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Insulin stimulates glucose transport by recruiting the GLUT4 glucose transporter to the plasma membrane. Here we use
total internal reflection fluorescence microscopy to show that two trafficking motifs of GLUT4, a FQQI motif and a
TELE-based motif, target GLUT4 to specialized vesicles that accumulate adjacent to the plasma membrane of unstimu-
lated adipocytes. Mutations of these motifs redistributed GLUT4 to transferrin-containing recycling vesicles adjacent to
the plasma membrane, and the degree of redistribution correlated with the increases of the GLUT4 mutants in the plasma
membrane of basal adipocytes. These results establish that GLUT4 defaults to recycling endosomes when trafficking to
specialized vesicles is disrupted, supporting the hypothesis that the specialized vesicles are derived from an endosomal
compartment. Insulin stimulates both the accumulation of GLUT4 in the evanescent field and the fraction of this GLUT4
that is inserted into the plasma membrane. Unexpectedly, these two steps are differentially affected by the development
of insulin resistance. We ascribe this selective insulin resistance to inherent differences in the sensitivities of GLUT4
vesicle accumulation and insertion into the plasma membrane to insulin. Differences in insulin sensitivities of various
processes may be a general mechanism for the development of the physiologically important phenomenon of selective

insulin resistance.

INTRODUCTION

Glucose flux into muscle and adipose cells is tightly con-
trolled (Klip, 2009). In unstimulated adipose and muscle
cells the insulin-responsive glucose transporter, GLUT4, is
predominantly intracellular (~95%), and its exclusion from
the plasma membrane (PM) accounts for the low basal glu-
cose flux into these cells (Huang and Czech, 2007). On
insulin stimulation, GLUT4 is redistributed to PM (~50%),
increasing glucose flux into cells. In insulin resistance, insu-
lin does not properly regulate GLUT4 trafficking, thereby
contributing to hyperglycemia and the disruption of glucose
homeostasis.

GLUT#4 trafficking has been extensively studied (Huang
and Czech, 2007). Although there remain points of contro-
versy on the details, the emerging picture is that GLUT4
traffics intracellularly between specialized compartments
that are accessible to only select proteins and more general
endosomal compartments that are accessible to the trans-
ferrin receptor (TR; Govers et al., 2004; Karylowski et al.,
2004; Dugani and Klip, 2005; Martin et al., 2006). One of the
proteins that traffics with GLUT4 through the specialized
pathway is the insulin-regulated aminopeptidase (IRAP;
Kandror and Pilch, 1994; Keller ef al., 1995). In unstimulated
adipocytes GLUT4 is rapidly internalized from the PM and

This article was published online ahead of print in MBoC in Press
(http:/ /www.molbiolcell.org/cgi/doi/10.1091/mbc.E09-08-0751)
on February 24, 2010.

Address correspondence to: Timothy E. McGraw (temcgraw@med.
cornell.edu).

© 2010 by The American Society for Cell Biology

slowly recycled back to the cell surface. Slow recycling in
unstimulated cells is the predominant kinetic characteristic
of the GLUT4 specialized trafficking pathway that distin-
guishes it from the general endosomal-recycling pathway
that traffics the TR back to the PM. Targeting of GLUT4 to
the insulin-regulated pathway is required for intracellular
retention and this specialized sorting requires information
in both the amino and carboxyl cytoplasmic domains of
GLUT4. Specifically, an FQQI°#-based motif in the amino
and a TELE**%3%1-based motif in the carboxyl cytoplasmic
domains are required for retention (e.g., Govers et al., 2004;
Blot and McGraw, 2008).

Insulin stimulation accelerates recycling and slows endo-
cytosis of GLUT4, resulting in a net accumulation of GLUT4
in the PM (Huang and Czech, 2007). Coincident with the
increased recycling is a net redistribution from specialized
compartments to endosomes. It is not known if in insulin-
stimulated cells GLUT#4 traffics to the PM through the rapid
general endosomal-recycling pathway or if it traffics to the
PM by specialized carriers. The formation and behavior of
the carriers that ferry GLUT4 to the PM are sites of insulin
regulation, and therefore understanding these processes will
further illuminate normal insulin action and will provide a
conceptual framework for understanding changes induced
by insulin resistance. Although it is known that GLUT4 is
not properly translocated to the PM of muscle and adipose
from insulin-resistant individuals (e.g., (Maianu et al., 2001);
a phenomenon that is recapitulated in model systems of
insulin resistance (e.g., Chen ef al., 2004; Hoehn et al., 2008),
the details of how insulin resistance affects GLUT4 traffick-
ing remain undefined.
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Here we use dual-color total internal reflection fluores-
cence microscopy (TIRFM) to compare wild-type (WT)
GLUT4 and GLUT4 mutants whose steady-state distribu-
tions between the PM and intracellular compartments are
altered. Transferrin (Tf) was used to mark endocytic-recy-
cling vesicles and the insulin-regulated amino peptidase
(IRAP) was used to mark the insulin-regulated transport
vesicles. Our results establish that in unstimulated adipo-
cytes the GLUT4 mutants are redistributed from IRAP-con-
taining to Tf-containing vesicles in the evanescent field
(within 200 nm of PM). The degree of redistribution corre-
lates with the increases of the individual mutants in the PM
of unstimulated basal adipocytes. These data support a
model in which the GLUT4 mutants with reduced targeting
to the specialized insulin-regulated pathway are returned to
the PM in rapidly recycling Tf-containing vesicles, thereby
accounting, in part, for the increased accumulation of the
mutants in the PM of unstimulated adipocytes. We show
that insulin does not cause a significant redistribution of
GLUT4 to Tf recycling vesicles, strongly supporting the
hypothesis that in insulin-stimulated cells, as in basal adi-
pocytes, GLUT4 traffics to the PM in specialized vesicles.
Insulin signaling regulates both the accumulation of GLUT4-
containing vesicles within the evanescent field as well as the
insertion of GLUT4 into the PM. Unexpectedly the accumu-
lation and insertion steps are differentially affected by the
development of insulin resistance. In insulin-resistant adi-
pocytes, in which the net redistribution of GLUT4 to the PM
is reduced by ~50%, the insertion of GLUT4 into the PM
stimulated by 1 nM insulin is unaffected, whereas the accu-
mulation of GLUT4 in the evanescent field is significantly
inhibited. A possible mechanism to explain this “selective”
insulin resistance are inherent differences in the insulin sen-
sitivity of GLUT4-containing vesicle accumulation in the
evanescent field and GLUT4 insertion into the PM.

MATERIALS AND METHODS

Ligands, Chemicals, and Antibodies

Anti-hemagglutinin (HA) epitope antibody (HA.11) was purified from ascites
(Covance, Berkley, CA) on a protein G affinity column (GE Healthcare, Little
Chalfont, Buckinghamshire, United Kingdom). Fluorescent secondary anti-
bodies were purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). Alexa®*¢ was purchased from Invitrogen (Carlsbad, CA) and was
conjugated to human Tf (Sigma-Aldrich, St. Louis, MO) according to the
manufacturer’s instructions. The Akt inhibitor 1/2 (Aktil/2) and phosphati-
dylinositol 3’-kinase (PI3K) inhibitor (wortmannin) were purchased from
Calbiochem (San Diego, CA). Mouse monoclonal anti-TR was a gift from Dr.
Fred Maxfield (Weill Cornell Medical College). Rabbit anti-IRAP was a gen-
erous gift from Dr. Susanna Keller (University of Virginia).

Cell Culture, Plasmids, and Electroporation

3T3-L1 fibroblasts were cultured, differentiated into adipocytes, and electro-
porated as previously described (Zeigerer et al., 2002). Studies were per-
formed 1 d after electroporation. The HA-GLUT4-green fluorescent protein
(GFP) mutants and TR have been described previously (Zeigerer et al., 2002;
Blot and McGraw, 2008). Insulin resistance was induced by incubating adi-
pocytes overnight in DMEM supplemented with 10% FBS and 17 nM insulin.
To inhibit Akt or PI3K activity, cells were preincubated for 30 min with 1 uM
Aktil/2 or 100 nM wortmannin, respectively, and then incubated with or
without 1 nM insulin for 30 min.

Wide-Field Microscopy and TIRFM

TIRFM and epifluorescence (EPI) images were acquired on an Olympus IX 70
(Thornwood, NY) with a 60X 1.45 NA oil-immersion objective using dual-
color TIRF imaging with excitation wavelengths at 488 nm for GFP and 532
nm for Cy3. MetaMorph software (Molecular Devices, Sunnyvale, CA) was
used for image processing and quantification as described previously (Lamp-
son et al., 2001).
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Adipocytes incubated in serum-free DMEM medium for 2 h at 37°C in 5%
CO, air were further incubated with or without 1 nM insulin for 30 min. Cells
were washed with ice-cold PBS supplemented with Ca2* /Mg?* and fixed in
3.7% formaldehyde. PM GLUT4 was measured by anti-HA.11 immunofluo-
rescence (IF) of nonpermeabilized cells.

Colocalization

IRAP and HA-GLUT4-GFP. Adipocytes transiently expressing HA-GLUT4-
GFP were fixed and permeabilized with 150 uM saponin, and endogenous
IRAP was revealed by indirect IF with a Cy3-labeled secondary antibody.
Images were collected in both GFP and Cy3 channels in EPT and TIRF modes.
To determine colocalization of the probes in the evanescent field, images in
both channels were background-corrected using the median ranking filter of
MetaMorph image-processing software. Regions of interest (ROI) were inde-
pendently identified in the two channels using the internal threshold objects
algorithm of MetaMorph and empirically determined low-intensity thresh-
olds. A single threshold value for the red channel was used to process all the
red images collected within a given experiment, and a single green channel
threshold was used for all the green channel images. The average pixel
intensities of the ROI were logged for analysis. The ROI determined in the red
channel (IRAP) were transferred to the corresponding image in the green
channel, and the green pixel intensities were logged. Similarly the green ROI
were transferred to the red channel and the pixel intensities logged. The
percent of IRAP ROI that was also positive for GLUT4 (percent colocalization)
were calculated as the percent of the red channel ROI that had green channel
pixel intensities above the low-intensity threshold of the green channel.
Similarly, the GLUT4 vesicles that contained IRAP were determined as the
green channel ROI that have red channel pixel intensities above the red
channel low-intensity threshold. Images illustrating the steps of the process-
ing are provided in Supplemental Figure 1.

Tf and HA-GLUT4-GFP. Adipocytes transiently expressing HA-GLUT4-GFP
and the human TR were incubated with 5 ug/ml Tf-Alexa> for at least 2 h
at 37°C. The cells were washed with pH 5.0 balanced salt buffer, followed by
two washes with neutral pH balanced salt buffer to release Tf-Alexa> bound
to the surface of cells. The cells were incubated for 2 min at 37°C with
unlabeled Tf to minimize the number of newly formed endosomes labeled
with Tf-Alexa># in the evanescent field. The quantification of colocalization
of HA-GLUT4-GFP and Tf-Alexa*¢ was determined by the same method as
described above for IRAP and HA-GLUT4-GFP.

Accumulation in Evanescent Field and Insertion into

the PM

Adipocytes were incubated in serum-free DMEM medium for 2 h. During the
final 30 min of this incubation and during the 30-min insulin stimulation, the
medium was supplemented with DMSO, 1 uM Aktil/2, or 100 nM wortman-
nin. Aktil/2 is an inhibitor of Akt 1 and 2 isoforms (Barnett et al., 2005). After
fixation, HA-GLUT4-GFP in the PM was revealed by anti-HA.11 IF with Cy3
secondary antibody in unpermeabilized cells. Both EPT and TIRF images were
acquired in the Cy3 and GFP channels using dual-color TIRF and EPI micros-

copy.

To study Tf-containing vesicles, adipocytes were incubated with 5 ug/ml
Tf-Alexa®¥ for at least 2 h at 37°C. During the final 30 min of this incubation
and during the 30-min insulin stimulation, the medium was supplemented
with DMSO, 1 uM Aktil/2, or 100 nM wortmannin. Surface TR was revealed
by IF with Cy2 secondary antibody.

Statistics

Paired Student’s t test was applied for the comparisons.

RESULTS

Juxtamembrane Elements of the GLUT4 Retention
Pathway Identified in TIRFM

An important aspect of the specialization of GLUT4 behav-
ior is its exclusion from the PM of unstimulated cells. Pre-
vious studies have established a correlation between in-
creased GLUT4 localization to endosomes and increased
GLUT4 in the PM of basal adipocytes (Martin et al., 1996;
Marsh et al., 1998; Blot and McGraw, 2008). For example,
mutation of the GLUT4 amino terminal FQQI®-8 motif or the
carboxyl terminal TELE**®-501-based motif results in an in-
crease of GLUT4 in the PM of unstimulated adipocytes and
a shift of GLUT4 from specialized intracellular compart-
ments to Tf-containing endosomal compartments (Marsh et
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Figure 1. GLUT4 retention machinery driven by the FQQI and TELE
motifs. (A) GLUT4 retention model. The TR recycling pathway (fast in
both basal and insulin-stimulated states) and the GLUT4 specialized
pathway (slow in basal and fast in the presence of insulin) contribute
to PM GLUT4 distribution. GLUT4 is sorted from the endosomal
recycling compartment (ERC) to the GLUT4 specialized vesicles (GSV;
retention pathway 2) and an unidentified perinuclear compartment
(retention pathway 1) in basal adipocytes. These two retention path-
ways are controlled by the TELE-based and FQQI motifs, respectively.
Mutation of these motifs results in redistribution of GLUT4 to the
endosomal compartments and increases PM GLUT4 (Blot and
McGraw, 2008). (B) Schematic of the HA-GLUT4-GFP with mutated
residues noted in bold type. (C) Surface-to-total distributions in basal
adipocytes. WT, wild-type HA-GLUT4-GFP; FA, F°A mutation; EE,
EE*?59TAA mutation; FA/EE, FPA/EE*?°'AA mutation in HA-
GLUT4-GFP. The data are averages = SEM of eight to nine indepen-
dent experiments normalized to the WT GLUT4 surface-to-total ratio
of each experiment. *p < 0.001 compared with WT; #p < 0.001 com-
pared with the FA mutant.

al., 1998; Blot and McGraw, 2008). Those data support a
model in which the retention of GLUT4 in unstimulated
adipocytes requires targeting to a specialized intracellular
trafficking pathway (i.e., diversion from the endosomal sys-
tem; Figure 1A). Implicit in this model is the hypothesis that
the GLUT4 mutants are recycled to the PM through the
rapid endosomal-recycling pathway that returns Tf to the
PM, resulting in the increased accumulation of GLUT4 mu-
tants at the PM of basal adipocytes.

To test this hypothesis, we used TIRFM to examine the
effects of the GLUT4 mutations on intracellular compart-
mentalization in unstimulated adipocytes. In TIRFM, fluoro-
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phors within ~200 nm of the PM are excited, limiting de-
tection of fluorescence to structures that are adjacent to the
PM. We reasoned that this method would allow us to de-
termine the effects of the mutations on targeting GLUT4 to
transport intermediates ferrying proteins from intracellular
compartments to the PM. GLUT4 harboring the F°PA muta-
tion of the FQQI motif, the EE**9591AA mutation of the
TELE-based motif, or both mutations, F°PA/EE*501AA,
were studied (Figure 1B). The behaviors of WT GLUT4 and
the different mutants were characterized using HA-GLUT4-
GFP, which has an HA epitope inserted in the first exofacial
loop and GFP fused to the carboxy terminus of GLUT4
(Lampson et al., 2000). Indirect IF detection of the HA
epitope on the surface of nonpermeabilized cells is a mea-
sure of the insertion of HA-GLUT4-GFP in the PM and is a
quantitative assay of the translocation of GLUT4 to the PM
(Zeigerer et al., 2002). As previously reported, GLUT4 mu-
tated in the FQQI or TELE-based motifs accumulated at the
PM of basal adipocytes to a greater extent than WT GLUT4,
(Figure 1C; Govers et al., 2004; Blot and McGraw, 2008). The
different mutants accumulated at the PM to different de-
grees. The F°A and EE*®°TAA mutations increased basal
PM GLUT4 by about fourfold and about twofold, respec-
tively, whereas simultaneous mutation of both motifs in-
creased basal PM GLUT4 by about eightfold.

To determine the effects of the mutations on intracellu-
lar targeting of GLUT4, we examined the colocalization of
the HA-GLUT4-GFP constructs with endogenous IRAP in
TIRFM. Adipocytes expressing HA-GLUT4-GFP constructs
(WT, F°A, EE*501AA, or FPA/EE*591AA) were perme-
abilized and IRAP localization examined by IF. GFP
(GLUT4) and Cy3 (IRAP) images were acquired in a dual-
view configuration of the TIRF microscope (Figure 2A). As
previously reported, there were a large number (~350) of
WT GLUT4-containing spots (vesicles) in the evanescent
field of basal adipocytes (Lizunov et al., 2005; Gonzalez and
McGraw, 2006; Bai et al., 2007; Huang et al., 2007). These
GLUT4 vesicles are mobile, rapidly moving within the eva-
nescent field, yet rarely fusing with the PM (Lizunov et al.,
2005; Huang et al., 2007). Consequently, in basal adipocytes
the GLUT4 vesicles detected in TIRFM are not transporting
GLUT4 to the PM per se, but rather are vesicular elements of
the basal retention mechanism located adjacent to the PM.
Past work has established that upon insulin stimulation,
these vesicles arrest (dock) and fuse, delivering GLUT4 to
the PM (Lizunov et al., 2005; Bai et al., 2007; Huang et al.,
2007). As is the case for WT GLUT4, there were abundant
GFP-positive puncta in the evanescent field of basal adipo-
cytes expressing the GLUT4 mutants, and all the different
GLUT4 constructs had similar number of puncta in the
evanescent field.

Immunofluorescence revealed abundant IRAP-containing
vesicles in the evanescent field of basal adipocytes. Data
from individual cells expressing the WT or the GLUT4 mu-
tants are shown in Figure 2A. Colocalizations of IRAP and
GLUT4 in vesicles adjacent to the PM were quantified as
described in detail in supplemental Figure 1. Briefly, IRAP-
positive spots above a low-intensity threshold (Figure 2B,
red line) were identified as ROI, and the red (IRAP) and
green (GLUT4) pixel intensities in these ROI were measured.
The ROI with green intensities above the low-intensity
threshold (Figure 2B, green line) were scored as IRAP-con-
taining vesicles that were also positive for GLUT4 (Figure
2B). The data were analyzed in reverse, with the ROI chosen
in the green channel, and ROI with red intensities above the
low-intensity threshold (Figure 2B, red line) were scored as
GLUT4-containing vesicles positive for IRAP.
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Figure 2. Colocalization of the GLUT4 and
IRAP in the evanescent field. (A) TIRF images
illustrating the distribution of HA-GLUT4-GFP
and endogenous IRAP in basal adipocytes. WT,
wild-type HA-GLUT4-GFP; FA, FPA mutation;
EE, EE**9501AA mutation; FA/EE, F°A/
EE%¥9591AA mutation in HA-GLUT4-GFP. Im-
ages are identically scaled and corrected for
local background. Cell boundaries are noted by
dashed lines. Scale bar, 10 um. (B) Quantifica-
tion of GLUT4 colocalization with IRAP in the
basal adipocytes. Data are from cells in A. The
scatter plots illustrate the intensity distribu-
tions, normalized to EPI fluorescence to correct
for cell-to-cell variations in expression of the
HA-GLUT4-GFP constructs and endogenous
IRAP, of ROI picked from the Cy3 channel
(IRAP-positive, red circles) or GFP channel
(GLUT4-positive, green circles) versus their in-
tensities in the other channel. For data analysis
the thresholds used in absolute intensity were
the same for each cell type; however, for graph-
ing the data the low-threshold intensity lines
shown were scaled to the total expression of the
HA-GLUT4-GFP or IRAP of the cells shown.
Circles in the quadrant to the right of the green
line and above the red line are scored as posi-
tive for both probes. The percent of ROI (cir-
EE cles) chosen in the red channel that are positive
in the green [GLUT4/IRAP(+)] and vice versa
[IRAP/GLUTA4(+)] for the data shown in these
scatter plots are noted above the plots. (Also see
Supplemental Figure 1 for further details on the
method). (C) Colocalization of GLUT4 and
IRAP from an individual experiment. The per-
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cent colocalization is the percent of IRAP vesi-
cles (ROI identified in red channel) whose in-
tensity in the green channel is above the green
channel low-intensity threshold. Each symbol
is the colocalization determined in an individ-
ual cell within the experiment. The lines are the
average values. All the data from each individ-
ual experiment were collected during one block
of time on the microscopy; all the green channel
images were processed with the same green
channel low-intensity threshold, and all the red
images were processed with the same red chan-
nel low-intensity threshold. Nine to 19 cells for
each construct were analyzed in each individ-
ual experiment. (D) The average colocalization

FAJEE
GLUT4/IRAP(+) 21%
IRAP/GLUT4(+) 26%

(percent of IRAP vesicles positive for GLUT4) measured in three to four independent experiments = SEM. The data illustrate the reproducibility
of the measurements across independent experiments. (E and F) Colocalization of GLUT4 mutants with IRAP normalized to WT GLUT4
colocalization with IRAP. The colocalizations of the different mutants with IRAP determined in individual experiments were normalized to the
colocalization of WT GLUT4 measured in the same experiment, illustrating how the mutations affect the WT GLUT4 colocalization. In E the percent
of IRAP vesicles (ROI identified in the red channel) that are also positive for GLUT4 are plotted. In F the percent of GLUT4 vesicles (ROI identified
in the green channel) that are also positive for IRAP are plotted. The data are averages = SEM of three to four independent experiments. The p
values for paired ¢ test are shown and are the comparison to WT GLUT4. (G) Correlation between the HA-GLUT4-GFP expression of the various
constructs and the colocalization of GLUT4 with IRAP. The colocalization of GLUT4 with IRAP in 12-16 cells is plotted as a function of the

HA-GLUT4-GFP expression level per cell for each GLUT4 mutant.

The percent of IRAP vesicles that are also positive for
HA-GLUT4-GFP in individual cells from a representative
experiment are shown in Figure 2C, and the average data
from multiple independent experiments are shown in Figure
2D. About 60% of the IRAP vesicles identified were also
positive for WT GLUT4, and the colocalizations of the dif-
ferent GLUT4 mutants with IRAP were all reduced to de-
grees that paralleled the increases of the individual mutants
on the PM of unstimulated adipocytes (Figure 1C). GLUT4
and IRAP have been reported to be better colocalized
(>85%) than what we measure here. Past colocalizations of
GLUT4 and IRAP have been determined with methods that
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measure the colocalization of the total cellular pools of IRAP
and GLUT4, whereas here we are restricting analysis to
structures within the evanescence field. Another consid-
eration is the sensitivity of the assay. To examine this, we
measured colocalization between GFP and anti-HA when
HA-GLUT4-GFP-expressing cells were permeabilized
and stained with anti-HA. We found ~70% colocalization,
suggesting that the 60% value we measured is close to the
maximum colocalization measured in the assay. Recently
it has been reported that GLUT4 and IRAP colocalize to
~70% in TIRFM, in line with our measurements (Zhao et
al., 2009).

Molecular Biology of the Cell
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Figure 2. Continued.

Mutations of the GLUT4 motifs alter the percent colocal-
izations with IRAP (Figure 2, C and D). The absolute percent
colocalization of the two probes will depend on the low-
intensity threshold values used to analyze the data. Here we
are interested in how mutations in GLUT4 change its local-
ization with IRAP; therefore, the colocalizations of the
GLUT4 mutants with IRAP of the individual experiments
were normalized to the percent of colocalization of WT
GLUT4 and IRAP measured in the same experiment. The
averages of the normalized data from multiple experiments
are presented in Figure 2, E and F. The largest change was
for the F°A /EE*9?591A A mutant, whose colocalization with
IRAP was reduced by 50% compared with WT GLUT4. Rela-
tive to WT GLUT4, the F°A mutation caused a 25% reduction
in colocalization with IRAP, whereas the EE**9*01AA mu-
tant’s colocalization was reduced by ~10%. The differences
in the colocalization of the mutants with IRAP relative to
WT GLUT4 followed the same general trends whether the
vesicles were identified in the IRAP channel or the GLUT4
channel, although for the F°A mutant, vesicles chosen in the
GFP channel had a higher p value than the other compari-
sons (Figure 2F). The numbers of vesicles quantified were
not significantly different among the GLUT4 mutants, and
the degree of colocalization did not correlate with the ex-
pression levels of the GLUT4 constructs (Figure 2G). Thus,
the differences in colocalizations of the mutants are intrinsic
to differences in behaviors of the mutants rather than a
consequence of differences in the amounts of the mutants
expressed. Importantly, previous studies have shown ex-
pression of these mutants did not alter IRAP behavior, val-
idating IRAP as a marker of the insulin-regulated retention
pathway in adipocytes coexpressing the GLUT4 mutants

Vol. 21, April 15, 2010

Insulin Control of GLUT4 Trafficking

(Blot and McGraw, 2008). The relative changes in colocaliza-
tion of the GLUT4 mutants with IRAP parallels the increases
of the mutants in the PM of basal adipocytes (Figures 1C and
2, E and F), providing strong support for the hypothesis that
these IRAP-containing juxta PM vesicles are indeed ele-
ments of the GLUT4 retention machinery.

GLUT4 Mutants Are Redistributed to Tf-containing
Vesicles Adjacent to the PM

We next sought to determine whether the decreased tar-
geting of the mutants to IRAP-containing vesicles was
paralleled by an increased accumulation in Tf-containing
recycling vesicles. To address this question we used a mod-
ification of the method discussed above. Adipocytes coex-
pressing HA-GLUT4-GFP constructs and the human TR
were incubated with Tf conjugated to Alexa®*® (Tf-Alexa®*®)
for 2 h at 37°C to label endosomes. Cells were incubated for
2 min before fixation in medium with unlabeled Tf. Any
endosomes formed from the PM during this 2 min will not
be labeled with Tf-Alexa®*, reducing the contribution of
newly formed Tf-Alexa®#°-labeled endosomes in the evanes-
cent field.

The localizations of F°A and F°A/EE**501AA mutants to
Tf recycling vesicles were increased relative to WT GLUT4
(Figure 3). These data demonstrate that the reduced target-
ing of these mutants to the IRAP-containing vesicles corre-
lates with an increased localization to Tf-containing vesicles.
The F°A and FPA/EE*°°01AA mutations had large effects
on the amount of GLUT4 in the PM of basal adipocytes
(Figure 1C), providing a link between increased localization
to Tf-containing vesicles and increased expression in the PM
of basal adipocytes. There was no statistically significant
increase of the EE**?°°TAA mutant in Tf-containing vesicles.
This mutation caused the smallest increase in basal PM
expression of GLUT4 as well as the smallest decrease in
colocalization with IRAP. The sensitivity of the colocaliza-
tion assay with Tf-labeled endosomes might not be sufficient
to detect the change in GLUT4 colocalization induced by the
EE*9501AA mutation.

Insulin Controls Both the Accumulation of WI GLUT4 in
the Evanescent Field and the Fraction of GLUT4 within
the Evanescent Field That Was Inserted into the PM

Insulin signals to GLUT4 in part through activation of Akt
downstream of PI3K activation. Insulin regulates GLUT4-
vesicle association with the PM at both prefusion and fusion
steps, and these steps are distinguished based on sensitivity
to Akt inhibition (e.g., Gonzalez and McGraw, 2006). Insulin
increases the accumulation of GLUT4 within the evanescent
field, an effect that is blocked by Akt inhibition (Gonzalez
and McGraw, 2006; Lopez et al., 2009). The fraction of
GLUT4 within the evanescent field that is inserted into the
PM is also increased by insulin, demonstrating insulin con-
trol of vesicle fusion independent of changes in accumula-
tion in the evanescent field (Gonzalez and McGraw, 2006).
The effect of insulin on the fraction of GLUT4 within the
evanescent field inserted into the PM is not blocked by
inhibition of Akt (Gonzalez and McGraw, 2006). Both effects
of insulin are blocked by wortmannin inhibition of PI3K
(Gonzalez and McGraw, 2006).

Here we use insulin stimulation of the accumulation of
GLUT4 in the evanescent field and the fraction of this
GLUT#4 that is inserted into the PM (“insertion efficiency”) as
parameters to further characterize the behaviors of the
GLUT4 mutants. We used a two-color TIRFM assay that is a
modification of a previously described single color TIRFM
method (Gonzalez and McGraw, 2006). Briefly, unstimu-
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lated adipocytes and adipocytes treated with insulin for 30
min were fixed (not permeabilized), and the amount of
HA-GLUT4-GFP inserted into the PM was revealed by IF
with an anti-HA antibody (Cy3; Figure 4A). EPI and TIRF
images for both GFP and Cy3 channels were collected. The
Cy3EPT/GFPEM ratio is the standard method used to mea-
sure insulin-stimulated translocation of GLUT4 to the PM,
and it reflects the fraction of the total cellular HA-GLUT4-
GFP that is inserted into the PM (Lampson et al., 2000). The
GFPTIRF /GFPE™ is proportional to the fraction of total cel-
lular HA-GLUT4-GFP that is within the evanescent field.
The amount in the evanescent field includes GLUT4 inserted
in the PM as well as GLUT4 in vesicles adjacent to the PM
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Figure 3. Colocalization of the GLUT4 and Tf
in the evanescent field. (A) Distribution of the
HA-GLUT4-GFP and Tf-Alexa®¢ in TIRFM of
basal adipocytes. Data were processed as dis-
cussed in Figure 2. Scale bar, 10 um. (B) Colo-
calization of GLUT4 and Tf from an individual
experiment. The percent colocalization is the
percent of Tf vesicles (ROI identified in red
channel) whose intensity in the green channel is
above the green channel low-intensity thresh-
old. Each symbol is the colocalization deter-
mined in an individual cell within the experi-
ment. The lines are the average values. All the
data were collected during one block of time on
the microscopy; all the green channel images
were processed with the same green channel
low-intensity threshold, and all the red images
were processed with the same red channel low-
intensity threshold. Four t020 cells for each con-
struct were analyzed in each individual exper-
iment. (C) The average colocalization (percent
of Tf vesicles positive for GLUT4) measured in
four to five independent experiments = SEM.
The data illustrate the reproducibility of the
measurements across independent experi-
ments. (D and E) Colocalization of GLUT4 mu-
tants with Tf normalized to WT GLUT4 colocal-
ization with Tf. The colocalizations of the
different mutants with Tf determined in indi-
vidual experiments were normalized to the co-
localization of WT GLUT4 measured in the
same experiment, illustrating how the muta-
tions affect the WT GLUT4 colocalization. (D)
The percent of Tf vesicles (ROI identified in the
red channel) that are also positive for GLUT4
are plotted. (E) The percent of GLUT4 vesicles
(ROI identified in the green channel) that are
also positive for Tf are plotted. The data are
averages = SEM of four to five independent
experiments. The p values for paired f test are
shown and are the comparison to WT GLUT4.

but not fused with the PM, and an increase in this ratio
induced by insulin reflects a net increase of GLUT4 in the
evanescent field, without distinguishing between vesicles
that have fused with the PM from those that have not. We
refer to the GFPTIRF /GFPEP! ratio as “accumulation in eva-
nescent field.” The Cy3T™RF/GFPTRF ratio is a measure of
the fraction of HA-GLUT4-GFP in the evanescent field that is
inserted into the PM; therefore, changes in this ratio reflect
net changes in the fraction of HA-GLUT4-GFP in the eva-
nescent field that is inserted into the PM. We refer to
Cy3TIRF/GFPTRF as “insertion efficiency.”

Consistent with our previous results, insulin-stimulated
GLUT#4 translocation to the PM was inhibited by 75% when

Molecular Biology of the Cell
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Figure 4. Characterization of GLUT4 accumulation in the evanes-
cent field and fraction of this GLUT4 inserted into the PM. (A)
Schematic of the method to measure HA-GLUT4-GFP accumulation
in the evanescent field (GFPT'RF /GFPE! fluorescence ratio) and the
fraction of GLUT4 in the evanescent field that is inserted into the
PM (aHA Cy3™RE/GFPTIRF fluorescence ratio). (B-D) Characteris-
tics of HA-GLUT4-GFP translocation (eHA Cy3F!/GFPE! fluores-
cence ratio), the insertion efficiency (fraction of GLUT4 in the eva-
nescent field that is inserted into the PM; aHA Cy3™RF/GFPTIRF
fluorescence ratio) and accumulation in evanescent field (GFPTIRF/
GFPE! fluorescence ratio) in unstimulated and insulin-stimulated
adipocytes. Cells were treated with DMSO, 1 uM Aktil/2, or 100
nM wortmannin 30 min before and during the 30-min insulin stim-
ulation. Data are averages * SEM from six independent experi-
ments normalized to the control in the basal state. *p < 0.05,
**p < 0.001 compared with the control in the insulin-stimulated
state; *p < 0.05.

Akt activation was inhibited with 1 uM of the Akt inhibitor,
Aktil/2, whereas inhibition of PI3K with 100 nM wortmannin
completely blocked GLUT4 translocation (Figure 4B). Insu-
lin stimulated a threefold increase in the Cy3™'RF/GFPTRF
ratio, demonstrating a threefold increase in the amount of
HA-GLUT4-GFP in the evanescent field that is inserted into
the PM. The effect of insulin on the amount of HA-GLUT4-
GFP in the evanescent field that is inserted into the PM is
completely blocked by wortmannin but is inhibited only
48% by Aktil/2 (Figure 4C). Insulin activation of Akt is
blocked by Aktil/2 treatment (Supplemental Figure 2).
These data show that about half of the effect of the insulin
control of GLUT4 in the evanescent field that is inserted into
the PM is by an Akt-independent, PI3K-dependent mecha-
nism. Insulin stimulated the accumulation of GLUT4 in the
evanescent field by twofold (change in the GFPTIRF /GFPEF!
ratio), and this effect of insulin on GLUT4 was completely
inhibited by wortmannin and inhibited 76% by Aktil/2
(Figure 4D). Thus, insulin control of GLUT4 accumulation in
the evanescent field is more sensitive to Akt inhibition than
is insulin control of insertion of GLUT4 into the PM (76 vs.
48% inhibition).

To further characterize this assay, we examined the effect
of overexpressing a dominant inhibitory form of the AS160
RabGAP protein AS160-4P (Figure 5). In unstimulated adi-
pocytes AS160 GAP activity is required for the exclusion of
GLUT4 from the PM, in part through actions on Rab10 (Sano
et al., 2003; Zeigerer et al., 2004; Eguez et al., 2005; Larance et
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Figure 5. The effects of AS160-4P on GLUT4 accumulation in the
evanescent field and the fraction of this GLUT4 inserted into the
PM. The effects of AS160-4P on GLUT4 translocation to the PM
(aHA Cy3EPl/GFPE! fluorescence ratio; A), the insertion efficiency
(fraction of GLUT4 in the evanescent field that is inserted into the
PM (aHA Cy3™RF/GFPTRF fluorescence ratio; B), and accumulation
in evanescent field (GFP™™RF/GFPE™ fluorescence ratio; C) in un-
stimulated and insulin-stimulated adipocytes. Adipocytes were
transiently transfected with WT HA-GLUT4-GFP and AS160-4P the
day before the experiment. The data are the means of four experi-
ments = SEM; #p < 0.05 compared with basal control; *p < 0.05
compared with insulin-stimulated control.

al., 2005; Sano et al., 2007). AS160 controls GLUT4-containing
vesicle docking (prefusion step) with the PM (Zeigerer et al.,
2004; Jiang et al., 2008). Akt phosphorylates AS160, inacti-
vating the GAP activity and releasing the inhibition on
docking. Akt does not phosphorylate the AS160-4P mutant,
and therefore AS160-4P inhibits insulin-stimulated GLUT4-
containing vesicle docking to the PM. Overexpression of
AS160-4P inhibited translocation of GLUT4 by 80%, an effect
that is accounted for by a 90% inhibition of insulin-stimu-
lated accumulation of GLUT4 in the evanescent field (Figure
5, A and C). AS160-4P only inhibited the insulin-stimulated
increase in the fraction of GLUT4 in the evanescent field that
is inserted into the PM by 60% (Figure 5B), consistent with
previous results that the effect of AS160-4P is predominantly
to inhibit a prefusion step (Jiang ef al., 2008). These data
show that insulin can increase the insertion of GLUT4 into
the PM in the presence of AS160-4P, demonstrating that the
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Figure 6. Characterization of FA/EE-GLUT4 mutant accumula-
tion in the evanescent field and fraction of this mutant inserted into
the PM. Characteristics of FPA /EE*?5TAA HA-GLUT4-GFP trans-
location (aHA Cy3E"/GFPE fluorescence ratio; A), insertion effi-
ciency (fraction of GLUT4 in the evanescent field that is inserted into
the PM; aHA Cy3™RF/GFPTRF fluorescence ratio; B), and accumu-
lation in evanescent field (GFPT'RF /GFPE! fluorescence ratio; C) in
unstimulated and insulin-stimulated adipocytes. Cells were treated
with DMSO, 1 uM Aktil/2, or 100 nM wortmannin 30 min before
and during insulin stimulation. The data are averages = SEM from
four to five independent experiments normalized to the values for
WT GLUT4 in the basal state. *p < 0.05 compared with the control
in the basal state; “p < 0.05, #p < 0.001 compared with the control
in the insulin-stimulated state; ®p < 0.05.

assay measures distinct aspects of GLUT4 vesicles trafficking
to the PM.

The Accumulation of F°PA/EE**5°TAA-GLUT4

in the Evanescent Field and the Fraction of
F°A/EE**59TAA-GLUT4 within the Evanescent Field
Inserted into the PM Are Not Affected by Insulin

We next examined the behavior of GLUT4 F°A /EE**9501AA
mutant in the TIRFM assay. We chose this mutant because
its accumulation in the PM of basal adipocytes was most
different from WT GLUT4 (Figure 1C). The effects of insulin
on this mutant were significantly different from the effects of
insulin on WT GLUT4 (Figure 6). First, the effect of Akt
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Figure 7. Characterization of Tf-containing vesicle accumulation
in the evanescent field and fraction of this TR inserted into the PM.
(A) Schematic of the assay. (B-D) Characteristics of TR translocation
to the PM (TR Cy2E!/Alexa-5465"! fluorescence ratio), the inser-
tion efficiency (fraction of TR in the evanescent field that is inserted
into the PM; oTR Cy2"RF/Alexa-546"RF fluorescence ratio) and
accumulation in evanescent field (Alexa-546"'RF/ Alexa-546F" fluo-
rescence ratio) in unstimulated and insulin-stimulated adipocytes.
Cells were treated with DMSO, 1 uM Aktil/2, or 100 nM wortman-
nin 30 min before and during the 30-min insulin stimulation. The
results are averages = SEM from four independent experiments
normalized to the control basal state. *p < 0.05 compared with the
control in the basal state; *p < 0.05, *#*p < 0.001 compared with the
control in the insulin-stimulated state.

inhibition on insulin-stimulated translocation of F°A/
EE*9501AA to the PM was smaller than the effect of Akt
inhibition on insulin-induced WT GLUT4 translocation (Fig-
ures 6A and 4B, respectively). Second, wortmannin inhibi-
tion reduced the amount of FPA/EE*°01AA in the PM of
unstimulated cells, whereas wortmannin did not have an
effect on WT GLUT4 in unstimulated adipocytes (Figures 6A
and 4B, respectively). Third, insulin did not increase the
fraction of FPA/EE*501AA-GLUT4 in the evanescent field
that is inserted into the PM (Figure 6B). These results sup-
port the hypothesis that FSA /EE***°01AA-GLUT4 traffics to
the PM in functionally different vesicles than those that ferry
WT GLUT4 to the PM. Insulin did increase the accumulation
of FPA/EE*9591AA-GLUT4 in the evanescent field, al-
though not to the same degree as the effect on WT GLUT4
(Figure 6C). Furthermore, wortmannin reduced the amount
of FPA/EE*?59TAA-GLUT4 in the evanescent field of un-
stimulated adipocytes, indicating that this effect is responsible
for the wortmannin-induced decrease in F°A/EE*°°01AA-
GLUT4 in the PM of basal adipocytes.

Because F°A/EE*2501AA-GLUTA4 is redistributed to Tf-
containing vesicles in the evanescent field, we next exam-
ined the behavior of Tf-containing vesicles. Tf-Alexa®#® in-
ternalized from the medium was used to label the TR
recycling vesicles, and an antibody against the extracellular
domain of the TR was used to measure insertion of the TR
into the PM (Figure 7A). Insulin induced a small increase of
TR in the PM of adipocytes, an effect that was inhibited by
wortmannin but not Aktil/2 (Figure 7B). Wortmannin re-
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Figure 8. Colocalization of GLUT4 and Tf in the insulin-stimulated
state. Colocalization of WT GLUT4 and Tf in the basal and insulin-
stimulated states were determined as in Figure 3. The data are
averages * SD from two experiments and are normalized to the
basal state.

duced the amount of TR in the PM of unstimulated adipo-
cytes, similar to the effect on F°PA/EE*?°°TAA-GLUT4 (Fig-
ures 7D and 6C, respectively). In addition, wortmannin
reduced the amount of Tf-containing vesicles in the eva-
nescent field of unstimulated cells (Figure 7D). In these
respects the behavior of F°A /EE**°°01 AA-GLUT4 was more
like Tf-containing vesicles than WT GLUT4-containing ves-
icles, consistent with the redistribution of F°A /EE*99-50TAA-
GLUT#4 to Tf-containing recycling vesicles in the evanescent
field (Figure 3). The wortmannin induced reduction of TR in
the PM of unstimulated adipocytes documents a role for
PI3K activity in the control of basal TR trafficking, consistent
with previous reports (Jess et al., 1996).

We were unable to detect an effect of insulin on the accumu-
lation of Tf-containing vesicles in the evanescent field or a
change on the fraction of these vesicles inserted into the PM.
Thus, the small change in PM TR induced by insulin did not
correlate with measurable changes in the recruitment or fusion
of TR recycling vesicles, indicating that the assay is not of
sufficient sensitivity to detect the small changes responsible for
insulin control of TR in the PM.

GLUT4 Does Not Traffic to PM in TR Recycling Vesicles
in Insulin-stimulated Adipocytes

Our data demonstrate the importance of targeting GLUT4 to
functionally specialized vesicles in basal retention. In insu-
lin-stimulated cells GLUT4 recycles to the PM with kinetics
similar to the TR. The change in GLUT4 behavior could
reflect a change in the kinetics of the specialized vesicles in
insulin-stimulated cells. Alternatively, GLUT4 could redis-
tribute to endosomes and be returned to the PM in TR
recycling vesicles. To provide information on this question
we examined, in insulin-stimulated adipocytes, the colocal-
ization of GLUT4 and TR in juxta-PM vesicles (Figure 8).
Insulin stimulation did not induce a significant shift in
GLUT#4 to TR-containing juxta-PM vesicles. Thus, in insulin-
stimulated adipocytes GLUT4 does not traffic to the PM in
TR recycling vesicles, establishing that GLUT4 is sorted to
specialized-recycling vesicles even in stimulated cells.

Effects of Insulin Resistance on the Behavior of GLUT4
Vesicles

The above data demonstrate that GLUT4 is targeted to ves-
icles whose accumulation in the evanescent field and inser-
tion into the PM are regulated by insulin. These results
prompted us to ask how the behaviors of the GLUT4-con-
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Figure 9. Characterization of GLUT4 accumulation in the evanes-
cent field and fraction of this GLUT4 that is inserted into the PM in
insulin-resistant adipocytes. Characteristics of WT HA-GLUT4-GFP
translocation (aHA Cy3EP!/GFPE! fluorescence ratio; A),”insertion
efficiency (fraction of GLUT4 in the evanescent field that is inserted
into the PM; aHA Cy3™RF/GFP™RF fluorescence ratio; B), and ac-
cumulation in evanescent field (GFPT'RF/GFPE"! fluorescence ratio;
C) in unstimulated and insulin-stimulated control and insulin-resis-
tant adipocytes. 100 nM wortmannin was included as noted. The
results are averages = SEM from three to nine experiments, *p <
0.05; **p < 0.001.

taining vesicles are affected by insulin resistance. Previous
studies have shown that prolonged incubation of adipocytes
with high concentrations of insulin induces insulin resis-
tance (Chen et al., 2004; Hoehn et al., 2008). Adipocytes
incubated overnight with 17 nM insulin developed insulin
resistance characterized by a reduction in the translocation
of GLUT4 to the PM when the cells were rechallenged with
insulin (Figure 9A). These results establish an approximate
10-fold shift in the insulin dose response for GLUT4 trans-
location in the insulin-resistant cells (EC5, ~0.1 nM for
control vs. ~1 nM for insulin-resistant cells). The residual
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translocation of GLUT4 to the PM in the insulin-resistant
cells was blocked by wortmannin, demonstrating that the
residual effect of insulin on GLUT4 was dependent on PI3K.

We next determined if the accumulation of GLUT4 in the
evanescent field and/or the fraction of this GLUT4 in the
evanescent field that is inserted into the PM were affected by
insulin resistance. The accumulation of GLUT4 in the eva-
nescent field stimulated by 1 nM insulin was severely
blunted in the insulin-resistant cells (Figure 9C). However,
unlike the change in recruitment to the PM, the 1 nM insulin-
stimulated increase in the amount of GLUT4 in the evanescent
field inserted into the PM was unaffected in insulin-resistant
adipocytes (Figure 9B). Thus, in the insulin-resistant adipocytes
the effects of 1 nM insulin on accumulation in the evanescent
field and the fraction of this GLUT4 inserted into the mem-
brane were uncoupled, providing additional support for the
hypothesis that these steps are differentially regulated by
insulin.

To further explore the differences between accumulation
in the evanescent field and insertion into the PM in insulin-
resistant adipocytes, we studied cells stimulated with a
lower concentration of insulin. The translocation of GLUT4
to the PM stimulated by 0.1 nM insulin was about half that
stimulated by 1 or 10 nM insulin (Figure 9A). There was a
shift to the right of the insulin dose response for GLUT4-
containing vesicle accumulation in the evanescent field in
insulin-resistant adipocytes, with an ECs, of the effect in
control cells of ~0.1 nM and an ECj, of greater than 1 nM for
the insulin-resistant adipocytes (Figure 9C).

The fraction of GLUT4 in the evanescent field that is
inserted into the PM was increased by nearly threefold in
cells stimulated with 0.1 nM insulin, similar to the effect of 1
or 10 nM insulin (Figure 9B). The effect of 1 nM insulin on
the fraction of GLUT4 in the evanescent field that was in-
serted into the PM was not affected by insulin resistance,
whereas the increase stimulated by 0.1 nM insulin was se-
verely blunted in the insulin-resistant adipocytes (Figure
9B). Thus, although insulin control of GLUT4 insertion into
the PM is indeed altered in the insulin-resistant cells, the
effect of insulin-resistance is only revealed at insulin concen-
trations <1 nM. Therefore, these data demonstrate that
GLUT4 accumulation in the evanescent field and the fraction
of this GLUT4 that is inserted into the PM have different
sensitivities to insulin, and as a result of this difference, they
are differentially affected in insulin-resistant adipocytes.

One possible explanation for the inhibition of insulin-
stimulated recruitment of GLUT4-containing vesicles is a
disruption in Akt phosphorylation of AS160. However,
there was no detectable reduction in Akt phosphorylation of
AS160 in the insulin-resistant cells (Supplemental Figure 3).
Therefore, despite normal phosphorylation of AS160, GLUT4-
containing vesicle accumulation in the evanescent field is dis-
rupted in the insulin-resistant cells. These results support re-
cent findings that insulin resistance measured by GLUT4
translocation (a functional measure of insulin action) is not
accompanied by a significant reduction in AS160 phosphory-
lation (Hoehn ef al., 2008).

DISCUSSION

GLUT4-specialized Vesicles Are Formed from
TR-containing Endosomes

Here we use quantitative TIRFM to analyze intracellular
trafficking of GLUT4. Past studies have characterized the
behavior of GLUT4 using TIRFM (Lizunov et al., 2005;
Gonzalez and McGraw, 2006; Bai et al., 2007; Huang et al.,
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2007). Those results established that GLUT4-containing ves-
icles adjacent to the PM are elements of the basal retention
machinery, emphasizing the importance of understanding
the mechanisms that control the biogenesis and targeting of
cargo to these vesicles. Here we begin to address some of
those questions. We show that mutations that increase
GLUT4 in the PM of basal adipocytes also caused an in-
creased colocalization of GLUT4 with TR in vesicles adjacent
to the PM and a corresponding decreased colocalization
with IRAP-containing vesicles. These findings reveal infor-
mation on two aspects of the biogenesis and function of
these vesicles. One, the altered colocalizations of the GLUT4
mutants establishes that GLUT4 defaults to TR recycling
vesicles when its targeting to the specialized vesicles is
altered; suggesting that the GLUT4/IRAP-containing spe-
cialized vesicles are derived from TR-containing endosomes
(as hypothesized in Figure 1A). Previous in vitro studies
have shown that GLUT4-containing vesicles can be formed
from endosomes (e.g., Shi and Kandror, 2005), but here we
provide evidence in studies of intact cells for the formation
of specialized GLUT4-containing vesicles from endosomes.
Two, correlation between the relative increases of the mu-
tants in TR recycling vesicles and the increased amounts of
the mutants in the PM of basal adipocytes, provides com-
pelling evidence that the mutants recycle to the PM in TR
recycling vesicles in basal adipocytes. Thus, targeting of
GLUT4 from endosomes to specialized vesicles adjacent to
the PM, mediated by cytoplasmic GLUT4 motifs, is an es-
sential aspect of proper basal intracellular retention.

In addition to being localized to specialized vesicles adja-
cent to the PM, GLUT4 also accumulates in a perinuclear
compartment that may be an element of the TGN (Figure
1A, retention pathway 1; Govers et al., 2004; Blot and
McGraw, 2008). Cycling of GLUT4 between this compart-
ment and endosomes, which is determined by the FQQI
motif, is important for basal retention (Blot and McGraw,
2008). Although it is likely that the majority of the GLUT4-
and IRAP-containing vesicles in the evanescent field are the
specialized vesicles noted in retention pathway 2 (Figure
1A), we cannot eliminate the possibility that some of the
GLUT4- and IRAP-containing vesicles in the evanescent
field are trafficking between the perinuclear compartment
and endosomal compartments (retention pathway 1). Re-
gardless, our data demonstrate that mutations that cause an
increase of GLUT4 in TR recycling vesicles result in an
increase of GLUT4 in the PM of basal adipocytes.

In Insulin-stimulated Adipocytes GLUT4 Does Not Traffic
to the PM in TR Recycling Vesicles

Within 15 min of insulin stimulation, the GLUT4 distribu-
tion between the PM and interior of cells achieves a new
steady state in which PM GLUT4 is increased by ~10-fold.
This increased steady-state level of PM GLUT4 supports
increased glucose transport and a corresponding decrease in
blood glucose. It is of considerable importance to under-
stand how elevated PM GLUT4 is maintained in the insulin-
stimulated steady state. The increases of the GLUT4 mutants
in the PM of basal adipocytes, particularly the eightfold
increase of the GLUT4 mutated in both the FQQI and TELE-
based motifs, raised the possibility that recycling of GLUT4
in TR recycling vesicles is involved in maintaining elevated
levels of PM GLUT4. However, insulin did not alter the
colocalization of GLUT4 and TR, demonstrating that GLUT4
is segregated from the TR recycling vesicles in the presence
of insulin. Consequently, GLUT4 traffics by a specialized
pathway in both basal and insulin-stimulated adipocytes.
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Differential Regulation in the Accumulation of GLUT4
Adjacent to the PM and Its Insertion into the PM

We had previously concluded, based on different sensitivi-
ties to Akt inhibition, that the accumulation of GLUT4 in the
evanescent field and the fraction of the GLUT4 in the eva-
nescent field that is inserted into the PM are differentially
regulated by insulin (Gonzalez and McGraw, 2006). A sim-
ilar conclusion has been reached for control of GLUT4-
containing vesicle trafficking in muscle cells (Randhawa et
al., 2008). The results reported here, using a dual-color
TIREM assay, are in agreement with those previous conclu-
sions. Moreover, we show that the control of GLUT4 accu-
mulation in the evanescent field and the control of the
fraction of GLUT4 in the evanescent field that is inserted into
the PM have different sensitivities to insulin. The effect of 1
nM insulin on the accumulation of GLUT4 in the evanescent
field was blocked in insulin-resistant adipocytes, whereas
stimulation of GLUT4 insertion into the PM was not affected.
The different sensitivities of these two steps in insulin-resistant
adipocytes provide independent and compelling support for
the hypothesis that GLUT4-containing vesicle accumulation
and insertion into the PM are differentially controlled by
insulin.

Selective Insulin Resistance in the Regulation of GLUT4
Translocation

The differential effect of insulin resistance on GLUT4 accu-
mulation in the evanescent field and insertion of this GLUT4
into the PM is an example of selective insulin resistance, a
state when one insulin-regulated process is resistant to the
effect of insulin, whereas another retains sensitivity (Brown
and Goldstein, 2008). In type 2 diabetes the liver displays
characteristics of selective insulin resistance with the glu-
coneogenic program resistant to the inhibitory effects of
insulin, whereas the stimulatory effect of insulin on lipogen-
esis is intact. The mechanism underlying this difference is
not known. Our results suggest inherent differences in insu-
lin sensitivities as a possible means for developing selective
insulin resistance. The accumulation in the evanescent field
and insertion into the PM of GLUT4-containing vesicles are
controlled by insulin, yet in insulin-resistant adipocytes
GLUT4 accumulation stimulated by 1 nM insulin was
blocked, whereas insertion into the PM fusion was unaf-
fected. These results establish selective insulin resistance in
two steps of insulin signaling to GLUT4. In control adipo-
cytes, 0.1 nM insulin had the same stimulatory effect on
GLUT4 insertion into the PM as 1 nM insulin, whereas
GLUT4 accumulation in the evanescent field stimulated by
0.1 nM insulin was less than that stimulated by 1 nM insulin.
We propose that this difference in sensitivity accounts for
the selective insulin resistance. We do not know whether
differences in the inherent sensitivity to insulin contribute to
other examples of selective insulin resistance, but our find-
ings establish the importance of considering how differences
in the EC50s might effect how these different processes are
altered in insulin resistance.

Mechanisms That Control GLUT4-containing Vesicle
Accumulation and Insertion into the PM

How insulin controls the fusion of GLUT4-containing vesi-
cles is not known. Phospholipase D (PLD) has been shown
to be involved in the control of GLUT4 vesicle fusion
(Huang et al., 2005). Thus, one possibility is that the stimu-
lation of insertion measured in the TIRFM assay reflects
control of PLD activity. Insulin may also exert control of
vesicle fusion through PLD-independent actions. There is
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precedent for the control of GLUT4 vesicle fusion via control
of SNARE protein function, and this remains one possible
site of insulin action (Watson and Pessin, 2007). In addition,
recent studies suggest that control of actin is important for
promoting GLUT4 translocation to the PM, perhaps by reg-
ulation of GLUT4-containing vesicle fusion (Chen et al.,
2006; McCarthy et al., 2006; Brozinick et al., 2007; Lopez et al.,
2009).

A number of steps could contribute to the increased ac-
cumulation of GLUT4 in the evanescent field. These include
formation of GLUT4-containing vesicles, the movement of
vesicles to the PM, and the docking of vesicles at the PM, as
well as the fusion of these vesicles to the PM. Changes in one
or all of these steps would contribute to the increased re-
cruitment. Of particular interest is the role of AS160. Past
studies have shown that AS160 is a negative regulator of
GLUT4 vesicle recruitment/docking (Zeigerer et al., 2004;
Jiang et al., 2008). Here we show that although insulin-
stimulated accumulation of GLUT4-containing vesicles is
inhibited in the insulin-resistant cells, insulin-stimulated
phosphorylation of AS160 (mechanism for inhibition of
AS160 GAP activity) is not inhibited. Our results extend
previous studies that demonstrated reduced GLUT4 trans-
location in insulin-resistant adipocytes was not accompa-
nied by a detectable change in AS160 phosphorylation
(Hoehn et al., 2008). Possible explanations for the uncoupling
of AS160 phosphorylation from GLUT4 translocation in the
insulin-resistant adipocytes include the following: the de-
regulation of AS160 function at a different level (e.g., AS160
localization), a change in a step preceding that controlled by
AS160, or the effect of insulin resistance reflecting the devel-
opment of a “dominant” activity that blocks recruitment, as
may be the case if a negative feedback loop is up-regulated
as a consequence of insulin resistance. The use of methods to
interrogate the individual steps controlling GLUT4 redistri-
bution to the PM will provide novel insights into insulin
action as well as how control of GLUT4 trafficking is dis-
rupted by the development of insulin resistance.
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