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Insulin stimulates glucose uptake by inducing translocation of glucose
transporter 4 (GLUT4) from intracellular resides to the plasma membrane.
How GLUT4 storage vesicles are translocated from the cellular interior to
the plasma membrane remains to be elucidated. In the present study, intracellular transport of GLUT4 storage vesicles and the kinetics of their docking at the plasma membrane were comprehensively investigated at single
vesicle level in control and microtubule-disrupted 3T3-L1 adipocytes by
time-lapse total internal reﬂection ﬂuorescence microscopy. It is demonstrated that microtubule disruption substantially inhibited insulin-stimulated GLUT4 translocation. Detailed analysis reveals that microtubule
disruption blocked the recruitment of GLUT4 storage vesicles to underneath the plasma membrane and abolished the docking of them at the
plasma membrane. These data suggest that transport of GLUT4 storage
vesicles to the plasma membrane takes place along microtubules and that
this transport is obligatory for insulin-stimulated GLUT4 translocation.

doi:10.1111/j.1742-4658.2007.06232.x

Blood glucose concentration is tightly and acutely regulated in mammals. The major mechanism that diminishes blood glucose when carbohydrates are ingested is
insulin-stimulated increase of glucose uptake by skeletal muscle and adipocytes [1]. The principle glucose
transporter protein mediating this insulin-stimulated
glucose uptake is glucose transporter 4 (GLUT4) [2,3].
In unstimulated cells, rapid endocytosis, slow exocytosis and dynamic or static retention cause GLUT4 to
concentrate in intracellular pools [4,5]. Insulin stimulation results in GLUT4 translocation from its intracellular locations to the plasma membrane (PM) and gain
of GLUT4 on the cell surface increases glucose uptake
[2,6]. Sequential activation of phosphatidylinositol-3kinase and Akt after insulin binding to its cell surface
receptors is essential for insulin-stimulated GLUT4

translocation [7,8]. AS160, a substrate of Akt, which
mediates insulin effects on the machinery of GLUT4
storage vesicle (GSV) translocation, possesses a GAP
domain and regulates the activity of Rab protein(s)
involved in GLUT4 trafﬁcking [9,10]. When phosphorylated by Akt, as in the case of insulin stimulation, the
GAP domain of AS160 loses its activity against RabGTP and allows Rab(s) to shift from the GDP- to
GTP-binding form [10–12]. Rab in the GTP-binding
form recruits various downstream effectors to facilitate
transport of GSVs from intracellular localizations to
the cell periphery [13–15].
Intracellular cargo transport could occur through
microtubules and it has been observed that GSVs
moved along microtubules by a variety of experiments
[16–18]. However, the physiological signiﬁcance of this

Abbreviations
EGFP, enhanced green fluorescence protein; GLUT4, glucose transporter 4; GSV, GLUT4 storage vesicle; PC, percentage colocalization;
PM, plasma membrane; TIRFM, total internal reflection fluorescence microscopy.
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Results
Insulin-stimulated GLUT4 translocation to the PM
requires intact microtubules
In all experiments, 3T3-L1 adipocytes were electroporated with GLUT4-EGFP plasmid [25] to label GSVs
in vivo. For disruption of microtubules, 3T3-L1 adipocytes were pretreated with 33 lm nocodazole for 1 h
and the same concentration of nocodazole was present
in external buffer throughout experiments to prevent
microtubules from repolymerization. This treatment
has been conﬁrmed to completely depolymerize microtubules and has been widely employed [16,19,24].
Control and nocodazole-pretreated adipocytes were
incubated with 100 nm insulin and observed under
TIRFM for 30 min to monitor the insulin-stimulated
GLUT4-EGFP translocation to the PM. Insulin
caused GLUT4 to move from intracellular pools to
the PM in control adipocytes, resulting in a net gain of
GLUT4 on the PM, as reﬂected by the consecutive
augmentation of ﬂuorescence intensity of GLUT4EGFP in the cell footprint and gradual blurring of the
punctas projected by GSVs underneath the PM
(Fig. 1A, upper row). In nocodazole-pretreated adipocytes, the increase of ﬂuorescence intensity was dimin706
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transport in insulin-stimulated GLUT4 translocation
remains controversial. The idea that transport of GSVs
along microtubules is indispensable for insulin-stimulated GLUT4 translocation is supported by studies
demonstrating that microtubule-depolymerizing agents
inhibit insulin-stimulated glucose uptake and GLUT4
translocation [19–21] and perturbation of the function
of kinesin retards insulin-stimulated GLUT4 translocation [16,18]. However, other data show that
microtubule disruption had no effect on GLUT4
translocation and that some reagents involved in the
experiments mentioned above attenuated glucose
uptake by microtubule-independent manner [22,23].
More recently, Eyster et al. [24] noted that microtubules were involved in more than simply transport
of GSVs [24].
Thus, as one important route for intracellular cargo
transport, the exact role played by microtubules in
insulin-stimulated GLUT4 translocation remains elusive. In the present study, we used total internal reﬂection ﬂuorescence microscopy (TIRFM) to investigate
the functions of microtubules in the trafﬁcking of
enhanced green ﬂuorescence protein (EGFP)-tagged
GLUT4 in 3T3-L1 adipocytes. Our results suggest that
intact microtubules are obligatory for insulin-stimulated GLUT4 translocation.
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Fig. 1. Microtubule disruption inhibited insulin-stimulated GLUT4
translocation to the PM and attenuated glucose uptake. (A) Microtubule disruption diminished GLUT4 translocation to the PM. Adipocytes, electroporated with GLUT4-EGFP plasmid, were treated with
or without nocodazole, and then observed under TIRFM for 30 min
to monitor the insulin-stimulated GLUT4-EGFP translocation to
the PM. Images captured at different time points are shown; 100 nM
insulin was perfused at 0 min. (B) Quantification of the time course
of GLUT4 translocation to the PM. Fluorescence intensity of images
were normalized by intensity of the image acquired before insulin
perfusion (0 min). Control, n = 5 cells; nocodazole, n = 6 cells. Data
are the mean ± SEM. (C) Insulin-stimulated glucose uptake was
attenuated by microtubule disruption. Glucose uptake was measured
at indicated conditions and readouts were normalized by the mean
value of basal condition in the same batch. Error bars indicate the
SEM from three independent experiments. **P < 0.01.

ished substantially, and single GSVs underneath
the PM still could be distinguished until 21 min after
insulin perfusion (Fig. 1A, lower row). These results

FEBS Journal 275 (2008) 705–712 ª 2008 The Authors Journal compilation ª 2008 FEBS

Y. Chen et al.

Microtubules in GLUT4 translocation

reveal that less GLUT4 was translocated to the PM
in nocodazole-treated adipocytes. Quantiﬁcation of
GLUT4 translocation (Fig. 1B) reveals that insulin
stimulation resulted in an approximate four-fold
increase of ﬂuorescence intensity in the cell footprint
in control adipocytes. Nocodazole treatment shrunk
the maximum ﬂuorescence intensity to approximately 1.5-fold over basal intensity. The reduction of
intensity change indicates that microtubule disruption
inhibited GLUT4 translocation to the PM by approximately 80%. To conﬁrm the inhibitory effect of microtubule disruption on GLUT4 translocation observed
by TIRFM, glucose uptake measurement was executed. Insulin stimulation increased glucose uptake by
approximately six-fold in control adipocytes, and
microtubule disruption reduced this increase by
approximately 50% (Fig. 1C). Taken together, these
data suggest that microtubule disruption inhibits
GLUT4 translocation to the PM and a lack of
GLUT4 on the PM slows down glucose transport.
Disruption of microtubules restricts long-range
lateral movement of GSVs
It was observed that some GSVs underwent long-range
lateral movement in the TIRF zone. These movements
appeared to be directional and took place along some
predeﬁned tracks (supplementary Video S1). After
treatment with nocodazole, this type of movement
diminished. To depict this ﬁnding, in each cell, the longest three tracks of lateral movement of GSVs were
identiﬁed. The representative result shows that, in control cells, all of the identiﬁed tracks stretched for several micrometers. Nevertheless, in nocodazole-treated
cells, all tracks were shorter than 2 lm (Fig. 2A). The
statistical data (Fig. 2B) demonstrate that, in control
adipocytes, the identiﬁed tracks were generally in the
range 4–9 lm and microtubule disruption shifted this
distribution to the shorter range. Disappearance of
directional long-range lateral movement of GSVs after
nocodazole treatment suggests that this type of movement is along the microtubule.
Mobility of GSVs is attenuated by microtubule
disruption
In the TIRF zone, the movement of GSVs is dynamic.
Usually, they enter into TIRF zone and stay immobilized at one position for a period, which is termed
‘docking’ [17,26,27]. Then they either fuse with the PM
or return back to the cytosol (supplementary
Video S2). The typical docking time has been determined to be approximately 6 s [26,27]. This means
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Fig. 2. Intracellular long-range lateral movement of GSV was
dependent on intact microtubules. (A) The longest three tracks
were identified from single control and nocodazole-treated adipocytes, respectively. GSVs were tracked in the absence of insulin
stimulation. (B) Histogram of the length of the longest three lateral
transport tracks. For each cell, only the longest three tracks are
included into the statistics (n = 3 cells for both conditions).

that GSVs are transported to and away from the cell
periphery constitutively in 3T3-L1 adipocytes and, in
this manner, GSVs interact with the PM in turn.
Intriguingly, a population of GSVs lost their mobility
in microtubule-disrupted adipocytes. These GSVs
stayed at the same position for a long time (> 100 s),
without any detectable movement (supplementary
Video S3). This kind of immobilized state is different
from the docking state because GSVs hardly dock at
the PM for longer than 50 s [26,27]. We depicted the
loss of mobility of GSVs using the method described
by Huang et al. [27]. First, a pair of images acquired
at a certain time interval was taken. GSVs in the preceding image were stained green, and those in the subsequent one were stained red. Then the two images
were merged. When the time interval was short
(Dt = 1 s), there were numerous GSVs stained with
yellow in both conditions (Fig. 3A, upper row). In
control conditions, docking GSVs could stay at the
same position for approximately 6 s, accounting for
most of these yellow vesicles. In the case of microtubule disruption, both docking and loss-of-mobility
GSVs could contribute to these yellow ones. When the

FEBS Journal 275 (2008) 705–712 ª 2008 The Authors Journal compilation ª 2008 FEBS

707

Microtubules in GLUT4 translocation

Y. Chen et al.

disruption immobilized a group of GSVs at the same
position for longer than 20 s. For quantiﬁcation, corrected percentage colocalization (PC) values were calculated. The PC value describes how the degree of
overlap between a pair of images changes along with
time interval prolongation [27]. As reported previously,
insulin stimulation reduced the mobility of GSVs,
indicated by the elevated PC value (Fig. 3B). When
microtubules were disrupted, the mobility of GSVs
decreased further and the corresponding PC values
were elevated over that from insulin-stimulated adipocytes. When comparing the PC values measured from
insulin-stimulated control and nocodazole-treated
adipocytes, it is obvious that PC values from the two
conditions were almost equal to each other at short
intervals (1 and 5 s) and that the difference became
more obvious at longer intervals. For microtubule-disrupted cells, because the loss-of-mobility GSVs stayed
immobilized for a longer time, PC values were more
resistant to time interval prolongation. It is likely that
the lack of transport tracks resulting from microtubule
disruption leaves GSVs unable to move, either laterally
or perpendicularly.
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Fig. 3. Microtubule disruption reduced the mobility of GSVs.
(A) Microtubule disruption caused a population of GSVs to lose
their mobility. Image pairs, captured at the time interval of 1 s and
20 s, were stained with different colors. Green was assigned to
GSVs in the proceeding image and red to those in the subsequent
one. These two images were then overlayed. Yellow images represent vesicles which stay at the same position during the time interval. All image pairs were acquired in the absence of insulin
stimulation. (B) Corrected PC values at intervals of 1, 5, 10, 25, 50
and 90 s were calculated. Lines represent fits of these data by
two-exponential decay function. Control, n = 5 cells; nocodazole,
n = 7 cells.

time interval was prolonged to 20 s (Dt = 20 s), and
because the time interval was much longer (by more
than three-fold) than the average docking time, docking GSVs could no longer appear at the same position
in both images. Thus, there was little overlap between
vesicles at this interval in control conditions. Microtubule disruption increased the degree of overlap,
indicated by the denser yellow vesicles (Fig. 3A, lower
row). This result demonstrates that microtubule
708

To determine whether microtubules play a role(s) in
transport of GSVs to the cell periphery, we aimed to
quantify this transport. Since GSVs are approaching
and leaving the PM constitutively, the density of GSVs
underneath the PM directly reﬂects the capability of
this transport. Because the loss-of-mobility GSVs are
excluded from this transport, they should not be
included in this density. We subtracted them from the
density by deﬁning a loss-of-mobility GSV as one staying immobilized underneath the PM for longer
than 50 s. This deﬁnition excluded most docking GSVs
from subtraction and identiﬁed the loss-of-mobility
GSVs precisely. As shown in Fig. 4A, insulin stimulation slightly increased the density of GSVs adjacent to
the PM. Nocodazole treatment reduced GSVs underneath the PM and deprived insulin of its ability to
increase this density. This ﬁnding indicates that the
transport of GSVs to the cell periphery is microtubuledependent. Docking analysis [26,27] reveals that insulin
increased docking rate by approximately two-fold and
microtubule disruption almost abolished the docking
of GSVs at the PM (Fig. 4B). These results suggest
that functional GSVs, which docked at the PM in control cells, were essentially absent from the cell periphery of microtubule-disrupted adipocytes, although the
vesicle density remained approximately 50% of that in
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cells. The cumulative distribution of docking time
makes this difference easier to observe (Fig. 4E). The
time constant of the docking process (s) was approximately 2 s in microtubule-disrupted adipocytes, and
approximately 6 s in control cells. Thus, disruption of
microtubules blocked functional docking of GSVs at
the PM.
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Fig. 4. Microtubule disruption inhibited the recruitment of GSVs to
underneath the PM. (A) Nocodazole reduced the density (in vesicleÆlm)2) of GSVs underneath the PM. Control, n = 4 cells; nocodazole, n = 7 cells (*P < 0.05). (B) Nocodazole treatment almost
abolished the docking of GSVs at the PM (in 10)3 eventÆlm)2Æs)1).
Control, n = 3 cells; nocodazole, n = 5 cells (**P < 0.01). (C) Docking time distribution of 90 docking events from control adipocytes.
(D) Docking time distribution of 66 docking events from nocodazole-treated adipocytes. (E) Docking events from control and microtubule-disrupted adipocytes exhibited different characteristics. The
time constant of docking process (s) was approximately 6 s and
2 s, respectively (**P < 0.01; Kolmogorov–Smirnov and Mann–
Whitney tests).

control cells. The duration of docking state was determined by analyzing their stochastic behavior. Docking
time distributions from control and microtubule-disrupted adipocytes are shown in Fig. 4C,D. It is evident
that the remaining docking events in microtubule-disrupted adipocytes exhibited transient time processes,
and these obviously are different from those in control

Discussion
In the present study, the physiological signiﬁcance
of intact microtubules in insulin-stimulated GLUT4
translocation was investigated in 3T3-L1 adipocytes by
TIRFM. First, it was observed that nocodazole treatment reduced GLUT4 translocation to the PM, which
was demonstrated by a decreased ﬂuorescence intensity
change in the cell footprint and less blurring of punctas projected by GSVs underneath the PM. In previous
studies, which provided negative data concerning this
function of nocodazole, either a lower concentration of
nocodazole was used [22,23], which was shown to be
incapable of fully disrupting microtubules [19], or a
different quantiﬁcation method was involved [22],
which may differ from our system with respect to
sensitivity. Thus, from our data, we propose that
intact microtubules are essential for insulin-stimulated
GLUT4 translocation to the PM. Of note, there
remains a small population of GLUT4 translocated to
the PM in microtubule-disrupted adipocytes. This is in
agreement with the ﬁndings obtained in primary adipocytes [28] and suggests that there are two different
pools of GLUT4 with different microtubule dependency in 3T3-L1 adipocytes.
Second, the long-range lateral movements of GSVs
were investigated under TIRFM. These movements
followed some predeﬁned tracks, presumably the
microtubule networks [17,29], and vanished after nocodazole treatment. This ﬁnding is consistent with previous observations made under confocal microscopy,
which visualized long-range transport of GSVs along
the microtubule and also demonstrated that disruption
of microtubules and perturbation of the function of
kinesin blocked this type of movement [18,21].
Therefore, our data provide further support for the
hypothesis that GSVs undergo microtubule-based
long-range directional movement in 3T3-L1 adipocytes.
Third, although it was reported by another group
that nocodazole treatment did not reduce GSVs underneath the PM [29], the ﬁnding of loss-of-mobility
GSVs in microtubule-disrupted adipocytes enabled us
to quantify the transport capacity of the microtubule
system more precisely. With this improved calculation,
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it was found that there were less GSVs underneath
the PM in nocodazole-treated adipocytes. The lack of
GSVs transported to the cell periphery indicates that
microtubules support the transport of GSVs to the cell
periphery. This ﬁnding may have critical signiﬁcance
with respect to the physiological identity of GSVs.
GLUT1 and transferring receptor, which are resident
proteins in recycling endosome, can be translocated to
the PM independent of microtubules [21,30,31]. Thus,
our data support the idea that GSVs are speciﬁc organelles that do not overlap with the recycling endosome
and need microtubules when approaching the PM.
Fourth, the observation that docking of GSVs at
the PM was almost abolished by microtubule disruption demonstrates that there are no functional GSVs
left underneath the PM in microtubule-disrupted
adipocytes, further indicating that transport of functional GSVs to the cell periphery requires intact microtubules. Further stochastic behavior analysis revealed
that the remaining docking events in microtubule-disrupted adipocytes are different in nature from those in
control cells. Thus, the transient docking GSVs in the
absence of microtubules are different from the majority of docking GSVs in control cells. The docking
GSVs remaining after microtubule disruption presumably come from the microtubule-independent pool of
GLUT4, although the possibility that microtubules
directly regulated the docking process of GSVs cannot
be fully ruled out [24]. In summary, our data reveal
that transport of GSVs along microtubules to underneath the PM is required in insulin-stimulated GLUT4
translocation.

2-Deoxyglucose uptake
The 3T3-L1 adipocytes were serum starved for 2 h at 37 C
and treated with or without nocodazole for 1 h. Then
cell were washed three times with KRPH buffer
[5 mm Na2HPO4, 20 mm Hepes (pH 7.4), 1 mm MgSO4,
1 mm CaCl2, 136 mm NaCl, 4.7 mm KCl, and 1% BSA].
Glucose transport was determined at 37 C by incubation
with 50 mm 2-deoxyglucose uptake containing 0.5 mCi of
2-[3H] deoxyglucose. The reaction was stopped after 5 min
by washing the cells three times with ice-cold NaCl ⁄ Pi. The
cells were solubilized in 1% Triton X-100 at 37 C for
30 min, and aliquots were subjected to scintillation counting. All readouts were normalized by the mean value measured from the control condition in the same batch, and
three independent experiments were conducted.

TIRFM imaging
The TIRFM setup was constructed based on through-thelens conﬁguration as described previously [25]. The penetration depth of the evanescent ﬁeld was estimated to
be 113 nm by measuring the incidence angle with a prism
(n = 1.518) 488-nm laser beam.

Experimental procedures
Cell culture and transfection
The 3T3-L1 cells were cultured in high-glucose DMEM
(Gibco BRL, Grand Island, NY, USA) supplemented with
10% foetal bovine serum (Gibco) at 37 C and 5% CO2.
Two days after conﬂuence, the cells were switched into differentiation medium containing 10% fetal bovine serum
(Gibco), 1 lm bovine insulin, 0.5 mm 3-isobutyl-1-methylxanthine and 0.25 lm dexamethasone. Two days later, the
medium was changed with 10% fetal bovine serum and
1 lm bovine insulin for another 2 days. The cells were then
maintained in DMEM with 10% fetal bovine serum. Seven
days after differentiation, 3T3-L1 adipocytes were treated
with 0.05% trypsin-EDTA (Gibco) and washed twice
with Opti-MEM (Gibco) by centrifugation at 1000 g at
room temperature. The cells were resuspended in OptiMEM (Gibco), and 40 mg GLUT4-EGFP plasmid was
added to a ﬁnal volume of 800 mL. Cells were then
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electroporated at 360 V for 10 ms using a BTX 830
electroporator (Genetronics Inc., San Diego, CA, USA) and
plated on coverslips coated with poly-l-lysine. Experiments
were performed 2 days after transfection in KRBB
solution containing 129 mm NaCl, 4.7 mm KCl, 1.2 mm
KH2PO4, 5 mm NaHCO3, 10 mm HEPES, 3 mm glucose,
2.5 mm CaCl2, 1.2 mm MgCl2 and 0.1% BSA (pH 7.2).
Prior to the experiments, adipocytes were serum starved for
2 h and transferred to a home-made closed perfusion chamber. All experiments were performed at 30 C. Insulin was
applied at a ﬁnal concentration of 100 nm throughout the
study. Unless otherwise stated, all drugs were purchased
from Sigma (St Louis, MO, USA).

Data analysis
For quantiﬁcation of the time course of GLUT4 translocation, acquired images were processed. First, the cell boundary was detected by a bespoke program developed in
Matlab (The Math Works Inc., Natick, MA, USA) [26].
Next, mean ﬂuorescence intensity in cell boundary was
measured. Finally, mean values from different time points
were normalized by the value from 0 min. The ImageJ plugin ‘Manual tracking’ (NIH Image, Bethesda MD, USA)
was utilized to track GSVs. In each cell, lateral movements
of GSVs were identiﬁed and the longest three movements
were selected out for further analysis. For description of
the mobility, GSVs were automatically segmented from
the background by an intensity-based threshold [26]. For
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calculation of corrected PC values, image stacks acquired
at 5 Hz were used. First, GSVs in each image were identiﬁed. Next, all images in stacks were converted into binary
images, in which GSVs comprised the foreground and other
pixels comprised the background. Then, corrected PC
values were calculated according to the method described
by Huang et al. [27]. A docking event is deﬁned as
previously described [26], and analysis was constrained to
those GSVs, that went through whole docking process
(coming into the TIRF zone–immobilized–retrieving or
fusion) during image acquisition. The loss-of-mobility
GSVs, which stayed immobilized throughout image acquisition, were precluded from the vesicle docking assay. The
mean docking time was determined by exponential ﬁtting
to its distribution.

Microtubules in GLUT4 translocation

6

7

8

Statistical analysis
For normally distributed data, population averages are
given as mean ± SEM and statistical signiﬁcance was
tested using Student’s t-test. Statistical signiﬁcance between
exponential distributions was assessed using Kolmogorov–
Smirnov and Mann–Whitney tests.
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Supplementary material
The following supplementary material is available
online:
Video S1. One GSV moved laterally in the TIRF zone.
The rectangle indicates the docking process. Scale
bar = 1 lm.
Video S2. GSVs were approaching and leaving the PM
constitutively. Rectangles indicate the docking-retrieving events and circles indicate the docking-fusion
events.
Video S3. A group of GSVs stayed immobilized underneath the PM throughout image acquisition, which
lasted for 100 s.
This material is available as part of the online article
from http://www.blackwell-synergy.com
Please note: Blackwell Publishing are not responsible
for the content or functionality of any supplementary
materials supplied by the authors. Any queries (other
than missing material) should be directed to the corresponding author for the article.
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