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Insulin regulates cellular glucose uptake by changing the
amount of glucose transporter-4 (GLUT4) in the plasma mem-
brane through stimulation of GLUT4 exocytosis. However, how
the particular trafficking, tethering, and fusion steps are regu-
lated by insulin is still debated. In a 3T3-L1 adipocyte cell line,
the Exocyst complex and its Exo70 subunit were shown to criti-
cally affect GLUT4 exocytosis. Here we investigated the effects
of Exo70 on tethering and fusion of GLUT4 vesicles in primary
isolated rat adipose cells. We found that Exo70 wild type was
sequestered away fromtheplasmamembrane innon-stimulated
cells, and its overexpression hadno effect onGLUT4 trafficking.
The addition of insulin increased the amount of Exo70 in the
vicinity of the plasma membrane and stimulated the tethering
and fusion ofGLUT4vesicles, but the rates of fusion andGLUT4
exposurewere not affected by overexpression of Exo70. Surpris-
ingly, the Exo70-Nmutant induced insulin-independent tether-
ing of GLUT4 vesicles, which, however, did not lead to fusion
and exposure of GLUT4 at the plasmamembrane. Upon insulin
stimulation, the stationary pretethered GLUT4 vesicles in
Exo70-N mutant cells underwent fusion without relocation.
Taken together, our data suggest that fusion of GLUT4 vesicles
is the rate-limiting step regulated by insulin downstream of
Exo70-mediated tethering.

At the cellular level, glucose uptake is regulated by control-
ling the amount of the GLUT4 2 glucose transporter present in
the plasma membrane (1, 2). In insulin-responsive adipose and
muscle cells, insulin regulates glucose uptake by promoting the
exocytosis of specialized GLUT4 storage vesicles (GSV) (3–5).
Althoughmany steps of the insulin signal transduction pathway
have been elucidated, themechanism bridging insulin signaling
with the actual fusion of GSV with the plasma membrane, with
concomitantly enhanced glucose uptake, is still missing (6–8).

Increasing evidence suggests that insulin regulates GLUT4
exocytosis at many different levels such as intracellular seques-
tration of GLUT4 into GSV, traffic to the plasma membrane,
and tethering and fusion (9, 10). Recent reports using total
internal reflection fluorescence (TIRF) microscopy and com-
prehensive kinetic analysis using rat adipose cells and 3T3-L1
adipocytes suggest that both tethering and fusion of GSV are
primary steps regulated by insulin stimulation (11–13).
Binding of insulin activates the insulin receptor tyrosine

kinase, whichmediates the signaling through a well established
phosphatidylinositol 3-kinase-dependent pathway, and down-
stream activation of Akt that regulates GLUT4 trafficking, at
least in part, through AS160 (14). Recent data suggest that
AS160 is a negative regulator of Rabs and that through its
GTPase-activating protein activity, it maintains the GLUT4
vesicles and associatedRabs in the state that excludesGSV from
trafficking to the plasma membrane (15). A variety of evidence
suggests the presence of a complementary pathway that acts
not on GSV but rather activates the plasmamembrane (16, 17).
The activation of the plasma membrane might include the
assembly of the tethering and docking machinery necessary for
efficient and massive GSV exocytosis.
One of the most debated alternative pathways involves the

Rho family member GTPase TC10 (18) that was shown to both
target actin regulatory proteins neuronalWiskott-Aldrich syn-
drome protein and Arp2/3, as well as recruit Exocyst compo-
nents, to the plasmamembrane (19). The Exocyst is amultisub-
unit complex involved in various exocytic pathways and has
been proposed to tether vesicles to the plasma membrane and
to mediate the interaction of fusion proteins (20–22). One of
the core components of the Exocyst complex, the Exo70 kDa
subunit, is critical for Exocyst complex assembly and has been
shown to interact with the SNARE-associated protein Snapin
(23). In yeast, Exo70 binds to the plasmamembrane at the active
site of exocytosis and targets specific secretory vesicles through
interaction with the other Exocyst subunits associated with the
vesicular membrane Sec5, Sec6, Sec8, Sec10, Sec15, and Exo84
(21). The truncated form of Exo70 lacking the C-terminal
domain gets mislocalized in the yeast and results in the partial
block of secretion (24). In 3T3L-1 cells, a similar mutant,
Exo70-N (1–384 amino acids), exhibits a dominant-negative
effect onGLUT4 exocytosis, suggesting that Exo70 is necessary
for insulin-stimulated tethering of GLUT4 vesicles (18, 25).
However, the role Exo70 plays in the insulin-stimulated tether-
ing and fusion of GLUT4 vesicles remains unclear. In the cur-
rent study, we utilized TIRF microscopy to visualize the traf-
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ficking ofGLUT4 vesicles in isolated rat adipose cells and tested
the effects of Exo70 and its dominant-negative mutant
(Exo70-N) on the tethering and fusion of GLUT4 vesicles.

EXPERIMENTAL PROCEDURES

Antibodies and Plasmids—Mouse anti-HA antibody (HA.11)
was from Berkeley Antibody Co. (Richmond, CA). Anti-Myc
antibody (9E10) was from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Conjugated antibodies Rhodamine Red-X
and Texas Red were from Jackson ImmunoResearch Laborato-
ries Inc. (West Grove, PA). 125I-sheep anti-mouse antibody was
from Dupont. Myc-Exo70 and Myc-Exo70-N were kindly pro-
vided by Dr. A. R. Saltiel. Caveolin-GFP and tubulin-GFP were
kindly provided by Dr. J. Lippincott-Schwartz. Construction of
the HA-tagged GLUT4 has been described previously (26). To
generate HA-GLUT4-mCherry, the mCherry was amplified
from pRSET-B mCherry (gift from S. M. Simon) using the
primers 5�-AGGTACCATGGTGAGCAAGG-3� and 5�-AGC-
GGCCGCTTACTTGTAC-3�. The PCR product was cut with
Kpn1 and Not1 and ligated into digested HA-GLUT4-GFP
pQB125 to generate HA-GLUT4-mCherry pQB125. The
sequence of HA-GLUT4-mCherry was verified by sequencing
(MTR Scientific, Ijamsville, MD).
Cell Culture, Transfections, and Cell Surface Antibody Bind-

ing Assay—Preparation of isolated rat adipose cells from male
rats (CD strain, Charles River Laboratories, MD), electropora-
tion of rat adipose cells, and the cell surface antibody binding
assay were performed as described (11, 27). Briefly, isolated
adipose cells were electroporated (3 � 12 ms, 500 V/cm) with
expression plasmids as indicated and cultured for 24 h at 37 °C
in 5% CO2. HA-GLUT4-GFP plasmid was used at a final con-
centration of 8�g/ml;Myc-Exo70 andMyc-Exo70-Nwere also
used at 8–16�g/ml. After stimulationwith 70 nM insulin for 30
min at 37 °C, subcellular trafficking of HA-tagged GLUT4 was
stopped by the addition of 2 mM KCN, and the amount of the
HA epitope on the cell surface was determined by an antibody
binding assay using a monoclonal anti-HA antibody and a I125-
labeled sheep anti-mouse secondary antibody as described (27).
Unless stated otherwise, the values obtained for empty vector-
transfected cells were subtracted from all other values to cor-
rect for nonspecific antibody binding.
Immunostaining of Cells and Confocal Microscopy—Immu-

nostaining of cells was performed as described elsewhere (3,
11). Cells were fixed in 4% paraformaldehyde/phosphate-buff-
ered saline for 10min at room temperature and then incubated
for 2 h with primary antibodies followed by incubation with
conjugated secondary antibodies for 1 h at room temperature.
Immunostaining of cell surface HAwas carried out under non-
permeabilized conditions, whereas labeling of intracellular
Exo70 was carried out in cells permeabilized by 0.1% saponin
(Sigma). Secondary antibodies (Rhodamine Red-X and Texas
Red) were imaged on an LSM510 confocal microscope (Carl
Zeiss MicroImaging, Inc., NY) using planapochromat �60 and
�100 1.4 NA oil objectives. Amultitrack protocol with sequen-
tial excitation at 488- and 543-nm wavelengths was utilized to
minimize cross-talk between the GFP and Rhodamine Red-X/
Texas Red channels. For each experimental condition, 5–10
images/cell were recorded from 10–15 cells. For three-dimen-

sional reconstruction, series of optical sections were collected
at 0.5-�m intervals, with the pinhole set at one Airy disc.
TIRF Microscopy of Live Isolated Rat Adipose Cells—An

objective-based total internal reflection microscopy setup built
around anOlympus IX70microscope was described previously
(11). Transfected adipose cells that were incubated overnight
were placed into Krebs-Ringer bicarbonate/Hepes buffer con-
taining 5% bovine serum albumin and 5% Ficoll (Sigma) and
added to Delta-T dishes (Bioptech, Butler, PA) kept at 37 °C.
Where specified, cells were stimulated with 100 nM insulin.
Cells floating in suspension were sandwiched between a dish
coverslip and a second coverslip on top (22-mm round, No. 1.,
Erie Scientific, Portsmouth, NH). Series of 100–300 time lapse
images for each cell were acquired at rates of 2–5 frames/s and
streamed into Metamorph via a video A/D card (FlashBus).
Image Analysis—Stacks of time-lapse images were processed

with ImageJ 1.37 (National Institutes of Health). Circular
regions of 3-pixel radius were used to identify single GLUT4
vesicles according to the following criteria. (i)Mean pixel inten-
sity was 20% higher than the background fluorescence, (ii) the
pixel intensity profile had a local maximum, and (iii) the full
width half-maximum of a Gaussian fit was less than 4 pixels.
Vesicle traffic analysis was carried out as follows. Projection
images with amaximum andmean intensity for each pixel were
made for each stack representing 1min of recording. Themean
projection image was then subtracted pixel by pixel from the
maximum projection to correct for non-uniform background
and to exclude stationary objects. The resulting image con-
tained the trajectories of mobile vesicles. Traces longer than 2
�m were identified visually, and the number of traces was
counted for 2–3 regions (10� 10 �m) for each cell. All data are
represented as means � S.D. unless stated otherwise.

RESULTS AND DISCUSSION

Expression and Subcellular Localization of GLUT4 and
Exo70—To study the effect of Exo70 on GLUT4 exocytosis, we
co-transfected isolated rat adipose cells with eitherMyc-tagged
Exo70 wild type or Myc-tagged Exo70-N mutant (amino acids
1–384) andHA-GLUT4-GFP constructs. Confocal microscopy
was used to assess the level of co-expression and visualize sub-
cellular localization of both proteins. The percentage of cells
expressing Myc-Exo70 (�30%) was slightly larger than that of
cells expressing HA-GLUT4-GFP (�20%). However, more
than 90% of the cells expressing HA-GLUT4-GFP also co-ex-
pressed Myc-Exo70, as was shown by anti-Myc antibody label-
ing (83 out of 92 cells in three independent experiments). No
significant difference in co-expression was observed between
wild-type and mutant Exo70.
Examination of confocal sections of the entire adipose cell

showed that GLUT4 and Exo70were localized to distinct struc-
tures thatwere scattered throughout the thin layer of cytoplasm
between the plasmamembrane and lipid droplet (Fig. 1A). Fur-
ther, we examined the subcellular localization of GLUT4 and
wild-type/mutant Exo70 in the vicinity of the plasma mem-
brane. In non-stimulated cells, bothGLUT4 and Exo70 had low
plasmamembrane staining, but substantial numbers of GLUT4
and Exo70 structures were close to the plasma membrane
(within 0.5 �m) (Fig. 1B). Because we did not observe any co-
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localization between GLUT4 and Exo70 puncta, we suggest
that themajority of Exo70 is associatedwith vesicular compart-
ments distinct from GLUT4 vesicles. Although GLUT4 is
known to localize in GSV in the basal state and redistribute to
the plasma membrane upon insulin stimulation, Exo70 is con-
sidered to be a cytosolic protein that has not been reported to
associate with intracellular vesicles. Thus, we expected it to
have a diffuse rather than punctate staining. To confirm the
punctate distribution of Exo70, we also used an antibody
directed to Exo70 that showed the same pattern (data not
shown).
Insulin stimulation induced a significant redistribution of

GLUT4 and both wild-type and mutant Exo70 to the plasma
membrane (Fig. 1C). This led to an effective increase in the
overlap of GLUT4 and Exo70. However, the GSV and Exo70
puncta still did not co-localize. Although the diffuse GLUT4
staining represents GLUT4 inserted into the plasma mem-
brane, the diffuse Exo70 staining is probably due to increased
association with the plasma membrane leaflet. (Fig. 1D). This
conforms to similar findings in 3T3-L1 adipocytes. As a part of
the Exocyst complex, Exo70 is expected to only transiently
interact withGLUT4 vesicles at the plasmamembrane tomedi-
ate their tethering. Thus, low association of GLUT4with Exo70
in the absence of insulin correlates with the low rate of GSV
tethering and fusion reported previously for non-stimulated
cells. Moreover, the increased overlap of Exo70 and GLUT4
upon insulin stimulation further supports the involvement of

Exo70 in the tethering of GSV. However, in contrast to pub-
lished 3T3-L1 cell data (19, 25), we could not detect a significant
difference in redistribution between wild-type and mutant
Exo70 in response to insulin.
Effect of Exo70 on GLUT4 Vesicle Tethering—To test how

Exo70 affects tethering of GLUT4 vesicles, we quantified traf-
ficking of GSV in the vicinity of the plasma membrane of iso-
lated adipose cells using total internal reflection fluorescence
microscopy. Consistent with previous reports, GSV traffic was
supported by the microtubule network, and all detected long
rangemovement of GSVwas alongmicrotubules (Fig. 2A). The
traffic intensity wasmeasured as the number of traffickingGSV
per defined area of 10 � 10 �m/min. Under non-stimulated
conditions, cells expressing wild-type Exo70 exhibited inten-
sive GLUT4 vesicle trafficking, similar to control cells express-
ing only GLUT4-GFP. Projections of traces (Fig. 2B) illustrate
the traffic intensity as traces/100 �m2/min. However, although
cells expressing wild-type Exo70 showed traffic intensity simi-
lar to control cells (GLUT4-GFP only), cells expressing
Exo70-N mutant exhibited a significantly reduced GSV traffic
(Fig. 2, B and C). This suggests that the Exo70-Nmutant might
induce GSV tethering, mimicking the effect of insulin. Consist-
ent with previous findings, insulin stimulation decreased GSV
traffic in control cells and cells expressing wild-type Exo70 by
increasing the frequency of vesicle tethering to the plasma
membrane (Fig. 2C). However, insulin did not induce any fur-
ther decrease of GSV trafficking in cells expressing Exo70

FIGURE 1. Co-expression and subcellular localization, of GLUT4 and Exo70, in insulin-stimulated and nonstimulated (basal) isolated rat adipose cells.
A, confocal section of the center of the cell (left) and three-dimensional projection of the whole cell (right) in the basal state. Note the scattered distribution of
GLUT4 and Exo70 throughout the thin layer of cytoplasm surrounding the lipid droplet. N, nucleus. B and C, confocal section of the plasma membrane region
of the basal (B) and insulin-stimulated (C) cells. GLUT4 is shown in green, and Myc-Exo70 is shown in red. Cells were transfected with HA-GLUT4-GFP and
Myc-Exo70WT (upper panels) or Myc-Exo70-N mutant (Exo70-MUT) (lower panels). Cells were either kept basal or stimulated with 67 nM insulin for 15 min, fixed,
permeabilized, and stained with anti-Myc-antibody followed by Rhodamine Red-X-conjugated antibody. All bars, 10 �m. D, quantified fluorescence of the Myc
antibody at the plasma membrane. AU, arbitrary units.
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mutant (Fig. 2C). This suggests that
the effect of insulin on tethering of
GSV can be mediated through in-
teractions dependent on the trun-
cated part of Exo70.
The decreased GSV trafficking

intensity in the Exo70 mutant cells
was not due to adverse effects on
the microtubules, as we found the
microtubule network intact (Fig.
1A), with the density and length of
microtubules similar to control cells
(supplemental material). Although
the expression of Exo70 mutant
diminished the path length of
mobile GLUT4 vesicles (Fig. 2D),
the speed was unaffected (�1.7 �
0.5 �m/s, calculated for long tracks
�5 �m). Also, to address the speci-
ficity of the Exo70 mutant effect on
GSV traffic, we co-expressed it with
caveolin-GFP and found no effect
on the traffic of caveolin-labeled
vesicles (supplemental material).
Altogether, these data indicate that
the effect of the Exo70mutant is not
related to the molecular motors
involved in microtubule-based traf-
fic but rather to the probability of
GSV tethering. In contrast to insu-
lin-induced tethering ofGSV,which
was followed shortly by fusion
events, the Exo70 mutant-induced
GSV tethering did not lead to fusion
in the absence of insulin (Fig. 3A).
The addition of insulinwas required
to induce fusion of pretetheredGSV
in Exo70 mutant-expressing cells
(Fig. 3B). This further supports the

notion that insulin is necessary for stimulating the fusion step
of GSV exocytosis.
Effect of Exo70 onGLUT4Vesicle Fusion—To test how Exo70

affects fusion of GSV, we utilized an HA-GLUT4-GFP con-
struct. This allows detection ofGLUT4 inserted into the plasma
membrane exposing theHAepitope to the exterior by the bind-
ing of an HA antibody in non-permeabilized cells (27). The
amount of GLUT4 in the plasma membrane was assessed in
isolated rat adipose cells co-expressing HA-GLUT4-GFP and
eitherwild-typeMyc-Exo70 ormutantMyc-Exo70. The level of
HA exposure was measured in bulk using a radioactive second-
ary antibody. In control experiments, co-localization of HA
labeling with GFP fluorescence was assessed (Fig. 4,A and B) to
visualize both the exposed and the intracellular GLUT4. In
non-stimulated cells, the amount of GLUT4 inserted into the
plasma membrane was low (�30% when compared with insu-
lin), and most of the HA antibody labeling was localized to
puncta (Fig. 4, A and B, upper panels). These puncta can repre-
sent the rare kiss-and-run fusion events of GSV (12) or sites of

FIGURE 2. Traffic of GLUT4 vesicles in Exo70-WT and Exo70-N mutant (Exo70MUT) cells visualized by
total-internal reflection fluorescence microscopy. A, GLUT4-mCherry vesicle (red) and tubulin-GFP
(green) in the TIRF zone of Exo70-N-expressing cell. Note the intact microtubular network. B, projection
images mapping traces of trafficking GLUT4 vesicles in the basal state in control cells and cells expressing
Exo70-WT and Exo70-N mutant. Images are inverted for clarity. All bars, 5 �m. C, quantified traffic intensity
(traces/100 �m2/min). D, average path length of GLUT4 vesicles exhibiting movement in the TIRF zone.

FIGURE 3. Tethering and fusion events of GLUT4 vesicles in cells express-
ing Exo70-N mutant. A, frames of time-lapse recording showing tethering
event of GLUT4 vesicle in non-stimulated cell. B, frames of time-lapse record-
ing showing insulin-stimulated fusion of pretethered vesicles. Red, GLUT4-
mCherry vesicle; green, tubulin-GFP. Bar, 1 �m.
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GLUT4 clustering at endocytic pits (13). After insulin stimula-
tion, both Exo70WT and Exo70 mutant cells exhibited a simi-
lar 2–3-fold increase in HA-antibody binding (Fig. 4C, solid
bars) and showed diffuse staining of the plasmamembrane that
colocalized with the GLUT4-GFP signal (Fig. 4, A and B, lower
panels). We could not detect any difference in distribution or
insertion of GLUT4 between control cells and cells expressing
either Exo70 wild type or Exo70 mutant. Thus, we conclude
that the overall rate of GLUT4 exocytosis is not affected by
expression of wild-type or mutant Exo70. The absence of cor-
relation between GLUT4 insertion and increased GSV tether-
ing suggests that tethering is not the rate-limiting step.
Different Effects of Exo70 in 3T3-L1 Cells and Primary Adi-

pose Cells—Insulin regulates GLUT4 exocytosis at multiple
steps involving trafficking, tethering, and fusion. Themolecular
events associated with stimulated GLUT4 exocytosis are likely
to take place at both the vesicular surface and the plasmamem-
brane. In the current study, we investigated the role of the Exo-
cyst component Exo70 on the trafficking and tethering events
of GSVs. We did not see any effect of overexpressing the wild-
type Exo70 protein. Surprisingly, the Exo70-N mutant, re-
ported to block the assembly of the Exocyst complex and
GLUT4 exocytosis in differentiated 3T3-L1 cells, enhances the
tethering in the primary adipose cells but does not affect the
rate of fusion, neither in the basal nor in the insulin-stimulated

state. The effect of the Exo70 mutant on the tethering in basal
conditions was strikingly similar to insulin-induced tethering
but is insufficient to induce fusion. This fact indicates that insu-
lin regulates fusion steps of GLUT4 exocytosis independently
of upstream tethering where Exo70 might be involved.
The mechanism of Exo70 targeting to the sites of exocytosis

at the plasma membrane remains controversial. Recent data
from budding yeast studies suggest that the C-terminal domain
of Exo70 protein is important for specific binding to phospha-
tidylinositol 4,5-bisphosphate lipids (24). Because insulin is
known to stimulate generation of phosphatidylinositols, it can
serve as means of Exo70 recruitment to the plasma membrane
(18). On the other hand, theN-terminal domain of Exo70 (1–99
amino acids) binds TC10 and Snapin (23) and thus can associ-
ate with SNARE machinery through protein interaction with-
out relying on lipid binding.
In non-stimulated 3T3-L1 cells, Exo70 is located in the

perinuclear regions (18, 19). In response to insulin, the Exo70
wild type translocates to the plasma membrane, whereas the
Exo70-N mutant stays in the perinuclear region (19). This was
thought to disrupt assembly of the Exocyst complex at the
plasma membrane and ablate the GLUT4 exocytosis. In the
mature primary adipose cells, we found that bothwild-type and
mutant Exo70were localized in theTIRF zonewithin 200 nmof
the plasma membrane and not in the perinuclear region as in

FIGURE 4. Insulin-induced exposure of GLUT4 at the plasma membrane of Exo70-WT and Exo70-N mutant (Exo70MUT) cells. A and B, confocal images
of isolated adipose cells transfected with WT Exo70 (A) or mutant Exo70-N (B). HA-GLUT4-GFP is shown in green; GLUT4 with HA epitope exposed at the plasma
membrane surface is shown in red. Cells were kept basal (upper panels) or stimulated with 67 nM insulin for 15 min (lower panels), fixed without permeabilization,
and stained with mouse anti-HA-antibody followed by anti-mouse Rhodamine Red-X antibody. Note the difference between the punctuate localization of
GLUT4 throughout the thin layer of cytoplasm in the basal state and the diffuse plasma membrane staining in the insulin-stimulated state. All bars, 10 �m.
C, the relative amount of the HA epitope on the cell surface determined by an antibody-binding assay using a monoclonal anti-HA antibody and a 125I-labeled
sheep anti-mouse secondary antibody.
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the basal 3T3L-1 differentiated adipocytes. Thus, there is no
need for long ranged translocation/movement of Exo70 neces-
sary for GLUT4 exocytosis in mature adipose cells.
In fact, this discrepancy in distribution is not specific to

Exo70 but rather is a general difference in cellular architecture
between newly differentiated 3T3-L1 adipose cells and mature
primary adipose cells (3, 27). For example, in primary adipo-
cytes, 90% of the GLUT4 resides in GSV close to the plasma
membrane surface and does not require translocation from the
perinuclear areas in response to insulin (11). The central lipid
droplet in primary adipose cells occupies 99% of the cell volume
and thereby pushes all the intracellular compartments to the
periphery in close apposition to the plasma membrane. Even
theGolgi structures are found to be dispersed far away from the
nucleus. This unique architecture of mature adipose cells may
promote a shift to local autonomous recycling of GLUT4 to
minimize its dependence on recycling compartments located in
perinuclear area.
So far, most studies addressing themolecularmechanisms of

insulin-regulated GLUT4 exocytosis have been done using cul-
tured adipose cells, 3T3-L1 cells, and isolated primary cells,
models that both have disadvantages. Although the differenti-
ated 3T3-L1 cells never develop into fully mature adipose cells
and are maintained in culture only for a relatively short period
after differentiation, mature adipose cells can be cultured only
for a few days after isolation, which limits the application of
techniques such as small interfering RNA. New strategies
involving stromal cells derived from adipose tissue have shown
a potential to develop into mature adipose cells that could be
kept in culture without losing the adipose phenotype (28). This
promises to be an invaluable tool for answering the question
how differentiation and maturation of adipocytes affects
molecular machinery involved in GLUT4 exocytosis.
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