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Total internal reflection fluorescence (TIRF) microscopy reveals highly mobile structures containing en-
hanced green fluorescent protein-tagged glucose transporter 4 (GLUT4) within a zone about 100 nm beneath
the plasma membrane of 3T3-L1 adipocytes. We developed a computer program (Fusion Assistant) that
enables direct analysis of the docking/fusion kinetics of hundreds of exocytic fusion events. Insulin stimulation
increases the fusion frequency of exocytic GLUT4 vesicles by ~4-fold, increasing GLUT4 content in the plasma
membrane. Remarkably, insulin signaling modulates the kinetics of the fusion process, decreasing the vesicle
tethering/docking duration prior to membrane fusion. In contrast, the kinetics of GLUT4 molecules spreading
out in the plasma membrane from exocytic fusion sites is unchanged by insulin. As GLUT4 accumulates in the
plasma membrane, it is also immobilized in punctate structures on the cell surface. A previous report
suggested these structures are exocytic fusion sites (Lizunov et al., J. Cell Biol. 169:481-489, 2005). However,
two-color TIRF microscopy using fluorescent proteins fused to clathrin light chain or GLUT4 reveals these
structures are clathrin-coated patches. Taken together, these data show that insulin signaling accelerates the
transition from docking of GLUT4-containing vesicles to their fusion with the plasma membrane and promotes

GLUT4 accumulation in clathrin-based endocytic structures on the plasma membrane.

The concentration of glucose transporter 4 (GLUT4) in the
plasma membrane (PM) determines the rate of glucose me-
tabolism in adipose and muscle cells, which in turn contributes
to whole-body glucose homeostasis. Cellular GLUT4 is dynam-
ically distributed among the PM and various intracellular
membrane compartments (7). Insulin stimulation significantly
increases the exocytic rate of GLUT4 vesicles while modestly
inhibiting GLUT4 endocytosis, resulting in >10-fold increases
in PM GLUT4 in primary adipocytes (7, 24). Insulin sig-
naling mobilizes a population of specialized insulin-responsive
GLUTH4 vesicles (IRVs) towards the PM, potentially through
motor protein activities of KIF3 and KIF5B kinesins on mi-
crotubules (19, 39). Near the PM, a cortical F-actin network
and unconventional myosin 1c¢ promote GLUT4 vesicular traf-
ficking and fusion (5, 18). Subsequent membrane fusion events
are mediated by soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE) core proteins syntaxin 4,
vesicle-associated membrane protein 2, and synaptosome-as-
sociated protein 23 (12, 43). The SNARE core is energetically
extremely stable; thus, the timing of its formation and subse-
quent dissociation is likely regulated by SNARE-associated
proteins, such as Munc-18c, tomosyn, synip, and pantophysin
(43). Recently Lizunov et al. applied total internal reflection
fluorescence (TIRF) microscopy to this problem in primary fat
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cells (30). Insulin reduces the average distance GLUT4 vesicles
travel in the TIRF evanescence field. These results, indicating
immobilization of GLUT4 by insulin, are interpreted by the au-
thors to reflect tethering of exocytic GLUTH4 vesicles to the PM
prior to membrane fusion (30).

Retrieval of GLUT4 from the PM is mediated through the
clathrin-mediated endocytic pathway (35, 25), as well as a
cholesterol-dependent pathway (3). Interestingly, GLUT4 in-
ternalization in the basal state is reported to be mostly through
the latter pathway, which is inhibited by insulin (3). These
novel findings indicate that insulin signaling to inhibit choles-
terol-dependent endocytosis contributes significantly to the ac-
cumulation of GLUT4 on the PM. Beyond that, molecular
mechanisms governing GLUT4 transitions through the early
endosomal compartments are largely unknown, with Rab5 and
EH domain-containing protein 2 being recently implicated in
these processes (15, 17). While part of this endocytic pool of
GLUTH4 is recycled back to the PM through the general endo-
somal recycling compartments, the majority of internalized
GLUT4 molecules are proposed to replenish IRVs (16, 28). It
is still debated whether the trans-Golgi network is involved in
GLUT4 sorting from endosomes to IRVs (7, 26). Recent evi-
dence suggests that the Golgi compartment-localized, gamma-
ear-containing, ADP ribosylation factor-binding protein GGA
is responsible for targeting newly synthesized GLUT4 to IRVs
(44). Intriguingly, GGA also appears to be involved in convert-
ing endocytic GLUTH4 vesicles to IRVs (29).

A critical unanswered question about GLUT4 trafficking is
the site or sites along the membrane recycling pathway that are
regulated by insulin. In order to further analyze GLUT4 dy-
namics near the PM, we used a custom-built two-color TIRF
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microscope to investigate GLUT4 trafficking in cultured
3T3-L1 adipocytes. Insulin promotes a ~3.0-fold increase of
enhanced-green-fluorescent-protein (EGFP)-tagged GLUT4
(GLUT4-EGFP) fluorescence in the TIRF evanescence field,
which is accompanied by apparent immobilization of punctate
GLUTH4 structures. Two-color TIRF microscopy of adipocytes
coexpressing EGFP-tagged GLUT4 and dsRed-tagged clathrin
light chain indicates that the immobilization effect is largely
due to insulin-induced GLUT4 accumulation in immobile
clathrin-coated pits rather than in exocytic GLUT4 vesicles.
When TIRF imaging was carried out at 10 frames per second
(fps), abundant single-vesicle fusion events were resolved in
insulin-stimulated adipocytes, with many fewer fusion events
detected in unstimulated cells. Importantly, all fusion pro-
cesses are completed within ~1 s and are preceded by vesicle
docking periods typically lasting a few seconds. We have de-
veloped a computer program (Fusion Assistant) that facilitates
analysis of hundreds of single-vesicle docking/fusion kinetics.
We found insulin increases GLUT4 vesicle fusion frequency by
~4-fold while substantially decreasing the vesicle-docking du-
ration. These results provide direct evidence with live cells
supporting insulin regulation of the GLUT4 vesicle docking/
fusion mechanism at the PM.

MATERIALS AND METHODS

Plasmid constructs, cell culture, and plasmid transfection. The Myc- and
EGFP-tagged GLUT4 construct has been described previously (23). This con-
struct was digested with EcoR1 and Xbal to replace the EGFP tag with mono-
meric red fluorescence protein 1 (mRFP1). The previously characterized dsRed-
tagged clathrin light chain construct is a generous gift from Wolfhard Almers
(32), and the EGFP-tagged clathrin light chain is from our colleagues (2). 3T3-L1
fibroblasts were grown to confluence and differentiated as described previously
(18). About 4 X 10° adipocytes differentiated for 7 days were electroporated
using Amaxa (Gaithersburg, MD) Nucleofector in a 0.1-ml transfection solution
containing one or two of the above plasmid constructs (2 to 4 pg per construct
per transfection). The cells were divided and plated into four to eight MatTek
(Ashland, MA) culture dishes with a 10-mm-diameter coverslip (no. 1.5) bottom.
After overnight cell culture and on the day of TIRF microcopy, transfected
adipocytes in each dish were serum starved for >2 h before being switched into
2 ml KRH buffer (125 mM NaCl, 5 mM KCl, 1.3 mM CaCl,, 1.2 mM MgSO,, 20
mM b-glucose, 25 mM HEPES [pH 7.4], 0.2% [wt/vol] bovine serum albumin).
TIRF imaging was typically carried out in this medium for 5 min, followed by 15
min of stimulation with 100 nM human insulin (Eli Lilly, Indianapolis, IN).

TIRF microscopy. The custom-built TIRF microscope has been described
previously (2). The incident angle at the glass-water interface was measured
using a previously described method (38), from which a typical evanescent field
depth of ~100 nm was estimated. Two Coherent (Santa Clara, CA) Innova 70C
lasers, argon (488-nm line) and argon-krypton (568 nm line), excite the EGFP
and mRFP1/dsRed-tagged fusion proteins, respectively. The resulting fluores-
cence passes through a 488-568PC dichroic mirror (Chroma, Rockingham, VT),
and EGFP and mRFP1/dsRed signals were selected using HQ525/50 band-pass
(Chroma) and 3RD590LP long-pass (Omega Optical, Brattleboro, VT) filters,
respectively. Due to chromatic aberrations, the red image was focused ~0.4 um
below the green image, which was corrected by a piezoelectric driver (E-662
LVPZT-Amplifier; PI GmbH & Co., Waldbronn, Germany) coupled to the
objective. Thus, for a two-color TIRF experiment, one image was taken with an
80-ms exposure, followed by a 200-ms interval during which the laser light and its
matching emission filter were selected and the correspondent focal plane piezo-
electrically adjusted before another 80-ms exposure for the second image. The
TIRF microscope is equipped with a Nikon 60X 1.45-numerical-aperture objec-
tive, and the entire microscopic setup is enclosed in a heated chamber with the
interior temperature maintained at 35°C. Resulting TIRF images have a 100-nm
pixel size.

Image processing. The local Biomedical Imaging Group (http:/invitro
.umassmed.edu) developed the necessary algorithms and computer programs for
this study. For each TIRF image, a 16-by-16-pixel region in its background was
selected, within which the average intensity (<BI>) and its associated standard
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deviation (std) were calculated. A threshold intensity (i.e., TI = <BI> + 3 X
std) was subtracted from the image, which eliminates ~99.7% background sig-
nals (Fig. 2A and B). The halo of scattered fluorescence surrounding the actual
cell boundary was due to fluorescence scattering within the adipocyte and thus
was included as the whole-cell fluorescence intensity (Fig. 2C). The procedures
of isolating punctate GLUT4 and clathrin structures and creating the correspon-
dent binary images are demonstrated and described in detail in Fig. S1 in the
supplemental material. Briefly, the edges of punctate GLUT4 structures (see Fig.
S1A in the supplemental material) were enhanced using the differentiation-of-
Gaussian algorithm (see Fig. S1B in the supplemental material). Subsequently, a
mask was created in which pixels within the edges have a uniform intensity of 1
and those outside the edges have a uniform intensity of 0 (see Fig. S1C in the
supplemental material). Applying (i.e., multiple) the mask to the original image
separated out the punctate GLUT structures (e.g., see Fig. S1D in the supple-
mental material). An individual GLUT4 structure is defined as a local intensity
maximum where the pixel intensity is higher than or equal to those of all its eight
immediate neighbors. Applying this rule to isolated regions containing punctate
GLUTH4 structures (e.g., see Fig. S1D in the supplemental material), a computer
program automatically identifies all possible individual GLUT4 structures (e.g.,
see red dots in Fig. S1E in the supplemental material).

Fusion Assistant. Using the procedures described above, all possible GLUT4
vesicles were identified for every TIRF image acquired using the burst protocol
at 10 fps (illustrated in Fig. 8). Starting from the first image of the TIRF image
sequence (e.g., 3,200 images acquired in 4 min of burst imaging after insulin
addition), a trajectory of single-vesicle movements in the TIRF evanescence field
was constructed by mapping a GLUT4 “vesicle” to its nearest neighbor in the
next TIRF image acquired 0.1 s later. The trajectory was stopped when no
“vesicle” was found within a circle of 1-pixel radius centered at the previous
“vesicle” position. This procedure was repeated for every possible GLUT4 “ves-
icle” using a greedy-matching algorithm (9). Subsequently, each single-vesicle
trajectory was screened for a possible fusion event based primarily on three rules
derived from quantitative characterization (e.g., see Fig. 6; also see Fig. S5 in the
supplemental material) of dozens of manually identified fusion events occurring
in both quiescent and insulin-stimulated adipocytes. Development of Fusion
Assistant is described in further detail in Results and Discussion (see Fig. 7; also
see Movies S9 and S10 in the supplemental material).

Correcting random pixel colocalization. Two images (Im1 and Im2) have the
same dimensions and M pixels in each image. N1 and N2 are randomly distrib-
uted pixels with positive pixel intensities in Im1 and Im2, respectively. Thus, the
numbers of randomly colocalized, positive pixels are (N1/M)(N2/M)M = (N1 X
N2)/M. The percentage of randomly colocalized positive pixels in Im1 is [(N1 X
N2)/M/N1] X 100% = [N2/M] X 100%.

RESULTS

TIRF microscopy reveals abundant punctate GLUT4 struc-
tures beneath the PM of 3T3-L1 adipocytes. Cultured adipo-
cytes transiently expressing GLUT4-EGFP were imaged with
wide-field (Fig. 1A) and TIRF (Fig. 1B) microscopy while
focusing on the coverslip-attached PM. With a high numerical
aperture objective, wild-field imaging typically resolves struc-
tural details within a ~1-pm vertical slice of the adipocyte (Fig.
1A) (36). However, fluorescence signals originating outside of
this ~1-wm section are also captured in the image, resulting in
a mostly uniform background that blurs the resolved structural
details (Fig. 1A). In contrast, the TIRF evanescence field de-
cays exponentially from the coverslip-water interface. Thus,
only fluorophores within a ~100-nm zone extending from the
PM (Fig. 1) are sufficiently excited so that their fluorescence
signals are resolved in the TIRF image (Fig. 1B). This vastly
improved signal-to-background ratio reveals many punctate,
vesicle-like structures containing GLUT4-EGFP fluorescence
just beneath the PM (Fig. 1B), which have also been detected
in previous TIRF studies of cultured and primary adipocytes
(30, 41). These punctate GLUT4 structures could be related to
multiple trafficking events, such as exocytic vesicle tethering/
docking, vesicle fusion, clathrin-mediated endocytosis, and ves-
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FIG. 1. TIRF microscopy reveals abundant GLUT4 vesicles underneath the PM of 3T3-L1 adipocytes. Both the wide-field (A) and TIRF
(B) images are taken from the same adipocyte while focusing on the coverslip-attached PM. Scale bar in panel A, 5 wm. The TIRF evanescence
field decays exponentially according to the equation /(z) = 1(0) X exp(—z/D), where 1(0) and I(z) are excitation intensities at the coverslip-water
interface and at z distance away from that interface, respectively (see diagram at right side of the cartoon illustration). The characteristic
penetration depth (D) of the TIRF evanescence field is typically measured to be ~100 nm (see Materials and Methods). Thus, within this field,

exocytic vesicle docking and fusion, as well as GLUT4 endocytosis,

can be observed (see illustration). Insulin mobilizes intracellular insulin-

responsive, GLUT4-containing vesicles (IRVs) towards the PM. The dotted blue line suggests a potential “short-circuit” pathway through which
GLUT4-containing early endosomes (EEs) recycle back to the PM without going through intracellular sorting compartments (see black box).

icles constantly entering and leaving the TIRF evanescence
field (see model in Fig. 1).

Insulin promotes GLUT4 exocytosis to the PM. Represen-
tative TIRF images acquired before and after insulin addition
are shown in Fig. 2A and B, respectively. There are hundreds
of punctate GLUT4 structures in the TIRF evanescence field
of a quiescent adipocyte (Fig. 2A), and rapid movements as-
sociated with most of these structures suggest they are not
tethered/docked to the PM (see Movie S1 in the supplemental
material). There is little diffuse GLUT4-EGFP fluorescence in
the background (Fig. 2A), suggesting a low GLUT4 presence
in the PM. Thus, in quiescent adipocytes, either GLUT4 ves-
icle fusion with the PM is effectively blocked or subsequent
GLUTH4 endocytosis is very efficient, or both. Insulin promotes
a dramatic increase in the total and diffuse GLUT4-EGFP
fluorescence in the TIRF evanescence field (compare Fig. 2A
and B) (see Movie S1 in the supplemental material). This is

accompanied by the appearance of an extended cell surface
area (the initial cell boundary is outlined in Fig. 2A and B) and
dramatic membrane ruffling events (see Movies S1 and S3 in
the supplemental material). Quantification of fluorescence
changes indicates a ~3.0-fold increase of total GLUT4-EGFP
signal in the TIRF evanescence field for the whole cell and a
~2.5-fold increase within the initial cell boundary (Fig. 2C).
Average results from eight adipocytes indicate a ~3.0-fold
fluorescence increase for the entire cell boundaries and a
~2.6-fold increase within the initial cellular boundaries (Fig.
2D). These increases represent higher insulin responses than
the 1.3- to 2.2-fold increases obtained from previous TIRF
studies using 3T3-L1 adipocytes expressing GLUT4-EGFP
constructs (13, 41). Nevertheless, such fluorescence enhance-
ments in the TIRF evanescence field are significantly smaller
than the correspondent 5- to 10-fold increases in the cell sur-
face-exposed GLUT4 content estimated using three different
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FIG. 2. Insulin stimulates GLUT4 exocytosis to the PM. Adipocytes transiently expressing GLUT4-EGFP were serum starved >2 h (i.e., basal
conditions) before TIRF microscopy. Single-cell imaging was carried out at 1 fps for 5 min under the basal conditions, followed by 15 min of
stimulation with 100 nM insulin (see Movie S1 in the supplemental material). Thus, a total of 1,200 images (i.e., imgl to img1200) were acquired,
and img3 (A) and img902 (B) are representative cell conditions before and after insulin stimulation, respectively. Scale bar in panel A, 5 pm. After
subtracting background signals (see the resulting blue background in panels A and B), remaining fluorescence intensities of the whole cell or within
the initial cell boundary (i.e., red lines in A and B) were normalized to their respective average intensities before insulin addition and were plotted
in panel C. The average insulin-induced fluorescence intensity changes for eight adipocytes are plotted in panel D, together with the standard
errors of the mean.
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FIG. 3. Insulin promotes apparent immobilization of punctate GLUT4 structures. The principle of estimating vesicle mobility based on
temporal colocalization (coloc.) between pairs of images separated by At is illustrated. For example, a fast-moving vesicle (red circles) has already
moved away from its original position (open red circle) over At, while a slow-moving vesicle (blue circles) still partially overlaps with its original
position (open blue circle). Over 2X At, both vesicles have no colocalization with their original positions. Thus, the degree of temporal
colocalization is inversely related to vesicle mobility. To eliminate colocalization of background signals, GLUT4-containing structures were first
isolated from each TIRF image using algorithms demonstrated in Fig. S1 in the supplemental material. The initial cell boundary outlined in Fig.
2 is used to retain the same area for colocalization analysis. Image A shows colocalized regions (white) between two images acquired under basal
conditions and separated by 1's (At = 1 s; green, early image [EI]; red, later image [LI]). Ten minutes after insulin addition, such colocalized regions
(white) increase dramatically (B). Scale bar in panel A, 2 pm. Colocalization details within a magnified segment of the cell (box in A) for the entire
image sequence (i.e., imgl versus img2, img2 versus img3 . . . img1199 versus img1200) are included in Movie S2 in the supplemental material. PC
is defined as the percentage of pixels in EI colocalizing with pixels in LI. The corrected PC values (corrected for random colocalization; see
Materials and Methods) for Af values of 15,35, 105,30, 60s, 90 s, 120 s, 150 s, 180 s, and 210 s are computed for the whole image sequence
and are plotted in panel C. Increasing At values result in decreasing PC values (C). Thus, the average PC values before (averaged between 0 and
30 s in panel C) and after (averaged between 900 and 930 s in panel C) insulin addition are plotted against their respective At intervals in panel
D. Lines in panel D represent nonlinear least-square fits of the data using a two-exponential decay model (see Fig. S2 in the supplemental material
for detail).

quantitative GLUT4 translocation assays (4, 46, 14). Thus, it
should be emphasized that TIRF microscopy measures the
total fluorescence intensity of GLUT4-EGFP molecules dis-
tributed among the PM and various membrane structures at-
tached to or immediately beneath the cell surface (Fig. 1). In
contract, the aforementioned translocation assays detect only
GLUT4 molecules incorporated into the PM with their exofa-
cial loops exposed to extracellular antibody labeling.

Insulin promotes immobilization of punctate GLUT4 struc-
tures in the TIRF evanescence field. One of the most dramatic

observations from our TIRF study is the apparent immobili-
zation of rapidly moving GLUT4 into static punctate GLUT4
structures (see Movie S1 in the supplemental material). In a
similar TIRF study using primary fat cells, Lizunov et al. also
found that “insulin immobilizes GLUT4 vesicles into clusters
on the PM” (30). We then developed a novel technique effec-
tive in quantifying these immobilized structures. The principle
of estimating object mobility based on temporal colocalization
of two images acquired with time interval At is illustrated and
explained in Fig. 3. In such analysis, mobility of an object is
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inversely related to the degree of colocalization between its
temporal positions, and in TIRF microscopy, both vertical and
lateral object movements will reduce such colocalization. Fig-
ures 3A and B show that colocalized punctate structures be-
tween pairs of images separated by 1 s (i.e., early image and
later image) increase dramatically 10 min after insulin addi-
tion, indicating substantially reduced vesicle mobility. We fur-
ther define percentage colocalization (PC) as the percentage of
structural pixels in the early image colocalizing with those in
the later image. This PC value is further corrected for the
expected random colocalization (i.e., any two unrelated images
have random colocalization; see Materials and Methods).
Thus, the corrected PC values for the whole image sequence
(i.e., 1,200 images per experiment [see Movie S1 in the sup-
plemental material]) are computed for various Az intervals,
which are plotted in Fig. 3C. The steady-state PC levels before
insulin addition decrease with increasing At (Fig. 2C), which is
expected, because with dynamic GLUT4 structures, two im-
ages separated further in time will have less colocalization.
Insulin changes the dynamics of punctate GLUT4 structures,
and new steady-state PC levels are established within 500 s of
insulin addition (Fig. 3C). For a Af value of >10 s, some
corrected PC values temporarily drop to zero before insulin
addition. This is caused by temporal colocalization of images
acquired before and after insulin addition, respectively. Addi-
tion of insulin slightly shifts subsequent TIRF images in lateral
directions (see Fig. 4C and F), and punctate GLUT4 structures
also rearrange themselves in response to insulin (see transi-
tions to new steady-state PC levels in Fig. 3C). The fact that
these corrected PC values do not significantly deviate below
zero validates our method for subtracting random colocaliza-
tion, since there cannot be negative colocalization.

The decay of steady-state PC levels with increasing At values
contains dynamic information about the punctate GLUT4
structures. Thus, we plotted average steady-state PC values
before and after insulin addition against their respective At
intervals (Fig. 3D). At each At value, the steady-state PC level
after insulin is always higher than its “before-insulin” counter-
part, indicating less-mobile GLUT4 structures, consistent with
results shown in Fig. 3A and B and visual inspection of Movie
S1 in the supplemental material. Fitting the data with a two-
exponential decay model (lines in Fig. 3D) (see Fig. S2 in the
supplemental material for detail) reveals a population of im-
mobile GLUT4 structures, whose temporal colocalization is
insensitive to increasing At values (i.e., residual PC when Af
approaches infinity). Importantly, insulin greatly enlarges this
pool of immobile GLUT4 structures (i.e., ~2.5-fold increase in
residual PC) for the cell shown in Fig. 3 and for six adipocytes
studied (i.e., ~1.5-fold increase in residual PC [see Fig. S2 in
the supplemental material]).

Insulin stimulation results in rapid accumulation of GLUT4
molecules in immobile clathrin-coated pits. Taken together,
the results of the above analyses show that insulin treatment of
cultured adipocytes leads to immobilization of GLUT4 in
punctate structures in the TIRF zone. This confirms the ob-
servations of Lizunov et al. (30), who also noted this phenom-
enon. These workers proposed that this immobilization of
GLUTH4 reflects the tethering of GLUT4 vesicles with the PM
prior to fusion. An alternative possibility is that after mem-
brane fusion, GLUT4 moves to localized regions within the
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PM which are relatively immobile. The latter hypothesis is
supported by recently published work, which characterized a
large population of immobile clathrin-coated patches in pri-
mary adipocytes and COS cells using an EGFP-tagged clathrin
light chain construct (clathrin-EGFP) (2). These findings are
consistent with previous imaging results indicating 70 to 80%
of clathrin-coated pits are static (34). However, photobleach-
ing studies and TIRF imaging at 50 fps carried out by Bellve et
al. indicate that these seemingly “static” clathrin patches are
active sites for transferrin receptor endocytosis (2).

To test this hypothesis, 3T3-L1 adipocytes were cotrans-
fected with GLUT4-EGFP and a precharacterized dsRed-
tagged clathrin light chain construct (i.e., clathrin-dsRed) (32),
and two-color TIRF microscopy was carried out as described in
the Fig. 4 legend. Movie S3 in the supplemental material shows
a dramatic insulin-stimulated increase of GLUT4-EGFP fluo-
rescence in the TIRF evanescence field, which is accompanied
by extensive membrane ruffling events. In contrast, the clath-
rin-dsRed signal is modestly enhanced upon insulin stimula-
tion and the majority of clathrin-coated pits appear to be
immobile throughout the experiment (see Movie S4 in the
supplemental material). Average results from five cells indicate
that insulin increases the clathrin-dsRed fluorescence in the
TIRF evanescence field by only ~15% (data not shown), which
is significantly smaller than the correspondent ~300% increase
of GLUT4-EGFP fluorescence shown in Fig. 2D. Since the
clathrin-coated pits are mostly localized to the inner leaflet of
the PM, this result indicates that insulin induces no or little
change in PM proximity to the glass-water interface, which
cannot account for the significant increase in the GLUT4-
EGFP fluorescence in the evanescence field (Fig. 2D). Repre-
sentative colocalization images acquired before and after in-
sulin addition are shown in Fig. 4A and D, respectively. Under
basal conditions, GLUT4 (green) and clathrin (red) compart-
ments have limited colocalization (white) (Fig. 4A). Ten min-
utes after insulin addition, GLUT4-EGFP fluorescence in-
creases dramatically, and essentially all clathrin-coated pits
turn white, suggesting GLUT4-EGFP occupancy (Fig. 4D). To
show the colocalization details, a segment of the cell (box in
Fig. 4A or D) is magnified and shown in Fig. 4B and C (before
insulin) and Fig. 4E and F (10 min of insulin). For the two
clathrin images taken 15 min apart, the overall clathrin distri-
bution pattern remains essentially unchanged (Fig. 4C and F)
except for a small lateral shift caused by insulin addition. Be-
fore insulin, there is little GLUT4-EGFP presence in the clath-
rin-coated pits (Fig. 4B), which are all filled with GLUT4-
EGFP after 10 min of insulin stimulation (Fig. 4E). This result
indicates that insulin-induced immobilization of punctate
GLUT4 structures (Fig. 3; also see Fig. S2 in the supplemental
material) can be largely attributed to GLUT4 accumulation in
“static” clathrin-coated pits.

To quantify temporal changes of GLUT4-clathrin colocal-
ization, we created binary images of GLUT4 and clathrin com-
partments (see Fig. S3 in the supplemental material) using
algorithms demonstrated in Fig. S1 in the supplemental mate-
rial. Colocalization of two binary clathrin images acquired un-
der the basal conditions and separated by 1 min indicates that
the majority of the clathrin compartments have limited lateral
mobility (see Fig. S4F in the supplemental material), which is
consistent with visual inspection of Movie S4 in the supple-
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FIG. 4. Insulin promotes GLUT4 accumulation in clathrin-coated membranes. Two-color TIRF microscopy of adipocytes coexpressing
GLUT4-EGFP and clathrin-dsRed was carried out under the basal conditions for 5 min, followed by 100 nM insulin stimulation for 15 min. One
GLUT4-EGFP image and one clathrin-dsRed image were acquired every 2 s with a 200-ms interval between the green and red images. Thus, a
total of 1,200 TIRF images can be split into individual GLUT4 (see Movie S3 in the supplemental material) and clathrin (see Movie S4 in the
supplemental material) movies, each containing 600 images acquired at one frame per 2 s. Representative colocalization (white) between GLUT4
(green) and clathrin (red) compartments acquired before or 10 min after insulin stimulation are shown in images A and D, respectively. Magnified
views of the boxed regions (64 by 64 pixels) in images A and D are shown in images B and C and images E and F, respectively. Although images
C and F were taken 15 min apart, the same pattern of clathrin distribution, although laterally shifted, is still distinguishable (e.g., arrows in C and
F). In contrast, GLUT4 occupancy of these clathrin-coated membranes increases dramatically after insulin stimulation (compare B and E). Scale

bars in images A, B, and D are 1 pm.

mental material. Interestingly, colocalization of the correspon-
dent binary GLUT4 images also reveals a population of im-
mobile GLUT4 structures even in the quiescent cell (see Fig.
S4C in the supplemental material), which is consistent with the
immobile fraction of GLUT4 structures in quiescent cells re-
vealed by Fig. 3D (also see Fig. S2 in the supplemental mate-
rial). Importantly, the majority of these immobile GLUT4
structures in the unstimulated state have already colocalized
with clathrin (white arrows in Fig. S4C and F in the supple-
mental material), likely reflecting basal GLUT4 endocytosis.
Representative colocalization between binary GLUT4 and

clathrin images is shown in Fig. 5A (before insulin) and B (10
min after insulin). In the quiescent cell, there was partial over-
lap between GLUT4 and clathrin compartments (Fig. S5A). Ten
minutes after insulin addition, essentially all clathrin-coated
pits were occupied by GLUT4, although not all GLUT4 vesi-
cles were colocalized with clathrin (Fig. 5B). Thus, we calcu-
lated percentages of clathrin pixels colocalizing with GLUT4
pixels for 600 pairs of TIRF images obtained from each exper-
iment. These numbers were further corrected for random co-
localization (see Materials and Methods) and plotted in Fig.
5C, which clearly shows an insulin-stimulated occupancy of
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FIG. 5. Quantification of insulin-stimulated GLUT4 accumulation in clathrin-coated membranes. Binary images containing the punctate
GLUT4 or clathrin structures (see Fig. S3 in the supplemental material) were prepared using algorithms demonstrated in Fig. S1 in the
supplemental material. Representative colocalization (yellow) images between pairs of binary GLUT4 (green) and clathrin (red) images are shown
in A and B for the basal and 10-min insulin stimulation conditions, respectively. Scale bar in A is 5 wm. For the entire image sequence (i.e., 600
pairs of GLUT4 and clathrin images; see Movies S3 and S4 in the supplemental material), the percentages of clathrin pixels colocalizing with
corresponding GLUTH4 pixels, corrected for random colocalization (see Materials and Methods), are shown in panel C (i.e., spatial clathrin-GLUT4
colocalization). Fluctuations in the colocalization curve (e.g., between ~500 s and ~550 s) are due to focus drifts in the TIRF images (see
corresponding time windows in Movies S3 and S4 in the supplemental material) but not due to dramatic changes in clathrin-GLUT4 colocalization.
The average values of the clathrin-GLUT4 colocalization kinetics are shown in panel D with associated standard errors of the mean (gray shading).

clathrin-based endocytic structures by GLUT4 molecules. An
average result from six cells indicates insulin increases the
percentage of clathrin pixels colocalized with GLUT4 by ~1.5-
fold (i.e., corrected PC value increases from ~22% to ~34%;
Fig. 5D), which corresponds to the ~1.5-fold increase in the
immobilized GLUT4-containing pixels in the TIRF evanes-
cence field after insulin stimulation (see Fig. S2 in the supple-
mental material). To control for the potential detrimental ef-
fect of dsRed tagging of clathrin light chain, an mRFP1-tagged
GLUT4 construct was created (GLUT4-mRFP1 [see Materials
and Methods]), and a similar two-color TIRF study (see
above) was carried out using 3T3-L1 adipocytes transiently
coexpressing clathrin-EGFP (2) and clathrin-mRFP1. Similar
increases in GLUT4-clathrin colocalization are detected (see
Fig. S4 in the supplemental material). Thus, combined evi-
dence (see above) indicates that insulin-induced accumulation
of GLUT4 molecules in immobile clathrin-coated patches
largely accounts for the apparent immobilization of punctate
GLUTH4 structures observed at the temporal resolution of 1 fps
(Fig. 3; also see Fig. S2 in the supplemental material).

Single GLUT4 vesicles dock and fuse with the PM. To test
whether enhanced exocytic vesicle tethering/docking at the PM
can contribute to the observed insulin immobilization of punc-
tate GLUT4 structures, as previously suggested (30), we car-
ried out TIRF imaging at a higher temporal resolution (10 fps;
see illustration in Fig. 8) to detect single-vesicle docking/fusion
events. At this increased temporal resolution, abundant fusion
events were detected in insulin-stimulated adipocytes (Fig. 6;
also see Movie S10 in the supplemental material). In contrast,
previous TIRF studies using cultured and primary adipocytes
did not address exocytic GLUT4 vesicle fusion (41) or detected
too few fusion events for statistical characterization (28, 30). In
agreement with findings of TIRF studies of various types of
exocytic events in different cell lines (38, 48, 33), single-vesicle
fusion was manifested as a punctate GLUT4-EGFP signal
spreading out in the TIRF evanescence field in a “puff,” which
was typically completed within 1 s (Fig. 6C) (see Movie S7 in
the supplemental material). Quantitatively, peak vesicle inten-
sity (i.e., Ip; highest pixel intensity of the exocytic vesicle)
dropped to background levels during the fusion process (Fig.
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FIG. 6. Kinetics of single GLUT4 vesicle docking and fusion with the PM. TIRF imaging at 10 fps of 3T3-L1 adipocytes transiently expressing
GLUT4-EGFP was carried out using a burst protocol, illustrated in Fig. 8. For each fusion event, three parameters are obtained: peak vesicle
intensity (/p; see the text), total vesicle intensity (1), and vesicle position (P)). The I, (red line) and I, intensities (blue line) are normalized to
their respective values obtained at the fusion time (i.e., arrow 3 in panels A and B; red box in panel C) and are plotted in panel B. Assigning vesicle
position 0 at the fusion site (i.e., arrow 3 in panel A), vesicle distances to the fusion site are computed and plotted in panel A. Critical stages of
the docking/fusion process (i.e., vesicle appears, docking starts, and fusion starts) are indicated by arrows in panels A and B, and representative

images are shown in panel C. The cartoon illustrates distinct stages of single-vesicle transport, docking, and fusion.

6B). In contrast, total vesicle intensity (i.e., [,; total pixel in-
tensity within a 1.3- by 1.3-pm box centered at I, [Fig. 6C])
initially increased upon fusion (Fig. 6B), reflecting GLUT4-
EGFP molecules diffusing into the PM, which was located at a
stronger TIRF evanescence field (see illustration in Fig. 6).
Using these criteria, dozens of fusion events were visually iden-
tified in insulin-stimulated adipocytes in our experiments. Sig-
nificantly, such fusion events, although less frequent, were also
detected in the same cell before insulin addition (e.g., see
Movie S8 in the supplemental material). Importantly, all fusion
events appeared to be preceded by a vesicle tethering/docking
period (i.e., I, positions prior to vesicle fusion do not deviate
>2 pixels [100 nm/pixel] from the fusion site [Fig. 6C]) that
typically lasted a few seconds (Fig. 6A). In the example shown
in Fig. 6, the entire translocation process, starting from a
GLUT4 vesicle entering (+ = 0 s) the TIRF evanescence field
to its docking on the PM (¢ = 1.6 s), is observed (Fig. 6A and
C) and is accompanied by increasing I, intensities (Fig. 6B) as

the vesicle descends towards stronger TIRF illumination (il-
lustration in Fig. 6). In another case, a GLUT4-containing
vesicle quickly (within 0.1 s) appeared in the TIRF evanes-
cence field and immediately tethered/docked to the PM; vesi-
cle fusion then occurred after the obligatory docking period
(e.g., see Fig. S5 in the supplemental material).

Development of Fusion Assistant for statistical character-
ization of exocytic GLUT4 vesicle docking/fusion. Manual
identification and characterization of single-vesicle fusion
events (Fig. 6) (see Fig. S5 in the supplemental material)
among thousands of TIRF images are inefficient, incomplete,
and potentially biased. Thus, we developed a computer pro-
gram (Fusion Assistant) that automatically screens all TIRF
images and identifies candidate fusion events for further visual
confirmation. Briefly, Fusion Assistant first computes all po-
tential trajectories of single-vesicle movements in the TIRF
evanescence field (see Materials and Methods). These trajec-
tories are first screened for possible single-vesicle fusion using
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FIG. 7. Fusion Assistant. We have developed a computer program (i.e., Fusion Assistant) that assists the identification and characterization of
single-vesicle docking/fusion kinetics. For example, Fusion Assistant identifies three candidate fusion events starting at 133.8 s, 133.9 s, or 134.3
s after insulin addition (A). These potential fusion events are numbered (380, 391, and 448) and are continuously highlighted with red boxes (1.3
by 1.3 pm) for visual confirmation. For fusion event 448, only the start of the fusion at 134.3 s is shown. Two fusion events (380 and 448) are
confirmed and highlighted with red boxes (B). Docked vesicle positions are highlighted with green boxes (examples shown for fusion 448 in B only).
All candidate fusion events identified by Fusion Assistant in the last minutes of insulin stimulation (see burst protocol in Fig. 8) are shown in Movie
S9 in the supplemental material, and those visually confirmed and their associated docked vesicle positions are shown in Movie S10 in the

supplemental material.

two rules derived from characterization of dozens of manually
selected fusion events: (i) upon fusion, the total vesicle inten-
sity (1) has to increase by >10% within 1 s, while (ii) the peak
vesicle intensity (/) has to decrease by >50% during the same
1-s time window. Thus, a potential fusion time (7) is identified
as the time when [, starts its >10% increase, while simulta-
neously (within = 0.2 s) I, also starts its >50% decrease (Fig.
6B; also see Fig. S5B in the supplemental material). These
potential fusion events are further selected by rule 3, that
tracking back from the fusion site at 7, the prior vesicle
positions (P,) have to be stationary (i.e., do not deviate from
the fusion site by >2 pixels) for =1 s. Finally, all potential
fusion events are numbered and highlighted by red boxes dur-
ing vesicle fusion and are presented in an interactive display on
the computer screen for further visual confirmation (Fig. 7A;
also see Movie S9 in the supplemental material).

Actual fusion events are confirmed by visual inspection that
(i) the candidate vesicle indeed disappears, while (ii) its punc-
tate GLUT4-EGFP signal characteristically spreads out in a
“puff” in the TIRF evanescence field (e.g., see Movies S7 and
S8 in the supplemental material). Thus, the use of Fusion
Assistant combined with visual confirmation reproducibly
identifies fusion events we found manually, plus two- to three-
fold more events that we initially missed by manual inspection
(e.g., see Fig. 7B; also see Movie S10 in the supplemental
material). Furthermore, once a fusion site (i.e., pixel coordi-
nates of I, at T) is identified, Fusion Assistant views previous
TIRF images to define the vesicle docking duration. In this
case, the vesicle is considered to be tethered/docked if the pixel
positions associated with the preceding /,, values do not deviate
out of a circle of 2-pixel radius centered at the fusion site (Fig.
6A; also see Fig. S5A in the supplemental material). These
docked vesicles identified by Fusion Assistant are highlighted
with green boxes and displayed on the computer screen for

further visual confirmation (Fig. 7B; also see Movie S10 in the
supplemental material). The development of Fusion Assistant
greatly speeds up identification and characterization of single-
vesicle docking/fusion kinetics, so that manual screening and
characterization for an entire day can be matched by the com-
puter-assisted procedures in a few hours.

Insulin increases the fusion frequency of exocytic GLUT4
vesicles while decreasing the docking duration prior to vesicle
fusion. Using the above novel capabilities, docking and fusion
kinetics of hundreds of exocytic GLUT4 vesicles were resolved,
enabling statistical examination of its potential insulin regulation
(Fig. 8). This analysis revealed that insulin gradually increases the
exocytic fusion rate, which appears to reach a maximum level a
few minutes after insulin addition (Fig. 8A). This maximum fu-
sion rate is ~4 times higher than that detected in basal adipocytes
(Fig. 8A), which, combined with a two- to threefold inhibition of
the GLUT4 endocytosis rate by insulin (45, 47), could account for
the 5- to 10-fold increase in PM GLUT4 concentration following
insulin stimulation (4, 46, 14).

The size of GLUT4 vesicles in 3T3-L1 adipocytes (i.e., 30 to
200 nm [31]) is below the measured lateral resolution of our
TIRF microscope (i.e., 259 nm), which could cause an under-
estimation of the number of fusion events. Thus, only a fusion
event of a GLUT4 vesicle with sufficient brightness and spatial
separation from its neighbors (vesicle-to-vesicle distance of
>259 nm) is reliably detected. However, the ~4-fold insulin-
stimulated increase in the fusion frequency (Fig. 8A) and the
apparent time dependency of that increase (probably reflecting
insulin mobilization of intracellular GLUT4 vesicles towards
the PM) suggest that a representative population of total fu-
sion events is selected in our analysis. Thus, we examined
statistical distributions of vesicle tethering/docking durations
for fusion events occurring before and after insulin stimulation
of the same adipocytes (Fig. 8B). We have initially focused on
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FIG. 8. Insulin increases the fusion frequency of exocytic GLUT4 vesicles and decreases docking duration prior to vesicle fusion. Burst
protocol: periods of 1 min of imaging at 1 fps are used to establish imaging focus for subsequent burst imaging at 10 fps (see illustration). Fusion
Assistant combined with visual confirmation (Fig. 7) identified 54 fusion events in 6 quiescent adipocytes and 244 fusion events in 3 insulin-
stimulated cells. Fusion frequencies (fusion events per min per pm? of coverslip-attached PM) for each minute of the burst imaging are plotted
in panel A, together with associated standard errors of the mean. The fusion frequencies obtained before insulin addition and during the 1- to
2-min period of insulin stimulation are different from that obtained at the 4- to 5-min period of insulin stimulation at confidence levels of 99% (%)
and 90% (*), respectively. Distributions of vesicle docking durations for fusion events before (white bars) and after (gray bars) insulin addition
are plotted in panel B. Solid and dotted lines are nonlinear least-square fits of the data (between 1 and 10 s) using Poisson and Gaussian

distribution models, respectively.

fusion events with docking durations of =1 s (see rule 3 above),
because Fusion Assistant currently produces too many false
positives if the prefusion docking duration is set to be <1 s. In
quiescent cells, the tethering/docking durations are mostly dis-
tributed within 1 to 8 s (Fig. 8B), which can be loosely fitted to
a Gaussian distribution. Insulin dramatically shifted this distri-
bution to short times (Fig. 8B), and the manual verification
procedure following use of Fusion Assistant (see above) also
discovered a population (underestimated with our current se-
lection rule 3) of fusion events with docking durations of <1 s.
The presence of GLUT4 vesicles with short tethering/docking
durations, however, was predicted by the Poisson distribution
fit of the “after-insulin” tethering/docking durations. Further-
more, there was a >2-fold increase of fusion events with teth-
ering/docking durations of >10 s in quiescent cells compared
to those in stimulated cells (Fig. 8B). Overall, these results
represent the first direct evidence in live adipocytes indicating
insulin regulation of the process of exocytic GLUT4 vesicle
tethering/docking with the PM.

DISCUSSION

Although it has been observed more than two and a half
decades ago that insulin mobilizes intracellular GLUT4 vesi-
cles towards the adipocyte cell surface to enhance glucose
uptake, the detailed molecular mechanisms of this complicated
trafficking process are still largely unknown (7, 43). In addition
to movements of intracellular GLUT4-containing vesicles to-
wards the PM, it has been suggested that exocytic GLUT4

vesicle tethering/docking/fusion at the PM is also a critical step
regulated by insulin (11, 22, 20, 37). Recently in vitro mem-
brane reconstitution experiments demonstrated that insulin
enhances GLUT4-containing vesicle fusion to a PM fraction by
~9-fold, which is dependent on Akt recruitment to the insulin-
activated PM fraction (27). This is supported by evidence that
Akt activity is essential to overcome a low-temperature block
of exocytic GLUT4 vesicle fusion with the PM but not required
for intracellular GLUT4 exocytosis to the cell surface vicinity
(42). Nevertheless, the opposite conclusion was derived from a
recent quantitative TIRF study, which suggested that Akt ac-
tivity is required only for intracellular recruitment of GLUT4
vesicles to the PM region (13). The latter study also indicated
insulin-stimulated phosphatidylinositide 3-phosphate kinase
activity is apparently indispensable for the vesicle fusion pro-
cess, but through an Akt-independent mechanism (13). This
concept is in agreement with results of experiments showing
addition of the phosphatidylinositide 3-phosphate kinase prod-
uct, phosphatidylinositide-3,4,5-triphosphate, to insulin-sensi-
tive muscle cells increases exocytic GLUT4 vesicle fusion with
the PM (21). Thus, direct analysis of the kinetics of GLUT4
vesicle docking/fusion in intact cells is required to rigorously
examine possible regulation of these processes by insulin.
The present study employs TIRF microscopy as a powerful
tool (1) to dissect single-vesicle docking/fusion processes at the
adipocyte PM, where the proximal insulin signaling interme-
diates localize to potentially regulate GLUT4 vesicle fusion
and then endocytosis. While valuable insights about GLUT4
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trafficking have been gained from previous TIRF studies quan-
tifying overall GLUT4-EGFP signals in the evanescence field
(13, 41), the feasibility of analyzing single GLUT4-containing
vesicle docking/fusion events is only recently demonstrated
(30). However, substantial technical difficulties still exist, be-
cause the reported physical sizes of the GLUT4 vesicles are
below the optical resolution of TIRF microscopy (31). Thus,
we developed unbiased and quantitative tools (e.g., Fusion
Assistant) to analyze thousands of TIRF images so that statis-
tically valid conclusions can be derived. Using this system, we
show here that insulin signaling causes changes in the kinetics
of GLUT4-containing vesicle tethering/docking with the PM.
Specifically, we find that insulin treatment of cultured adipo-
cytes decreases the duration between vesicle tethering/docking
and vesicle fusion with the PM (Fig. 6 to 8). The rate at which
GLUT4 apparently diffuses away from the fusion sites (i.e.,
0.9 = 0.1 s) does not appear to be altered by insulin action in
our studies. Thus, the data presented here indicate that one or
more cellular components required for the transition from
docking of GLUT4-containing vesicles to their fusion is a tar-
get of insulin signaling.

A second advance made in the present studies is the under-
standing of the cellular basis for the apparent insulin-induced
immobilization of GLUT4-containing structures in the TIRF
zone, as originally observed by Lisunov et al. (30). Using the
novel temporal colocalization method (Fig. 3; also see Fig. S1
and S2 and Movie S2 in the supplemental material), we first
confirmed their previous analysis (30) that insulin causes a
dramatic apparent immobilization of GLUT4-containing struc-
tures in the evanescence field. We then used the two-color
TIRF microscope to provide the technology to colocalize
GLUT4-EGFP with other PM structures. Using this approach,
we discovered that following insulin stimulation of cultured
adipocytes, GLUT4-EGFP increasingly localizes with immo-
bile clathrin-coated patches (Fig. 4 and 5; also see Fig. S3 and
S4 and Movies S3, S4, S5, and S6 in the supplemental mate-
rial). This contrasts with the interpretation of Lizunov et al.
(30) that these GLUT4-containing structures are related to
exocytic GLUT4 vesicle tethering/docking to the PM. Our con-
clusion is further supported by the published work of our
colleagues using the same TIRF microscope, which shows that
clathrin-coated patches on the adipocyte PM appear to be
immobile for more than 30 min (2). However, at a higher
temporal resolution of 50 fps, these apparently “static” clathrin
patches are undergoing rapid remodeling necessary for trans-
ferrin receptor endocytosis (2). Taken together, the data de-
scribed above (Fig. 3 to 5) support the hypothesis that follow-
ing insulin stimulation of GLUT#4 translocation and fusion with
the PM, GLUT4 molecules diffuse away from the fusion sites
and are trapped in clathrin-coated structures that mediate its
endocytosis. These data are not incompatible with the idea that
other endocytosis pathways are also used to internalize
GLUT4, as recently suggested (3) (see below).

It should be noted that during the revision of the manu-
script, an independent TIRF analysis of GLUT4-containing
vesicle docking/fusion kinetics was published (1), which
reached the same conclusion as ours that insulin reduces the
tethering/docking duration prior to membrane fusion (Fig. 8).
However, while our studies focus on the limited population of
docked vesicles successfully proceeding to membrane fusion,
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Bai et al. (1) included an analysis of “docked” vesicles that
subsequently leave the TIRF evanescence field. In our view, a
vesicle that becomes immobilized and then shows transient
fluorescence enhancement does not necessarily signify a
docked vesicle. This is because the limited resolution of light
microscopy does not allow defining the position of the vesicle
as docked against the PM. Nevertheless, we (Fig. 8A) and Bai
et al. (1) have determined that insulin stimulates exocytic
GLUTH4 vesicle fusion by four- and eightfold at 35°C and 30°C,
using our respective methods. In addition, both studies esti-
mate the typical tethering/docking duration to last less than a
few seconds, instead of the minutes of duration suggested by
the immobilized GLUT4 structures in the studies of Lizunov et
al. (30). The apparent GLUT4 diffusion from fusion sites into
the PM (i.e., punctate GLUT4 fluorescence spreading out in
the TIRF evanescence field until its 7, value reaches the back-
ground level [Fig. 6B and C; also see Movies S7, S8, and S10 in
the supplemental material]) takes 0.9 * 0.1 s, which is un-
changed by insulin in our study (data not shown). This also
contrasts to the model suggested by Lizunov et al., in which
GLUT4 molecules are slowly (>20 s) released from fusion
sites into the PM (30). However, our estimated GLUT4 diffu-
sion rate in the PM (e.g., estimated from the rate of GLUT4-
EGFP fluorescence spreading in the 1.3- by 1.3-pm box in Fig.
6C)is 1.2 X 10~2 cm?/s, which is in excellent agreement with
the correspondent rates of 1.4 X 10~? cm?s and 0.93 X 10~°
cm?/s measured by Lizunov et al. (30) and Bai et al. (1),
respectively.

It is important to point out that none of the TIRF studies to
date, including ours, are able to distinguish between vesicle
tethering and vesicle docking, which are proposed to be me-
diated by the exocyst and SNARE complexes, respectively (8,
20, 40). Furthermore, the SNARE core formation among syn-
taxin 4, synaptosome-associated protein 23, and vesicle-associ-
ated membrane protein 2 is regulated by SNARE-associated
proteins (e.g., Muncl8, tomosyn, and syndet) (43), which likely
constitutes the molecular basis for insulin regulation of
GLUT4 vesicle docking to the PM. Thus, further understand-
ing of the tethering/docking/fusion processes requires identifi-
cation of the underlying molecular machines that can be ex-
amined by two-color TIRF microscopy in relationship to
GLUTH4 trafficking. The additional color channel provides a
valuable molecular context for interpreting the interplay of
specific GLUTH4 trafficking events with specific cellular com-
ponents, as we demonstrated for the insulin-induced immobi-
lization of GLUT4 within static clathrin-based structures (Fig.
4 and 5).

Recently it was reported that the internalization of GLUT4
occurs by two distinct pathways, one involving the classic clath-
rin-mediated endocytosis route discussed in this paper and the
other involving a cholesterol-dependent/clathrin-independent
process that is less well described (3). Interestingly, the latter
pathway appears to dominate in the basal state. However,
insulin inhibits this cholesterol-dependent internalization
pathway and thus inhibits the rate of overall GLUT4 internal-
ization, as previously reported (10, 43). A consequence of this
insulin action is that GLUT4 internalization is virtually entirely
mediated by the clathrin-dependent pathway in stimulated
cells (3). Thus, our results showing a significant increase in the
cell surface GLUT4 associated with clathrin patches following
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insulin stimulation (Fig. 4 and 5) (see Fig. S3 and S4 in the
supplemental material) provide direct visual support for this
model of GLUT4 endocytosis (3). The fact that GLUT4 ap-
pears to accumulate at high concentrations at these sites also
raises the possibility that its internalization through this clath-
rin-dependent pathway slows in the stimulated state, but this
idea will have to be rigorously tested. Nonetheless, the original
result and suggestion (10) that insulin’s action to inhibit
GLUTH4 internalization may contribute significantly to the
overall increase in cell surface GLUT4 is now well supported
(3, 43).

Based on the above considerations and results from many
laboratories, it appears that insulin signaling molecules inter-
face with the GLUT#4 trafficking pathway at several sites and
steps. The cumulative effects of these multiple modulations are
a large increase in cell surface GLUT4. These insulin-sensitive
steps include movements of GLUT4-containing vesicles from
below the TIRF zone into the TIRF zone (13), the tethering
and docking of GLUT4-containing vesicles with the PM (1, 20;
this report), and GLUT4 internalization (10). Additionally,
insulin also exerts a smaller effect on the exocytosis of vesicles
that transport transferrin receptor to the cell surface (46).
These vesicles derive from the conventional recycling pathway
and appear to be different from the vesicles highly enriched in
GLUTH4 (7). Other sites of insulin action on the overall recy-
cling pathway for GLUT4 may also exist. Some of these steps
in the GLUT4 trafficking pathway appear to involve motor
proteins and both the microtubule- and actin-based cytoskel-
eton (5, 19, 39). Indeed, our laboratory (39) and Lizunov et al.
(30) reported direct microscopic evidence in live adipocytes for
GLUT4-containing vesicles moving on microtubules. Recent
work from our laboratory also identified the unconventional
myosin Myolc as a required component of optimal insulin-
stimulated GLUT4 translocation to the PM (5). These results
suggested Myolc may act close to or at the fusion step of
GLUTH4 trafficking (6). Thus, the data presented here and by
Bai et al. (1) indicating that insulin action modulates the ki-
netics of the tethering/docking step raise the possibility that
Myolc may be involved in this action. Future studies designed
to test this idea and to identify the components involved in this
action of insulin will be a major challenge for the field.
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