trafficking in which the general endosomal recycling compartment plays a specialized role in the
insulin-regulated traffic of GLUT4. This compartment-based model provides the framework for

understanding insulin-regulated trafficking at a molecular level.

INTRODUCTION

Insulin plays a major role in regulating the disposal of
dietary glucose by modulating glucose uptake into muscle
and fat. In the basal state glucose uptake into these cells is
low, and insulin stimulates a rapid and reversible increase in
glucose uptake of 5-15-fold (Czech, 1995). Insulin modulates
glucose uptake by regulating the distribution of GLUT4,
a glucose transporter isoform primarily expressed in fat and
muscle, between the interior and surface of cells (Cushman
and Wardzala, 1980; Suzuki and Kono, 1980; for reviews see,
Czech and Corvera, 1999; Pessin et al., 1999; Simpson et al.,
2001). In the absence of insulin, GLUT4 is predominantly
localized to intracellular compartments because it is inter-
nalized ~10 times as rapidly as it is returned to the cell
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surface. Insulin increases the recycling of GLUT4 without
increasing internalization, thereby resulting in a net shift in
the distribution of GLUT4 to the cell surface (Holman and
Cushman, 1994). Although the phenomenon of GLUT4 re-
tention and redistribution is well established, the intracellu-
lar GLUT4 retention compartment(s) have not been charac-
terized in detail, and the trafficking step(s) modulated by
insulin have not been identified. GLUT4-containing vesicles
have been isolated and the protein composition has been
determined biochemically (Cain et al., 1992; Thoidis et al.,
1993; Kandror and Pilch, 1994a; Mastick et al., 1994; Kandror
et al., 1995; Morris et al., 1998). In more recent studies,
proteins in GLUT4-containing vesicles have been analyzed
using immunoelectron microscopy (Ramm et al., 2000). Fi-
nally, it has been shown that ~50% of the GLUT4 in low-
density membrane fraction of fractionated adipocytes is seg-
regated from the transferrin receptor (TR) (Livingstone et al.,
1996; Martin ef al., 1996). In sum these studies indicate a
significant overlap between specialized GLUT4 vesicles and
proteins found in endosomes (for example, TR) and proteins
that traffic between endosomes and the frans-Golgi network
(TGN) (mannose 6 phosphate receptor). These important
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studies however do not address the dynamic overlap be-
tween specialized GLUT4-containing compartments and
other intracellular compartments nor do they address the
functional significance of multiple GLUT4 compartments.

The insulin-regulated amino peptidase (IRAP) is the only
other protein known to traffic like GLUT4 (Kandror and
Pilch, 1994b; Keller et al., 1995; Ross et al., 1996). IRAP is
expressed in fat and muscle, where it is predominately lo-
cated intracellularly in compartments that contain GLUT4
(Malide et al., 1997; Martin ef al., 1997; Sumitani et al., 1997;
Garza and Birnbaum, 2000). Insulin induces a large redistri-
bution of IRAP to the cell surface, indicating that GLUT4
and IRAP are cargo proteins of the insulin-regulated mem-
brane trafficking pathway. Unlike GLUT4, IRAP is ex-
pressed in tissues other than fat and muscle (Keller ef al.,
1995). The physiological role of IRAP is unknown, and there-
fore the significance of IRAP’s expression in many tissues is
not clear.

We have analyzed insulin-regulated trafficking using a
chimera between IRAP and the human TR (Johnson ef al.,
1998). This chimera, vpTR, contains the cytoplasmic domain
of IRAP fused to the transmembrane and extracellular se-
quences of the TR. In 3T3-L1 adipocytes vpTR is trafficked
by the insulin-regulated pathway (Subtil ef al., 2000). Recent
data demonstrate that the specialized traffic of IRAP and
GLUT4 is not restricted to differentiated cell types (Johnson
et al., 1998; Lampson et al., 2000, 2001; Bogan et al., 2001). The
insulin-regulated trafficking pathway in undifferentiated
cells is, in general terms, similar to the pathway in fat cells.
In undifferentiated cells GLUT4 and vpTR are recycled at
~1/10th the rate at which they are internalized, and insulin
specifically stimulates their recycling back to the cell surface
(Johnson et al., 1998; Lampson et al., 2000, 2001; Bogan et al.,
2001). The net effect of insulin on the distribution of GLUT4
and IRAP in undifferentiated cells is smaller (~3-fold in-
crease) than in differentiated cells (Lampson ef al., 2000). The
more modest effect of insulin on specialized trafficking in
undifferentiated cells could be due to differences in the
retention mechanism, or in the signal transduction pathway,
or differences in both.

In studies of Chinese hamster ovary (CHO) cells we have
shown that GLUT4 and vpTR are returned to the cell surface
directly from the TR-containing endosomal recycling com-
partment. In these cells GLUT4 and vpTR return to the
plasma membrane more slowly than the TR because they are
transported to the cell surface in specialized vesicles. GLUT4
and IRAP are sorted from the TR-containing general endo-
somal system at the late step of formation of recycling ves-
icles that mediate transport to the plasma membrane (Lamp-
son et al., 2001). This is in contrast to differentiated cells, in
which there is evidence for a distinct GLUT4/IRAP recy-
cling compartment (Livingstone ef al., 1996, Martin et al.,
1996).

In this report, to further understand the relationship be-
tween the endosomal system and the insulin-regulated path-
way in insulin target cells, we use quantitative fluorescence
microscopy and horseradish peroxidase (HRP)-mediated
fluorescence quenching to compare the trafficking of GLUT4
and the TR in 3T3-L1 adipocytes. We find in intact adipo-
cytes that a fraction of GLUT4 is segregated to a specialized
endosomal compartment that excludes the TR. The in-
creased intracellular retention of GLUT4 and the increased
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magnitude of insulin-induced translocation in adipocytes,
relative to undifferentiated cells, both correlate with the
formation of the specialized compartment. These data indi-
cate that a key step in establishing the specialized insulin
response of adipocytes is the sorting of GLUT4 from the
general endocytic recycling compartment. We propose a
model in which there are two slow, insulin-regulated traf-
ficking steps in adipocytes: transport of GLUT4 from the
TR-endosomal compartment to a specialized compartment,
and transport from this specialized compartment back to the
cell surface.

The GTPase rabll regulates traffic from the TR-containing
endocytic recycling compartment (Ullrich et al., 1996; Chen et
al., 1998; Sonnichsen et al., 2000). Rab11 function is required in
the trafficking of the TR from the general endosomal recycling
compartment to the cell surface as well as in traffic between
endosomes and the TGN (Ren et al., 1998; Wilcke et al., 2000).
We find that rab11 function is required for sorting of GLUT4
from TR-containing endosomes to the specialized compart-
ment in adipocytes. Failure to sort GLUT4 to the specialized
compartment results in a blunting of insulin-induced translo-
cation to the cell surface, emphasizing that transport from the
endosomes is a key step in the insulin-induced translocation of
GLUT4 to the surface of adipocytes.

MATERIALS AND METHODS
Ligands and Chemicals

Human transferrin (Tf) was purchased from Sigma-Aldrich (St. Louis,
MO) and further purified by Sephacryl 5-300 gel filtration. HRP was
conjugated to iron-loaded Tf as described previously (Mayor et al.,
1998). An anti-hemagglutinin (HA) monoclonal antibody (mAb)
(HA.11) was purchased from Berkley Antibody (Richmond, CA). A
rabbit anti-glutathione S-transferase (GST) polyclonal antibody (Z-5)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
B3/25, an anti human TR mAb was purchased from Roche Applied
Science (Indianapolis, IN). Tf and the anti-HA antibody were labeled
with fluorescent dye Cy3 (Biological Detection Systems, Pittsburgh,
PA) according to the manufacturer’s instructions.

Electroporation

DNA coding for the human TR and vpTR were subcloned into a
PCMV vector (Johnson et al., 1998). Construction of HA-GLUT4-
GFP was described previously (Dawson et al, 2001). The
rab11BP(334-504) construct was created using standard recombi-
nant cloning procedures. 3T3-L1 cells were cultured in DMEM with
10% calf serum and penicillin-streptomycin. Cells were differenti-
ated as described previously (Subtil ef al., 2000). Four days after
beginning differentiation, cells were electroporated at 180 V and 950
wF with 45 ug of plasmid DNA and plated onto coverslip-bottom
dishes (Kanzaki and Pessin, 2001). Cells were used 24 h after elec-
troporation. For each plasmid, 45 ug was used when cells were
electroporated with multiple constructs.

Down-Regulation of Endogenous Mouse TR

The mouse TR of 3T3-L1 adipocytes was down-regulated by incu-
bating cells for 18 h with a rat mAb that recognizes the extracellular
domain of the mouse TR (Subtil et al., 2000). Neither the human TR
nor vpTR is down-regulated by this treatment.

Fluorescence-quenching Assay
The HRP-mediated fluorescence quenching assay has been de-
scribed previously (Mayor et al., 1998; Lampson et al., 2001). 3T3-L1
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Figure 1. Insulin stimulated transloca-
tion of HA-GLUT4-GFP, vpTR, and the
TR in 3T3-L1 adipocytes. Cells were tran-
siently transfected by electroporation with
the cDNAs of these reporters, and the ef-
fect of insulin (170 nM for 15 min) on their
distribution was determined using a
Insulin

quantitative single-cell fluorescence assay.
(A) Example of cells expressing HA-
GLUT4-GFP. GFP fluorescence is a mea-
sure of total expression. The amount of
HA-GLUT4-GFP on the surface is deter-
mined with a fluorescent antibody against
the HA-epitope in fixed unpermeabilized C.

cells. (B) Example of cells expressing  CDNA TR
vpIR or the TR (C). The total amount of

X Fluorescence Cy3-Tt
the constructs expressed was determined (Total)

by incubating cells with Cy3-Tf for 4 h at
37°C. Where noted, insulin was added to
half of the samples for the last 15 min. The
amount of the constructs on the surface
was detected with an antibody against the
extracellular domain of the human TR.
Bar, 30 um. (D) Summary of the translo-
cation measured in five independent ex-
periments (mean + SEM). In each experi-
ment the data from ~20 cells per
condition were quantified. The insulin-in-
duced translocation was quantified by
comparing surface-to-total ratio in the
presence and absence of insulin. The sur-
face-to-total ratio normalizes the data for
the level of each construct expressed.

Basal

Insulin

adipocytes were electroporated with HA-GLUT4-GFP and either
vpIR or TR 24 h before the experiment. On the day of the experi-
ment, cells were incubated with 170 nM insulin in DMEM medium
with 220 mM bicarbonate and 20 mM HEPES pH 7.4 (med 1) for 30
min to increase recycling of HA-GLUT4-GFP. The cells were
washed with 150 mM NaCl, 20 mM HEPES, 1 mM CaCl,, 5 mM KCl,
and 1 mM MgCl, pH 7.4 (med 2), incubated for 3 min with 200 mM
NaCl, 50 mM 2-(N-morpholino)ethanesulfonic acid pH 5.0, and
washed three times with med 2 to remove insulin. The cells were
incubated for 4 h with Cy3-labeled anti-HA antibody, 20 ug/ml
HRP-Tf, and 1 mg/ml ovalbumin in med 1. During this 4-h incu-
bation the HA-GLUT4-GFP was bound by the anti-HA antibody.
The cells also return to the basal state during this period. Control
cells were incubated for the same period of time with the anti-HA
antibody but without the HRP-Tf. After this incubation the cells
were chilled to 4°C and washed twice with med 2. Surface-bound
HRP-Tf was removed by incubating cells for 5 min in ice-cold citrate
buffer (20 mM sodium citrate and 150 mM NaCl, pH 5.0), with one
exchange of buffer, followed by two 5-min washes with ice-cold
med 2. For the quenching reaction, cells were incubated with 250
png/ml diaminobenzidine (DAB) and 0.0025% H,O, in the dark for
30 min on ice, followed by two washes with ice-cold med 2. Finally,
cells were fixed for 20 min with 3.7% formaldehyde in med 2.
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To establish that HRP restricted to the surface of cells can quench
fluorescence on the plasma membrane, 3T3-L1 adipocytes, electro-
porated with HA-GLUT4-GFP and the TR, were incubated in se-
rum-free media for 3 h, stimulated with 170 nM insulin for 20 min,
and chilled to 4°C. The cells were incubated with Cy3-anti-HA
antibody on ice with or without HRP-Tf for 1 h. The cells were
washed with med 2 (4°C) to remove antibody and Tf-HRP that had
not bound to the cells (surface HA-GLUT4-GFP and TR, respective-
ly). The cells were incubated with DAB and H,O, for 30 min at 4°C.
In these experimental conditions the Cy3-anti-HA antibody and the
HRP-Tf are restricted to the surface of cells.

Fluorescence microscopy was performed with a DMIRB inverted
microscope (Leica, Deerfield, IL), with a cooled charge-coupled
device camera (Princeton Instruments, Trenton, NJ). Images were
collected with a 40 X 1.25 numerical aperture oil immersion objec-
tive. MetaMorph software (Universal Imaging, West Chester, PA)
was used for image processing and quantification. Cells expressing
HA-GLUT4-GFP were selected manually based upon green fluores-
cent protein (GFP) fluorescence. The total GFP and Cy3 fluorescence
intensity per cell was calculated, and the average fluorescence in-
tensity per pixel was determined by dividing the total intensity by
the area of the cell measured in pixels. To correct for background
fluorescence the same measurements were made for cells that did
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Figure 2. Analysis of single cell data. (A) Analysis of the extent of
translocation of HA-GLUT4-GEP to the cell surface of day 5 differen-
tiated 3T3-L1 cells stimulated with insulin for various lengths of time.
3T3-L1 cells were electroporated with HA-GLUT4-GFP cDNA and
were stimulated with 170 nM insulin for 0 (basal), 2, 5,7, 9, 11, 13, 15,
20, and 45 min. The proportion of surface HA-GLUT4-GFP was deter-
mined after each time point as described in MATERIALS AND METH-
ODS. The data from 20 individual cells is averaged for each time point
and normalized to the steady-state level. Data from a representative
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not express HA-GLUT4-GFP. The background fluorescence inten-
sity per pixel (for both the Cy3 and GFP fluorescence) were sub-
tracted from the experimental data. The Cy3/GFP ratio was calcu-
lated for each cell and averaged over multiple cells for each
experiment.

Recycling Assay

Recycling of TR and vpTR was measured as described previously
(Lampson et al., 2001). Time points of 0 and 60 min for TR, and 0 and
120 min for vpTR were used because the vpTR is more slowly

recycled than the TR. To test rab11 function cells were coelectropo-
rated with rab11BP(334-504) and either TR or vpTR.

Translocation Assay

The insulin-stimulated translocation was measured as described
previously (Lampson et al., 2000).

RESULTS

In CHO cells, GLUT4 and IRAP are trafficked by an insulin-
responsive recycling pathway that is kinetically distinct
from the general endocytic recycling pathway yet does not
involve traffic through a specialized insulin-regulated com-
partment (Lampson et al., 2001). In this study we used the TR
as a marker of general trafficking, and vpTR and HA-
GLUT4-GFP, a GLUT4 construct with an HA epitope in the
first exofacial loop and a GFP fused to GLUT4’s cytoplasmic
C terminus, as reporters for insulin-regulated traffic (Lamp-
son et al., 2000). To extend this analysis to adipocytes, we
transiently transfected 3T3-L1 adipocytes, by electropora-
tion, with the cDNAs of these reporters and determined the
effect of insulin on their distributions by using a quantitative
single-cell fluorescence assay (Lampson et al., 2001). In HA-
GLUT4-GFP, GFP fluorescence is a measure of total expres-
sion of the construct, and the amount of HA-GLUT4-GFP on
the surface of intact cells is determined with a fluorescent-
labeled antibody against the HA epitope (Figure 1A). In the
basal state HA-GLUT4-GFP was mainly localized to the
peri-centriolar region, with some HA-GLUT4-GFP distrib-
uted in punctuate structures throughout the cell. HA-
GLUT4-GFP was predominantly sequestered intracellularly
in the absence of insulin. The distribution of the HA-GLUT4-
GFP was identical to the distribution of endogenous GLUT4
in 3T3-L1 adipocytes. There was a dramatic increase in
HA-GLUT4-GFP expression on the surface of cells incubated

Figure 2 (cont). experiment are shown. The same results were seen
in two additional experiments. (B) Distribution of HA-GLUT4-GFP
surface-to-total ratios among cells in the basal and insulin stimulated
state. Data from a representative experiment are shown. The data from
individual cells are grouped according to the surface-to-total ratio. The
bin size was chosen arbitrarily. The surface and total fluorescence
values are in arbitrary fluorescence units and therefore the ratio value
is proportional to, but not an absolute measure of, the fraction of the
construct on the surface. An increase in this ratio indicates an increase
of the construct on the surface. The ratios in the insulin-stimulated
conditions are normally distributed. The same is true for the basal
ratios. C) Distribution of HA-GLUT4-GFP surface-to-total ratio as a
function of HA-GLUT4-GFP expression per cell in the insulin stimu-
lated state. The data are from the same experiment as shown in B. The
variability in the surface-to-total distribution of individual cells does
not correlate with the amount of HA-GLUT4-GFP expressed.

Molecular Biology of the Cell
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Figure 3. Compartment-specific fluorescence quenching in adipocytes. (A) Scheme of designed fluorescence-quenching experiment in
3T3-L1 adipocytes. Cells were stimulated with insulin for 30 min to increase recycling of HA-GLUT4-GFP. Insulin was removed by a
mild-acid wash, and the cells were incubated with Cy3-anti-HA antibody, with or without HRP-Tf (20 ug/ml) for 4 h. During this incubation
all of the HA-GLUT4-GFP is labeled with Cy3 anti-HA antibody, thereby placing a fluorescent probe within the lumen of these compart-
ments. The compartments containing vpTR or the TR contain HRP-Tf. The cells were chilled to 4°C and the HRP catalyzed DAB
polymerization initiated by adding DAB and H,O, for 30 min on ice. The samples are fixed and then examined. (B) Images from a
representative experiment. Cells were transfected with HA-GLUT4-GFP and the TR, or HA-GLUT4-GFP and vpTR. The top panels are the
GFP fluorescence and the bottom panels are the Cy3 fluorescence from the same cells. There is complete overlap of the two probes in control
cells (no HRP-Tf uptake), indicating all the intracellular compartments of HA-GLUT4-GFP are in dynamic communication with the cell
surface. Bar, 20 um. (C) Summary of the fluorescence quenching measured in 15 independent experiments (means = SEM). The GFP
fluorescence controls for expression level of HA-GLUT4-GFP. To compare the results of the independent experiments, the data from the
individual experiments were normalized to the Cy3/GFP ratio in control cells (no HRP-Tf uptake) for that experiment. (D) Summary of data
from five independent experiments measuring the Cy3-Tf fluorescence quenched by HRP-Tf in cells expressing the TR (means * SEM). The
data from the individual experiments were normalized to the Cy3 fluorescence in control cells (no reaction) for that experiment. These data
establish that the maximum quenching for this assay as 80% of control.

with 170 nM insulin for 15 min. This increase in surface ex-
pression of GLUT4 was most clear in the anti-HA epitope
staining; however, the redistribution to the surface was also
evident as an increase in diffuse GFP fluorescence (Figure 1A).

To compare the behaviors of vpTR and the TR in response
to insulin, cells were incubated with Cy3-Tf for 4 h at 37°C
to label the total cycling pool of vpTR or TR (Subtil ef al.,
2000). Insulin was added to half the samples for the last 15
min of incubation. The Cy3-Tf fluorescence is a measure of
the total expression per cell of vpTR or TR. After fixation,
vpTR or TR on the surface of intact cells was stained using
an antibody against the extracellular domain of the human
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TR (Lampson et al., 2000). In the absence of insulin, vpTR,
like HA-GLUT4-GFP, was concentrated in the peri-centrio-
lar region of cells and very little was detected on the surface
(Figure 1B). After treatment with insulin, vpTR was dramat-
ically redistributed to the surface. TR was also concentrated
in the peri-centriolar region of cells, yet unlike HA-GLUT4-
GFP and vpTR, a significant fraction of the TR was on the
surface in the absence of insulin and the effect of insulin on
its distribution was much less pronounced (Figure 1C).
The insulin-induced translocation was quantified by com-
paring the surface fluorescence to the total fluorescence mea-
sured in the presence and absence of insulin. The surface-
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to-total ratio normalizes the surface expression data from
individual cells to the total amount expressed in that cell. A
summary of a number of independent translocation experi-
ments demonstrates that insulin induced a large redistribu-
tion of HA-GLUT4-GFP and vpTR to the cell surface in
adipocytes, whereas it had a negligible effect on the TR
(Figure 1D). These results document the validity of the
quantitative single-cell fluorescence microscopy assay for
studies of insulin-regulated trafficking in 3T3-L1 adipocytes.

To establish the time required to reach a new steady state
in the presence of insulin, we measured surface expression
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resentative experiment (means + SEM).

as a function of time in the presence of insulin (Figure 2A).
We found that the amount of GLUT4 on the surface at 10
min after insulin stimulation was ~40% higher than in the
insulin steady state, which was reached at ~15 min after
insulin treatment. A similar “overshoot” in GLUT4 surface
expression has been reported previously (Bogan et al., 2001).
In all studies we use 15-min incubation for analysis of
GLUT4 behavior in the presence of insulin.

An advantage of this fluorescence method is that we can
analyze translocation in individual cells. A histogram of the
surface-to-total ratio of HA-GLUT4-GFP from a representa-
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tive experiment is shown in Figure 2B. In this experiment 16
cells in the basal state were examined, and the surface-to-
total ratios for HA-GLUT4-GFP were all <0.05. This is a
ratio of Cy5 and GFP arbitrary fluorescence units, and al-
though changes in distribution are determined by compar-
ing ratio values, the ratio values are not a direct measure of
the percentage of the constructs on the surface (i.e., the 0.05
value does not indicate that 5% is on the surface). The 19
cells examined in the insulin-treated sample were distrib-
uted between 0.15 and 0.55. This variability in the surface-
to-total distributions among the cells is not correlated with
the amount of HA-GLUT4-GFP expressed. These data indi-
cate that the HA-GLUT4-GFP is not expressed at a level that
saturates the GLUT4 retention mechanism, because the dis-
tribution of the surface-to-total ratios at the highest levels of
expression are indistinguishable from those at the lowest
level of expression (Figure 2C). Similarly, neither vpTR nor
the TR was expressed at a level that saturate their trafficking
in any of the experiments presented. In all cases, the ratio
values for the population of cells in the basal and insulin-
treated samples were normally distributed.

Half of GLUT4 Is in TR-containing Endosomes in
Basal State

To quantitatively examine the overlap between the TR and
GLUT4 pathways, we used the technique of HRP-mediated
fluorescence quenching (Mayor et al., 1998; Lampson et al.,
2001). The HRP-catalyzed DAB polymerization reaction
product quenches fluorescence, and this method can be used
to establish that a fluorescent probe and HRP are within the
same compartment. We have used this technique to show
that HA-GLUT4-GFP is in TR-containing endosomes in
CHO cells (Johnson et al., 2001; Lampson et al., 2001).

Adipocytes were double transfected with HA-GLUT4-
GFP and the TR, or HA-GLUT4-GFP and vpTR, so that
HRP-Tf could be targeted to either the normal endocytic
pathway or to the specialized insulin-regulated pathway,
respectively. The cells were stimulated with insulin for 30
min to increase the trafficking of HA-GLUT4-GFP to the
surface. The insulin was removed and the cells were incu-
bated with Cy3-labeled anti-HA antibody for 4 h in the
absence of insulin. During this 4-h incubation the lumen of
compartments containing GLUT4 become labeled with Cy3
as the HA-GLUT4-GFP bound by antibody on the surface is
reinternalized (Figure 3A). The cells return to the basal state
during this incubation. The cells were chilled to 4°C and
incubated with DAB and H,O, for 30 min, washed, fixed,
and examined.

Binding of the antibody to the HA epitope did not alter
the behavior of HA-GLUT4-GFP. HA-GLUT4-GFP bound by
the anti-HA antibody was retained in the basal state and
insulin stimulated its translocation to the surface to the same
extent as HA-GLUT4-GFP not bound by the antibody, con-
sistent with previous studies (Lampson et al., 2001). The
antibody is restricted to compartments containing GLUT4
because it remains bound to the HA epitope as GLUT4
cycles through the intracellular compartments. In control
condition (no HRP-Tf uptake), the Cy3-anti-HA labeling
colocalized completely with the GFP, indicating that all the
intracellular compartments that contain HA-GLUT4-GFP
were accessible to Cy3-anti-HA internalized from the me-
dium (Figure 3B). In cells where HRP-Tf was taken up by
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Figure 5. Effect of insulin on the codistribution of GLUT4, the TR,
and vpTR. (A) Cells were incubated with Cy3-labeled anti-HA
antibody and HRP-Tf for 4 h at 37°C. Insulin was added for the last
30 min of incubation. The cells were incubated with DAB and H,O,
for 30 min on ice. The degree of quenching when HRP-Tf is taken up
by the TR is increased compared with basal quenching, but is still
not as efficient than quenching via vpTR. The data for the quenching
in the presence of insulin are a summary of six independent exper-
iments, and the data for the quenching in the basal state, shown for
the sake of comparison, are from a representative experiment. (B)
Surface quenching of the Cy3-anti-HA antibody. Cells were stimu-
lated with insulin for 15 min, and the Cy3-anti-HA antibody as well
as HRP-Tf were bound on ice for 1 h. The cells were incubated with
DAB and H,0, as described previously. The data are from a repre-
sentative experiment (means = SEM) and were normalized to the
Cy3/GFP ratio in control cells (no HRP-Tf uptake).

vpTR, the Cy3 fluorescence was quenched by the HRP re-
action product, demonstrating that vpTR delivered HRP-Tf
to all the compartments that contain HA-GLUT4-GFP (Fig-
ure 3B).

The Cy3 fluorescence was only partially quenched when
HRP-Tf was taken by the TR, with some structures appear-
ing to be near totally quenched and others only partially
quenched (Figure 3B). The partial quenching is difficult to
detect visually because GLUT4 is concentrated in the peri-
centriolar region of the cells. The degree of overlap between
the TR-containing endosomes and the specialized GLUT4/
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Figure 6. Effect of rab11BP(334-504) on the
recycling of the TR and vpTR. Cells were
incubated for 3.5 h with Cy3-Tf, washed, and
incubated for an additional 60 min (for the
TR) or 120 min (for vpTR) in medium without
Cy3-Tf. At the end of the incubation the cells
were fixed and the amount of Cy3-Tf remain-
ing was determined. The different efflux
times were chosen because the vpTR is recy-

TR & rab11BP
(334-504)

vpTR alone

TR alone

IRAP compartments that exclude the TR was determined by
quantifying the degree of Cy3-anti-HA quenching. The Cy3
fluorescence was normalized to the GFP fluorescence, which
controls for the amount of HA-GLUT4-GFP expressed per
cell. The GFP fluorescence is not affected by the HRP reac-
tion within the lumen of the endosomes (Lampson et al.,
2001). The Cy3/GFP ratio was decreased by ~80% when
HRP-Tf was delivered by vpTR. When the TR was used to
deliver HRP-Tf only 40% was quenched, indicating that a
significant fraction of HA-GLUT4-GFP was in a compart-
ment inaccessible to the TR (Figure 3C). The degree of
quenching was not increased when cells were incubated
with twice the amount of HRP-Tf, indicating that the partial
quenching in cells expressing the TR was not a result of
partial occupancy of the TR with HRP-Tf. The same degrees
of quenching were observed when cells were incubated with
the Cy3-labeled anti-HA antibody for 4 h, washed, and then
incubated with HRP-Tf for an additional 4 h in the presence
of the labeled antibody.

The 80% quenching observed when HRP-Tf was deliv-
ered by vpTR was the maximum quenching achievable by
the assay. When Cy3-Tf and HRP-Tf were cointernalized
via the TR (or vpTR), so that both the fluorescence and
HRP were in the same compartments, we found ~80%
quenching of the Cy3 fluorescence (Figure 3D). We do not
know why the maximum quenching was less than com-
plete. Regardless, our data indicate that HRP-Tf taken up
by the TR has access to only half of the GLUT4 accessible
to vpTR. These data demonstrate that in intact adipocytes
there is a significant pool of intracellular GLUT4 that,
although derived from the general endosomal system, is
not accessible to proteins that traffic through the general
recycling pathway (i.e., TR).

Two Intracellular Trafficking Steps Are Regulated by
Insulin

In previous studies of 3T3-L1 adipocytes, we found that
vpTR traffics back to the cell surface as a single kinetic pool
with no detectable amount returning to the plasma mem-
brane via the rapid TR recycling pathway (Subtil et al., 2000).
Similarly, the majority GLUT4 also traffics back to the cell
surface as a single kinetic pool. Kinetic modeling experi-
ments indicate that >95% of GLUT4 is returned to the cell
surface by the slow recycling pathway (Holman et al., 1994,
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i cled more slowly than the TR (Subtil et al.,
2000). Data are from a representative experi-
ment (means = SEM).

vpTR & rab11BP
(334-504)

for discussion of previous GLUT4 modeling studies). The
rate of internalization of GLUT4 in the basal state is fast
relative to the rate of return to the plasma membrane (Hol-
man and Cushman, 1994; Rea and James, 1997). Therefore,
the nearly equal distribution of GLUT4 between the TR-
containing endosomes and the specialized compartment in-
dicates that the rate constant for GLUT4’s transport from the
TR-containing endosomes is similar to that for GLUT4's
movement from the specialized compartment to the cell
surface. A model consistent with these observations is that
the pronounced intracellular concentration of GLUT4 and
IRAP in adipocytes is achieved by two consecutive, slow
intracellular transport steps: from the TR-containing endo-
somes to the specialized GLUT4/IRAP compartment and
from this compartment to the cell surface (Figure 4A).

To determine whether both of these transport steps are
stimulated by insulin, the effect of functionally inactivating
the TR-containing endosomes or the vpTR-containing com-
partments by HRP-mediated ablation was determined. Cells
coexpressing HA-GLUT4-GFP and TR, or HA-GLUT4-GFP
and vpTR were incubated with HRP-Tf for 4 h at 37°C,
chilled to 4°C, and the HRP reaction was performed. The
cells were washed and warmed to 37°C for 30 min with or
without insulin. At the end of this incubation the cells were
fixed and the surface-to-total distribution of HA-GLUT4-
GFP determined as described in Figure 1. When the com-
partments containing vpTR were ablated, the translocation
of HA-GLUT4-GFP was almost completely abrogated, indi-
cating that the compartments that contain HA-GLUT4-GFP
have been rendered nonfunctional by the HRP reaction
product (Figure 4B). However, when the TR-containing
compartments were ablated, insulin-stimulated transloca-
tion of HA-GLUT4-GFP was reduced by approximately half
(Figure 4B). These data demonstrate that full insulin-in-
duced translocation requires mobilization of GLUT4 in the
specialized compartment as well as GLUT4 in the TR-con-
taining endosomes, and thereby support the hypothesis that
transport from TR-containing endosomes is insulin regu-
lated.

Overlap between TR and GLUT4 Is Greater in
Presence of Insulin

In the above-mentioned experiments the codistribution of
the TR and HA-GLUT4-GFP was determined in the basal
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state. We next used the fluorescence-quenching assay to deter-
mine whether insulin affects the segregation of GLUT4 from
the TR. Cells were incubated with Cy3-labeled anti-HA anti-
body and HRP-Tf at 37°C for 4 h. Insulin was added during the
final 30 min. The samples were chilled to 4°C and the HRP
reaction performed without removing surface bound HRP-Tf
(Figure 5). Insulin did not alter the ability of HRP-Tf internal-
ized by vpTR to quench the anti-HA Cy3 fluorescence, docu-
menting that vpTR traffics with GLUT4 in the presence of
insulin as well as in the basal state (Figure 5A). The overlap
between the TR and GLUT4 was increased by insulin, but was
not as extensive as that between vpTR and GLUTA4. In this
experiment HRP-Tf on the surface was not removed, and the
HRP reaction product formed on the surface of cells is able to
efficiently quench Cy3 fluorescence on the surface (Figure 5B).
Thus, in this experiment a fraction of the increased codistribu-
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tion of TR and GLUT4 can be accounted for by the insulin-
induced increase of HA-GLUT4-GFP on the surface of cells.
The difference between the quenching in the cells expressing
TR or vpIR reflects the size of the pool of GLUT4 that is
inaccessible to TR in the presence of insulin. The observation
that HRP-Tf delivered by the TR is unable to quench the
anti-HA Cy3 fluorescence to the same degree as vpTR indicates
that in the presence of insulin GLUT4 is transported back to the
cell surface by a pathway that only partially overlaps with the
TR recycling pathway.

Rab11 Regulates Trafficking of GLUT4 from TR-
containing Endosomes

The above-mentioned studies in intact adipocytes demon-
strate that GLUT4 is partially retained within TR-containing
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Figure 8. Effect of rab11BP on the codistribution of
GLUT4, the TR, and vpTR. (A) Experiment has been
performed as described in Figure 3. Rab11BP(334-
504) is stained with a Cy5-anti-GST. Images are from
a representative experiment. Bar, 20 um. (B) Sum-
mary of data from five independent fluorescence-
quenching experiments determining the codistribu-
tion of the TR and GLUT4, or vpTR and GLUT4
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endosomes, and that the insulin-induced increase in surface
GLUT4 requires mobilization of this endosomal pool. Trans-
port through the general endosomal compartment is known
to be regulated by a variety of factors. One of these is rab11,
which regulates traffic from endosomes to the plasma mem-
brane and from endosomes to the TGN (Ullrich et al., 1996;
Ren et al., 1998; Wilcke et al., 2000). Previous studies have
shown that rabl1 functions in intracellular pathways, and
there is no evidence that rabll modulates internalization
from the plasma membrane (Ullrich ef al., 1996). An effector
of rabl1, rab11BP, has been identified that upon a confor-
mational change interacts with rabll in association with
membranes (Mammoto ef al., 1999; Zeng et al., 1999) and
disruption of this interaction inhibits the TR recycling (Zeng
et al., 1999). The region of rab11BP that binds rab11 is con-
tained between residues 336 and 504, and expression of this
domain [rab11BP(334-504)] in CHO cells also inhibits TR
recycling (Ren et al., unpublished data). We have therefore
used this fragment as a dominant inhibitor of rab11 function
to examine the role of the TR-containing endosomes in the
trafficking of GLUT4 in adipocytes.
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control cells (no HRP-Tf uptake) for that experiment.

We first examined the effect of rab11BP(334-504) on TR
and vpTR trafficking in adipocytes by using a fluorescent-Tf
recycling assay (Figure 6). In control cells expressing the TR,
80% of Tf was released from cells in 60 min, whereas only
33% was released in 60 min when rab11BP(334-504) was
coexpressed with the TR. In control cells expressing vpTR,
95% of Tf was released in 120 min, whereas only 30% was
released when rab11BP(334-504) was coexpressed with
vpTR. (Figure 6). In both cases the amount of Tf taken up
during the 3.5-h preincubation was reduced relative to con-
trol, another indication that rab11BP(334-504) slows recy-
cling in adipocytes. These data demonstrate that rab11 func-
tion is required for the basal trafficking of both the TR and
vpTR in adipocytes.

In cells expressing rab11BP(334-504) the GLUT4 expres-
sion pattern was altered to an intense peri-nuclear concen-
tration that colocalizes with rab11BP(334-504) (Figure 7A).
There was some translocation of HA-GLUT4-GFP to the
surface, but the magnitude of the response to insulin in the
presence of rabl1BP(334-504) was one-half of that of
matched control cells, demonstrating that inhibition of rab11
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function by expression of rab11BP(334-504) severely inhib-
its insulin-stimulated translocation (Figure 7B).

These findings support a functional role for rabll in the
trafficking of GLUT4 in adipocytes. To determine whether
rab11BP(334-504) affects traffic of GLUT4 from endosomes, we
assessed, by using the fluorescence-quenching assay, the extent
to which the distributions of TR and HA-GLUT4-GFP was
affected by expression of rab11BP(334-504) (Figure 8). When
rab11BP(334-504) was expressed, the Cy3-anti-HA fluores-
cence was quenched equally well by HRP-Tf internalized via
the TR and vpTR. These data demonstrate that the expression
of rab11BP(334-504), which inhibits rabl1 function, causes a
redistribution of GLUT4 from a compartment inaccessible to
the TR to one accessible to TR. This implies that the pool of
GLUT4 molecules in the specialized compartment is directly
derived, by an rabll-dependent process, from GLUT4 mole-
cules in the TR-containing endosomes. That the rab11BP seg-
ment causes both a redistribution of GLUT4 to TR-containing
endosomes and a decrease in its insulin-stimulated transloca-
tion to the plasma membrane indirectly demonstrates the im-
portance of the specialized compartment in the large translo-
cation of GLUT4 characteristic of adipocytes.

Increased Translocation of GLUT4 in Adipocytes
Correlates with Its Sorting to a Compartment That
Is Not Accessible to TR

The magnitude of the insulin-induced redistribution of
GLUT4 in undifferentiated cells is smaller than the translo-
cation in adipocytes. We have shown in CHO cells that
GLUT4 is retained within the TR-containing endosomal sys-
tem (Lampson et al., 2001). Thus, the partial segregation of
GLUT4 to a specialized compartment in adipocytes corre-
lates with the more robust translocation in those cells. To
more specifically examine this correlation, we characterized
the behavior of GLUT4 in 3T3-L1 fibroblasts. HRP-Tf inter-
nalized by vpTR or the TR quenched the Cy3-labeled an-
ti-HA antibody fluorescence equally, demonstrating that in
preadipocytes GLUT4 is in the TR-containing endosomes
(Figure 9A). In addition to finding GLUT4 within general
endosomes, the ability of insulin to stimulate translocation
of GLUT4 in these cells was decreased relative to adipocytes
(Figure 9B). Thus, both the increase in retention in the basal
state (less on the surface) and the increased insulin-induced
translocation correlate with GLUT4 being targeted to a spe-
cialized compartment in adipocytes. Based on these data we
propose that the specialized, insulin-responsive GLUT4
compartment in 3T3-L1 adipocytes arises from the GLUT4/
IRAP-containing vesicles that also are formed from TR-en-
dosomes in undifferentiated cells.

DISCUSSION

In this study we used an HRP-mediated fluorescence-
quenching assay to characterize the insulin-regulated traf-
ficking pathway in intact adipocytes. As reporters for this
specialized endocytic pathway we used an HA-GLUT4-GFP
construct and the vpTR chimera (Lampson et al., 2000; Daw-
son et al., 2001). Quantitative measurements of insulin-stim-
ulated translocation and intracellular codistribution demon-
strate that these constructs are valid reporters for studies of
this specialized pathway in adipocytes.
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Figure 9. Fluorescence quenching and translocation in 3T3-L1 fi-
broblasts. (A) Summary of the data from four independent experi-
ments measuring the Cy3-Tf fluorescence quenched by HRP-Tf in
cells expressing HA-GLUT4-GFP and the TR, or HA-GLUT4-GFP
and vpTR. The data are means = SEM. The data from the individual
experiments were normalized to the Cy3/GFP ratio in control cells
(no HRP-Tf uptake) for that experiment. Fibroblasts are preconflu-
ent 3T3-L1 cells. (B) HA-GLUT4-GFP translocation in adipocytes
and fibroblasts. Data are from a representative experiment
(means * SEM).

Based on the findings of this study and those published
previously, we propose a two-step model for the insulin-
regulated trafficking in adipocytes (Figure 10). In this model
there are two intracellular compartments that contain
GLUT4 and IRAP. One compartment is the TR-containing
endosomal compartment, and the other is an adipocyte spe-
cific compartment that excludes the TR. These two compart-
ments are in dynamic communication with the cell surface,
and both compartments are required for the retention of
GLUT4 and IRAP. Insulin stimulates a redistribution of
GLUT4 and IRAP to the surface by recruiting GLUT4 and
IRAP from both intracellular compartments, and conse-
quently, in adipocytes there are two insulin-regulated trans-
port steps. The predominant effect of insulin is on the trans-
port of GLUT4 from intracellular compartments to the
surface. There is evidence that insulin causes a small de-
crease in internalization, which would augment insulin’s
large effect by further increasing the amount of GLUT4 on
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Figure 10. Two-step model for insu-
lin-regulated traffic in adipocytes. The
first retention step occurs at the TR-
containing endosomes. GLUT4 and
IRAP are sorted from the rapid TR
recycling pathway because they are se-
questered in specialized transport ves-
icles that bud slowly from endosomes.
We propose that this step is common
to differentiated and undifferentiated
cells, and therefore not adipocyte spe-
cific. In adipocytes these vesicles do
not fuse directly with the plasma
membrane but there is an additional
insulin-regulated ~ retention  step.
GLUT4 and IRAP in this postendoso-
mal pool constitute the adipocyte-spe-
cific compartment. This specialized
post endosomal compartment may be
a stable fusion/fission competent com-
partment or it may be a collection of
tethered vesicles. The available data
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do not distinguish between these two possibilities. Proper insulin-induced redistribution of GLUT4 and IRAP to the cell surface involves the
recruitment of GLUT4/IRAP from both endosomes and the adipocyte-specific compartment.

the surface (Czech and Buxton, 1993; Yang and Holman,
1993; Huang et al., 2001). In this report, we have focused on
the intracellular trafficking steps; however, an effect of insu-
lin on internalization does not alter the interpretation of our
data nor is it incompatible with our two-step model.

The overshoot in surface expression of GLUT4 illustrates
the complexity of the effect of insulin on GLUT4 redistribu-
tion to the plasma membrane in adipocytes. The overshoot
has been observed when translocation of GLUT4 was mea-
sured directly (Bogan et al., 2001). An overshoot in GLUT4
surface expression is consistent with a number of models for
GLUT#4 trafficking, including the one proposed herein, and
therefore does not distinguish among various kinetic models
for GLUT4 trafficking. In this study we focus on the basal
and insulin-stimulated steady states, and future studies of
the transition between these states are required to under-
stand the overshoot.

The two intracellular pools of GLUT4 are supported by
the studies of intact cells described in this report and by
previous biochemical studies showing that a significant
amount of GLUT4 in the low-density membrane fraction of
adipocytes is inaccessible to the TR (Livingstone et al., 1996).
The experiments in intact cells extend our understanding of
insulin-regulated trafficking in adipocytes by demonstrating
that the GLUT4 in the specialized compartment is in dy-
namic communication with the cell surface and therefore it
is not a static storage pool. In the fluorescence-quenching
experiments the lumen of compartments containing GLUT4
are labeled as GLUT4 cycles to the cell surface, where it is
bound by the fluorescent antibody against the HA epitope
engineered into an extracellular domain of GLUT4. Thus,
the Cy3-anti-HA antibody not accessible to the TR was
internalized from the cell surface. The observation that all of
the GLUT4 is accessible to vpTR internalized from the
plasma membrane provides additional evidence that the
GLUT4/IRAP specialized compartment is in dynamic com-
munication with the cell surface. From our studies we con-
clude that GLUT4 and IRAP traffic from the surface through
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the TR-containing endosomes to the specialized compart-
ment.

A number of previous studies have proposed that GLUT4
is localized to multiple intracellular compartments (Holman
et al., 1994; Yeh et al., 1995). Our studies provide an impor-
tant advance in the understanding of GLUT4 trafficking by
demonstrating that the TR-endosomal compartment is spe-
cifically involved in the retention and insulin-induced trans-
location of GLUT4 in adipocytes, a classic insulin-target
tissue. The conclusion that GLUT4 is specifically retained
within endosomes is based on two observations. One, vpTR
and GLUT#4 are recycled back to the cell surface as a single
kinetic pool, demonstrating that the vpTR and GLUT4 in
endosomes are efficiently diverted from the rapid TR recy-
cling pathway to the slow, insulin regulated-pathway (Subtil
et al., 2000). Two, the near equal distribution of GLUT4
between the TR-endosomes and the specialized compart-
ment indicates that the rate constant for the transport of
GLUT4 and IRAP from endosomes to the specialized com-
partment (k,) is similar to that rate constant for transport
from the specialized compartment to the plasma membrane
(k3), because the rate constant for internalization (k,) is fast
relative to the rate constant for return to the cell surface
(Figure 10) (Robinson et al., 1992; Czech and Buxton, 1993;
Yang and Holman, 1993; Holman and Cushman, 1994). Con-
sequently, the return of GLUT4 to the cell surface involves
two slow intracellular trafficking steps.

The hypothesis that both transport from endosomes and
from the specialized compartment are regulated by insulin is
supported by the observations that ablation of the TR-contain-
ing endosomes reduces insulin-stimulated translocation of
GLUT4 by about half, whereas ablation of the vpTR-containing
compartments essentially abrogates translocation. These re-
sults are in agreement with a previous study that found that
HRP-mediated endosome ablation blunted GLUT4 transloca-
tion by 30% (Millar et al., 1999).

This two step model proposes that transport of GLUT4
from the general TR-containing endosomal compartment is
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a key regulated step in the insulin-induced redistribution of
GLUTA4. In addition to the data summarized above, the
results demonstrating a requirement for rabl1l function in
insulin-stimulated translocation emphasize the importance
of this trafficking step. The small GTPase rabll regulates
transport from endosomes back to the plasma membrane
and from endosomes to the TGN (Ren et al., 1998; Trischler
et al., 1999; Wilcke et al., 2000). Our data indicate that rab11
function is also required for transport from the TR-contain-
ing endosomes to the specialized GLUT4/IRAP compart-
ment. This conclusion is based on studies using mutants of
the rabl11 effector protein rab11BP(334-504). Expression of
this inhibitory construct reduces recycling of the TR and
vpTR in adipocytes, suggesting that the function of rab11 is
required in the basal state trafficking of GLUT4 in these
specialized cells. This dominant inhibitory construct blunts
insulin-stimulated translocation of GLUT4 by inhibiting
GLUT4 transport to the specialized compartment. These
data provide direct evidence that GLUT4 traffics through the
general endosomal compartments on its way to the special-
ized compartment. It is important to stress that these data do
not indicate that rab11 is a direct target of insulin action, but
rather that rab11 function is required for insulin-stimulated
translocation. Rabll has previously been localized to
GLUT4 vesicles isolated from fat cells, although the func-
tional significance of this localization was not examined
(Kessler et al., 2000).

It is becoming increasingly clear that the general endoso-
mal pathway is an important component of the specialized
GLUT4 pathway. Further support for the functional role of
the endocytic pathway in the specialized pathway is the
finding that undifferentiated cells have an insulin-regulated
trafficking mechanism (Lampson et al., 2000; Bogan et al.,
2001; Johnson ef al., 2001). One mechanistic difference be-
tween adipocytes and the undifferentiated cells is that un-
differentiated cells do not have a specialized intracellular
compartment that contains GLUT4 yet excludes the TR. We
propose that in fibroblasts GLUT4 is trafficked from the
TR-containing endosomes directly to the plasma membrane,
and that the specialized transport vesicles that traffic GLUT4
to the plasma membrane bud slowly from the endosomes
(Lampson et al., 2001).

The findings that GLUT4 is dynamically retained within
the TR-containing endosomes in undifferentiated cells and
that the TR-containing endosomes play a significant role in
the retention of GLUT4 in adipocytes raise the question of
the relationship between insulin-regulated trafficking in dif-
ferent cell types. We propose that in differentiated cells there
is an additional slow step in the return of GLUT4 to the cell
surface, and it is this additional step that gives rise to the
pool of GLUT4 inaccessible to TR in adipocytes. The concept
that the specialized compartment develops early in differ-
entiation, possibly from endosomes, has been discussed pre-
viously (El-Jack et al., 1999). The nature of the specialized
compartment is not known. It could be a collection of teth-
ered vesicles or it could be a stable compartment to which
transport vesicles fuse and bud. Although the finding that
GLUT4 is still partially segregated from the TR in the pres-
ence of insulin is more in line with the specialized compart-
ment being a stable compartment through which GLUT4
traffics in the basal and insulin-stimulated states, it is not
incompatible with the compartment being tethered vesicles.
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Further studies are required to rigorously address this ques-
tion.

Recent studies indicate that GLUT4 trafficking in muscle
cells and cardiomyocytes may also be described by a two-
step model (Becker et al., 2001; Foster et al., 2001), further
linking the development of a specialized, postendosomal
GLUT4 retention compartment to physiologically relevant
target tissues.

The two-step model we propose provides a framework for
studies of insulin-regulated trafficking at a molecular level
by providing a description of this pathway at a compart-
ment level. It is likely that different proteins regulate the two
intracellular transport steps and it is therefore important to
consider that proteins identified as potential regulators of
GLUT#4 trafficking may be functioning at one of two distinct
intracellular trafficking steps.
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