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Heterotypic endosomal fusion as an initial trigger
for insulin-induced glucose transporter 4 (GLUT4)
translocation in skeletal muscle
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Key points

� Comprehensive imaging analyses of glucose transporter 4 (GLUT4) behaviour in mouse skeletal
muscle was conducted.

� Quantum dot-based single molecule nanometry revealed that GLUT4 molecules in skeletal
myofibres are governed by regulatory systems involving ‘static retention’ and ‘stimulus-
dependent liberation’.

� Vital imaging analyses and super-resolution microscopy-based morphometry demonstrated
that insulin liberates the GLUT4 molecule from its static state by triggering acute heterotypic
endomembrane fusion arising from the very small GLUT4-containing vesicles in skeletal
myofibres.

� Prior exposure to exercise-mimetic stimuli potentiated this insulin-responsive endomembrane
fusion event involving GLUT4-containing vesicles, suggesting that this endomembranous
regulation process is a potential site related to the effects of exercise.

Abstract Skeletal muscle is the major systemic glucose disposal site. Both insulin and exercise
facilitate translocation of the glucose transporter glucose transporter 4 (GLUT4) via distinct
signalling pathways and exercise also enhances insulin sensitivity. However, the trafficking
mechanisms controlling GLUT4 mobilization in skeletal muscle remain poorly understood as a
resuly of technical limitations. In the present study, which employs various imaging techniques on
isolated skeletal myofibres, we show that one of the initial triggers of insulin-induced GLUT4 trans-
location is heterotypic endomembrane fusion arising from very small static GLUT4-containing
vesicles with a subset of transferrin receptor-containing endosomes. Importantly, pretreatment
with exercise-mimetic stimuli potentiated the susceptibility to insulin responsiveness, as indicated
by these acute endomembranous activities. We also found that AS160 exhibited stripe-like
localization close to sarcomeric α-actinin and that insulin induced a reduction of the stripe-like
localization accompanying changes in its detergent solubility. The results of the present study
thus provide a conceptual framework indicating that GLUT4 protein trafficking via heterotypic
fusion is a critical feature of GLUT4 translocation in skeletal muscles and also suggest that the
efficacy of the endomembranous fusion process in response to insulin is involved in the benefits
of exercise.
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illumination microscopy; STED, stimulated-emission depletion; Tbc1d, Tre-2/BUB2/CDC16 domain; Tf, transferrin;
TfR, transferrin receptor; TGN, trans-Golgi network; T-tubule, transverse tubule.

Introduction

Insulin plays a pivotal role in glucose homeostasis
(Saltiel & Kahn, 2001). In target tissues such as skeletal
muscle and adipose, insulin induces the redistribution of
the glucose transporter glucose transporter 4 (GLUT4)
from intracellular storage compartments to the cell
surface via GLUT4 translocation (Kanzaki, 2006). Skeletal
muscle is the major systemic glucose disposal site
(DeFronzo et al. 1981) and not only insulin, but
also exercise induces GLUT4 translocation via distinct
proximal signalling cascades (Goodyear & Kahn, 1998).
Importantly, exercise-induced GLUT4 translocation is
often normal, even in the presence of insulin resistance
(Wojtaszewski et al. 1999). Moreover, exercise plays a
beneficial role in muscle insulin potency, particularly
augmented GLUT4 translocation (Richter et al. 1982;
Cartee et al. 1989; Hansen et al. 1998). Unveiling the details
of GLUT4 behaviour in the skeletal muscle would thus be
critical for understanding systemic glucose homeostasis,
type 2 diabetes and the mechanistic details of the benefits
of exercise.

Despite progress in unraveling signalling cascades
crucial for GLUT4 translocation, a major challenge
inherent to GLUT4 research in skeletal muscle remains,
partly as a result of the characteristic properties of
myofibres. Notably, myofibres have a highly-ordered
multinucleate subcellular architecture with two plasma
membrane domain types, sarcolemma and trans-
verse (T)-tubules, with insulin and exercise/muscle
contraction both inducing the redistribution of
endomembrane-localized GLUT4 molecules to the
membrane domains (Ploug et al. 1998; Lauritzen et al.
2006).

Recently, we developed a novel GLUT4 nanometry
method for quantifying intracellular GLUT4 behaviour
based on single molecule imaging with quantum dot
(QD) fluorescent nanocrystals. With this method, we
can dissect intracellular GLUT4 trafficking processes
into discrete and experimentally traceable steps (Fujita
et al. 2010). Taking advantage of these novel capabilities,
we quantitatively determined the behavioural nature of
GLUT4 molecules in 3T3L1 adipocytes and identified
at least three sites of insulin action. Among these,
insulin-dependent GLUT4 liberation from its static states
is the most important element of insulin action in the
entire GLUT4 trafficking itinerary because this initial
process is a prerequisite allowing GLUT4 to reach the
plasma membrane. In addition, we revealed the roles
of two key Tre-2/BUB2/CDC16 domain (Tbc1d) family
Rab GTPase-activating proteins (RabGAPs), the Akt

substrate of 160 kDa (AS160)/Tbc1d4 (hereafter AS160)
and Tbc1d1 (Miinea et al. 2005; Roach et al. 2007),
both of which are critical for insulin-stimulated glucose
uptake into skeletal muscle (Chadt et al. 2015) in the
process of the stimulus-responsive liberation of static
GLUT4 (Hatakeyama & Kanzaki, 2011,2013b). All of these
experiments employed cultured cell lines, such that a
fundamental question remains. Are GLUT4 molecules
in skeletal muscle fibres indeed governed by regulatory
mechanisms similar to those revealed in cultured cell
lines, such as ‘static retention’ and ‘stimulus-dependent
liberation’, and, if so, what are the underlying mechanisms?

In the present study, we aimed to clarify the
initial effects of insulin on GLUT4 behaviours in
isolated murine skeletal myofibres employing various
cutting-edge imaging techniques. Specifically, our
QD-based single molecule nanometry in isolated skeletal
myofibres demonstrated that they are indeed end-
owed with essentially the same GLUT4 regulatory
systems as those in cultured cell lines. Super-resolution
microscopy-based morphometry unexpectedly revealed
that insulin promptly increases the sizes of intracellular
GLUT4-containing structures, such that endomembrane
fusion events between very small static GLUT4-containing
vesicles and transferrin receptor (TfR)-containing end-
osomes are facilitated in at least a portion of isolated
skeletal myofibres obtained from soleus and extensor
digitorum longus (EDL) muscles of mice. We propose that
acute endosomal fusion serves as one of the initial triggers
for releasing GLUT4 molecules from the static state in
response to insulin in skeletal myofibres.

Methods

Ethical approval

All of the animal experiments were performed in
accordance with the regulations of Tohoku University
(2014BeLMO-003). Animals were given access to food and
water ad libitum.

Mice and skeletal myofibre isolation

Myc-GLUT4-EGFP transgenic mice were generated by
carrying a myc-GLUT4-EGFP cDNA under the control
of the human skeletal α-actin promoter (Brennan
& Hardeman, 1993). Male and female transgenic or
wild-type mice were housed at 22–24°C under a 12:12 h
light/dark cycle with standard chow and water provided
ad libitum. The mice were killed at 8–20 weeks of age
by cervical dislocation, and single or partially-digested
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myofibres were isolated from soleus and EDL muscles
by collagenase digestion. For live-imaging, isolated myo-
fibres were plated onto glass-bottom dishes (No. 1S,
thickness, 0.16–0.19 mm; Matsunami Glass, Kishiwada,
Japan) coated with laminin, and cultured overnight
in a humidified atmosphere of 5% CO2/95% air at
37°C in Dulbecco’s modified Eagle’s medium (DMEM)
containing glucose (1 mg ml−1) supplemented with
20% fetal bovine serum, 2 mM GlutaMAX (Thermo
Fisher Scientific, Waltham, MA, USA) and 1 mM sodium
pyruvate. Prior to stimulation, the myofibres were starved
with serum-free DMEM containing glucose (1 mg ml−1)
supplemented with 2 mM GlutaMAX and 1 mM sodium
pyruvate, which had been bubbled with 95% O2/5%
CO2. For imaging experiments, the myofibres were
immersed in phenol red-free DMEM containing glucose
(1 mg ml−1) supplemented with 2 mM GlutaMAX and
1 mM sodium pyruvate, which had been bubbled with 95%
O2/5% CO2.

Antibodies and western blotting

Anti-myc monoclonal antibody (9E10) was purified
from hybridoma culture supernatants. Antibody against
GLUT4 was provided by Dr Hiroshi Shibata (Gunma
University, Maebashi, Japan). Anti-Tbc1d1 antibodies, for
experimental use, were generated by immunizing rabbits
with KLH-conjugated peptides (H-CSKKEPRTKQ-OH),
followed by immunoaffinity purification using SulfoLink
Coupling Gel (Pierce, Rockford, IL, USA) or purchased
from Protein Tech (Chicago, IL, USA) (22124-1-AP).
Anti-phospho-Tbc1d1 (Ser237) antibody was generated
by immunizing rabbits with KLH-conjugated peptides
(H-CRPMRKSF-pS-QPGLRS-OH) and purified as
described above. Anti-Akt (#9272), anti-phospho-Akt
(Ser473) (#9271), anti-AMPKα (#2603), anti-phospho-
AMPKα (Thr172) (#2535) and anti-phospho-AS160
(Thr642) (#4288) antibodies were obtained from Cell
Signaling (Beverly, MA, USA). Anti-AS160 antibodies for
western blotting and immunofluorescence were purchased
from Abcam (Cambridge, MA, USA) (ab91242), Milli-
pore (Billerica, MA, USA) (ABS54), and Santa Cruz
Biotechnology (Santa Cruz, CA, USA) (sc-47470 and
sc-47467). Other antibodies were: anti-BIN1 (Santa
Cruz Biotechnology) (sc-8534), anti-TfR (Leinco Tech,
Fenton, MO, USA) (C275), anti-sarcomeric α-actinin
(Sigma) (A7811), HRP-conjugated secondary antibodies
(Pierce) and Alexa Fluor-conjugated secondary anti-
bodies (Thermo Fisher Scientific). For western blotting,
muscle tissues were homogenized employing a Bead
Homogenizer (MS-100R; Tomy Digital Biology, Tokyo,
Japan) at 4°C for 15 s × 2 with three zirconium beads
(2 mm) at a speed setting of 4500 rpm in lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 20 mM sodium
pyrophosphate, 10 mM NaF, 2 mM sodium orthovanadate,

1 mM EDTA, 1% Triton X-100, 1 μg ml−1 pepstatin,
5 μg ml−1 leupeptin, 1 mM phenylmethylsulfonyl fluoride,
6500 IU ml–1 aprotinin, phosphatase inhibitor mixture-1;
Sigma). After end-over-end rotation of the homogenates
for 30 min, lysate supernatants were collected by
centrifugation (21,880 × g) for 20 min at 4°C, and protein
concentrations were measured using the bicinchonic acid
method with BSA as the standard (Pierce). Total protein
and phosphorylation levels of relevant proteins were
determined by conventional immunoblotting techniques
with loading of equal amounts of proteins. PVDF
membranes (Immobilon-P; Millipore) were blocked for
2 h at room temperature (RT) with 5% BSA in TBS
containing 0.1% Tween 20. After sequential incubations
with first and second antibodies, chemiluminescence
(SuperSignal West Femto; Thermo Fisher Scientific)
was detected with an ImageQuant LAS4000 mini (GE
Healthcare Life Sciences, Little Chalfont, UK) imaging
system.

QD labelling

For preparation of QD-conjugated anti-myc antibody,
first, the Fab’ fragment of anti-myc antibody was
prepared with a Mouse IgG1 Fab and F(ab’)2 Pre-
paration Kit (Pierce), followed by mild reduction with
2-mercaptoethanolamine. Maleimide-activated QD655
was also prepared by incubating Qdot 655 ITK Amino
(PEG) Quantum dots (Thermo Fisher Scientific) with
sulfo-SMCC (Pierce) at RT for 1 h. The resultant Fab’
fragment of anti-myc antibodies and maleimide-activated
QD655 was mixed, and the final concentrations of
the QD655-conjugated antibodies were determined by
measuring optical density at 638 nm and then using
the formula A = εcL, where A is the absorbance, ε is the
molar extinction coefficient (800 000 M–1 cm–1), c is the
molar concentration and L is the path length. For cellular
labelling, the cells were serum-starved and incubated in the
presence of 1.5–5 nM QD655-conjugated antibodies for
1 h. The cells were then extensively washed for at least 3 h
to remove unbound QD-labelled antibodies. Labelling of
TfR with QD was performed using QD-conjugated trans-
ferrin (Tf), which had been prepared with Tf-biotin and
streptavidin-QD (Thermo Fisher Scientific) in the pre-
sence of excess (100×) biotin. For cellular labelling, cells
were treated with the Tf-QD conjugates for 15 min, and
images were acquired for up to 30 min.

Single molecule imaging and particle tracking

Single molecule imaging of QD was performed with
an inverted microscope (IX81; Olympus, Tokyo, Japan)
equipped with an electron-multiplying charge-coupled
device camera (iXon Ultra; Andor Technology, Belfast,
UK), a Nipkow disk confocal unit (CSU-X1; Yokogawa,
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Tokyo, Japan), a motorized xy stage (Sigma Koki, Tokyo,
Japan), a z-drift compensation module (Olympus) and
an oil-immersion objective lens (UPLSAPO100xO, NA
1.4; Olympus) at 20 frames s–1. Imaging was performed
at �30°C using a stage heater and a lens heater
(Tokai Hit, Fujinomiya, Japan). QD655 fluorescence was
excited at 488 or 532 nm with a solid-state laser and
detected via a 655/12 bandpass filter (Semrock, Rochester,
NY, USA). Single particle tracking was performed
using G-Count (G-Angstrom, Sendai, Japan) with a
two-dimensional Gaussian fitting mode. We tracked
each particle successfully fitted within a 13 × 13 pixel
region-of-interest for at least 30 frames. When the
signal in a frame was lost because of blinking, no
fitting was performed until reappearance of the bright
spot. When a bright spot did not reappear within
10 frames, tracking was aborted. We typically tracked
50–150 particles per cell and obtained the images in at least
three independent experiments. We evaluated movements
with mean velocities and mean-square displacements
(MSD) (Fujita et al. 2010). The velocities for individual
particle movements were calculated by linear fit of the
displacement during four frames. Mean velocities were
first calculated in a cell, and then averaged among
cells under the same treatment conditions. We found
that QD in fixed cells showed non-negligible velocities
(�0.19 μm s−1), which was attributed to unavoidable
instrumental noise. Thus, when representing mean
velocities, we used corrected values instead of raw data
by subtracting the noise. Because the velocities were
calculated based on the movements within short peri-
ods of time and single molecule fluorescence with a
limited signal-to-noise ratio, such relatively large noise
was inevitable. Although our approach does allow clear
observation of stimulation-dependent changes in speeds
under such conditions, we also calculated MSD showing
relatively long time-scale behaviours, aiming to clearly
determine the actions triggered by insulin stimulation.
MSD values of individual particles were calculated
with:

MSD(τ) = 1

N − τ
�t

N− τ
�t∑

i=1

∣∣∣pi+ τ
�t

− pi

∣∣∣
2

where N is the total number of positions measured, �t is
the time interval of successive images, τ is the time lag that
can calculated by n�t where n is integer from 1 to N – 1,
and p is the position vector of the molecule, respectively.

Imaging of endomembrane fusion

Imaging of endosomal fusion of myc-GLUT4-containing
vesicles with TfR-containing vesicles was performed
using a fluorometric avidin-biotin binding assay (Emans
et al. 1995). To prepare streptavidin-BODIPY-conjugated

anti-myc antibodies, first, recombinant streptavidin
(ProSpec, Rehovot, Israel) was mixed with BODIPY
FL-NHS (Thermo Fisher Scientific) at a 1:2 molar
ratio in 0.1 M sodium bicarbonate buffer (pH 8.2) and
incubated at RT for 1 h. Unreacted BODIPY FL-NHS
was then removed by dialysis in PBS. The degree of
labelling was �1.7 mol BODIPY mol–1 streptavidin. Next,
streptavidin-BODIPY was maleimide-activated in the pre-
sence of a 10-fold excess of sulfo-SMCC (Pierce) at RT
for 30 min, and desalted with PBS containing 5 mM

EDTA. The maleimide-activated streptavidin-BODIPY
was mixed with sulfhydryl-anti-myc antibodies, which
had been prepared separately by reacting anti-myc anti-
bodies with 2-mercaptoethanolamine, for 30 min at
RT. For labelling, cells were treated with 4 μg ml−1

streptavidin-BODIPY FL-conjugated anti-myc antibodies
for 1 h. Then, the cells were extensively washed, followed by
an additional incubation for at least 1 h. After incubation,
the cells were treated with 10 μg ml−1 Tf-biotin for 15 min
and then extensively washed. Imaging experiments were
performed with an SP8 confocal microscope (Leica Micro-
systems, Wetzlar, Germany) equipped with an inverted
microscope, a white-light pulsed laser, highly sensitive
hybrid detectors and an oil-immersion objective lens (HC
PL APO CS2 63×, NA 1.40). Excitation was at 488 nm and
fluorescence was acquired at 495–600 nm. Images were
acquired as a t series at intervals of 10 s. Note that we
obtained merged fluorescence of BODIPY and EGFP as a
result of the similar fluorescence spectra of BODIPY and
EGFP.

Immunofluorescence, super-resolution imaging
and image analysis

Myofibres were fixed with 2% paraformaldehyde in
PBS for 15 min, and permeabilized with P-buffer
consisting of 0.5% saponin and 1% BSA in PBS for
10 min. The myofibres were then blocked with P-buffer
supplemented with 5% calf serum. Primary and Alexa
Fluor-conjugated secondary antibodies were diluted in
P-buffer and incubated overnight at 4°C and for 1 h
at RT, respectively. The samples were mounted in
ProLong Gold antifade reagent (Thermo Fisher Scientific).
Confocal and stimulated emission depletion (STED)
images were taken using a gated STED microscope
system (SP8 gSTED; Leica) equipped with an inverted
microscope, a white-light pulsed laser (for excitation),
a continuous wave laser (for STED), highly sensitive
hybrid detectors and an oil-immersion objective lens
(HC PL APO 100× Oil STED, NA 1.40). Excitation
and STED were at 488 and 592 nm, respectively,
and fluorescence was acquired at 495–585 nm with
time-gated detection (1.5–6.5 ns). Structured illumination
microscopy (SIM) images were acquired with the N-SIM
system (Nikon, Tokyo, Japan) equipped with an inverted
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microscope, an electron-multiplying charge-coupled
device camera (iXon3; Andor Technology) and an
oil-immersed objective lens (CFI Apo TIRF 100×, NA
1.49). Excitation was at 488 and 561 nm with solid-state
lasers (Sapphire; Coherent Inc., Santa Clara, CA, USA).
Images were acquired by 3D SIM mode as a z-series
at intervals of 0.1 μm and SIM reconstructions were
performed using NIS elements AR (Nikon). For measuring
particle area, fluorescence images were binarized by Otsu’s
method and particle sizes were measured using the Analyse
Particles plug-in of Fiji (Schindelin et al. 2012). For
measuring particle diameters, intensity profiles of particles
were obtained along a defined line, followed by fitting with
Gaussian (confocal images) or Lorentzian (STED images)
functions using the Levenberg–Marquardt algorithm in
ORIGIN (OriginLab Corp., Northampton, MA, USA),
and full-width-at-half-maximum (FWHM) diameters
were obtained by the fitted functions. For co-localization
analyses, background fluorescence of the acquired images
was measured within the cell-free area adjacent to the
cell of interest and its mean + 3 SD value was subtracted
from the entire image. Then, quantitative co-localization
analysis was performed with Coloc2 plug-in of Fiji.
Amplitudes of stripe-like structures were determined
with custom-written Matlab scripts (MathWorks Inc.,
Natick, MA, USA). First, power spectra of the immuno-
fluorescence images were obtained by 2D-FFT and their
radial profiles were calculated. Then, the maximum peak
amplitude between spatial frequencies of 0.4–0.6 μm–1

(which corresponds to intervals of 1.7–2.5 μm) was
obtained.

Statistical analysis

Data with error bars are the mean ± SEM unless otherwise
indicated. The Mann–Whitney U test and Dunnett’s
multiple comparison test were used for comparisons
between two groups and among three or more groups
of mean values, respectively. P < 0.05 was considered
statistically significant. Statistical tests were performed
with SPSS, version 22 (IBM Corp., Armonk, NY, USA)
or ORIGIN (OriginLab Corp.).

Results

GLUT4 nanometry in single myofibres

In these experiments, we endeavoured to apply GLUT4
nanometry (which has been successfully employed in
cultured cell lines) to isolated mouse skeletal myo-
fibres. First, we generated myc-GLUT4-EGFP transgenic
mice using α-actin promotors to express the proteins in
skeletal muscle and then isolated single myofibres from
soleus (slow-twitch) and EDL (fast-twitch) muscles by
collagenase digestion (Fig. 1A). We labelled intracellular

myc-GLUT4-EGFP with QD-conjugated anti-myc anti-
bodies (Fig. 1B) and tracked the intracellular movements
of individual QD signals in myofibres employing a method
already established for cultured cell lines (Fujita et al.
2010). We observed GLUT4 behaviour just below the
sarcolemma, at a depth of 1–4 μm above the glass
surface.

The intracellular movement of GLUT4 was significantly
restricted compared to that of TfR, a well-established
recycling pathway marker, in both soleus and EDL muscles
(Fig. 1C–F), indicating the existence of a stationary
compartment, especially for GLUT4 in skeletal myofibres,
similar to that in 3T3-L1 adipocytes. We next analysed the
actions of insulin mediating GLUT4 behaviour and found
significant increases in GLUT4 movement with as little
as 5 min of insulin stimulation in both soleus and EDL
myofibres and, in addition, the insulin-induced responses
were abolished in the presence of the phosphoinositide
3-kinase inhibitor LY294002 (Fig. 1C–F), suggesting
that insulin promptly stimulates the release/liberation
of static GLUT4. By contrast, TfR intracellular activities
were unaffected by insulin stimulation. An AMP kinase
activator, AICAR, also induced significant liberation
of static GLUT4, although we observed no significant
additive effects of insulin and AICAR on GLUT4
liberation (Fig. 1E and F).

Phosphorylation and localization of AS160
and Tbc1d1 in myofibres

To confirm intramyofibre signalling status with 5 min
exposure to stimuli, western blot and immuno-
fluorescence analyses of signalling intermediates related
to GLUT4 translocation including AS160 and Tbc1d1
were performed. Phosphorylation of these signalling
intermediates was induced by each stimulus, although
AICAR-dependent responses such as phorphorylations
of AMPK and Tbc1d1 were relatively weak (Fig. 2A).
The insulin-responsive phosphorylation of Akt and
AS160 was abolished in the presence of LY294002
(see below). We found no obvious additive effects
on AS160 or Thr642 phosphorylation in response to
treatment with insulin and AICAR (Fig. 2A), which is
consistent with a previous observation (Kramer et al.
2006), although that previous study used prolonged
stimulation. Interestingly, we observed marked increases
in total AS160 solubilized into supernatants from muscle
homogenates after insulin stimulation, suggesting that
insulin induced changes in AS160 states lead to Triton
X-100 soluble fractions. Such subcellular localization
changes of AS160 in skeletal muscles were observed by
employing a fractionation method (Zheng & Cartee,
2016).

Immunofluorescence analyses revealed that both
AS160 and Tbc1d1 exhibited stripe-like structures and
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co-localized with a z-band marker sarcomeric α-actinin
(Fig. 2B and C). Similar staining patterns of AS160
and Tbc1d1 were observed using antibodies generated
from different epitopes. Insulin stimulation resulted in
a reduction of these stripe-like localizations of AS160
(Fig. 2D and E). By quantifying the amplitudes of the
stripe-like structures of AS160 and Tbc1d1 (Fig. 2F),
we found significantly reduced AS160 (but not Tbc1d1)
localization in the stripe-like structures in soleus muscle
after insulin stimulation. Localization of AS160 in the
stripe-like structures in EDL muscle also tended to
diminish with insulin stimulation (Fig. 2G), although the
decreases were not statistically significant.

Insulin increases sizes of GLUT4-containing structures
and their co-localization with TfR

To further assess initial kinetic actions of insulin
in GLUT4 trafficking in skeletal muscle, we next
analysed morphological and functional signatures of
GLUT4-containing elements after brief (5 min) insulin
stimulation. First, we analysed the structures of end-
ogenous GLUT4-containing elements in myofibres of
wild-type mice using STED super-resolution microscopy
because most GLUT4-containing structures are assumed
to be smaller than the diffraction limit of conventional
fluorescence microscopy (�200 nm) (Rodnick et al.
1992). With STED microscopy, we detected a number
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Figure 1. Single molecule nanometry in isolated mouse skeletal myofibres
A, micrograph of isolated EDL myofibres. B, fluorescence (left) and overlaid bright field (right) images of an EDL
myofibre isolated from a myc-GLUT4-EGFP transgenic mouse and then labelled with QD655-conjugated anti-myc
antibodies. C and D, mean MSD curves of intracellular movements of GLUT4 or TfR before and after insulin
stimulation (100 nM; 5 or 15 min) in soleus (C) and EDL (D) myofibres. E and F, mean speed of intracellular
movement of GLUT4 or TfR under the indicated conditions. Some myofibres were pretreated with LY294002
(50 μM) for 30 min before stimulation with insulin (100 nM) or AICAR (1 mM) for 5 min. ∗P < 0.05, ∗∗P < 0.01
(n = 4–6).
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Figure 2. Proximal signalling and localization of AS160 and Tbc1d1
A, western blotting analyses of proximal signalling related to GLUT4 translocation. B, immunofluorescence images
of AS160, Tbc1d1 and sarcomeric α-actinin in EDL myofibres. C, intensity profiles of AS160 (green), Tbc1d1 (red)
and sarcomeric α-actinin (blue) along the dashed line shown in (B). D, immunofluorescence images of AS160
before and after insulin stimulation (100 nM, 15 min) in soleus myofibre. E, intensity profiles of AS160 before
(black) and after (red) insulin stimulation along the dashed line in (D). F, power spectra calculated from the images
shown in (D) by 2D-FFT before (black) and after (red) insulin stimulation. G, quantification of changes in stripe-like
structures of AS160 and Tbc1d1 after insulin stimulation in soleus (left) and EDL (right) myofibres. ∗P < 0.05
(n = 6).
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Figure 3. Comparison of confocal and STED images of
GLUT4-containing structures
A, confocal (left) and STED (right) images of endogenous GLUT4 in
EDL muscle. These images were obtained from the same region with
the same acquisition setting, except for the excitation/STED laser
power. B, magnified images of boxed region-of-interest (ROI) in (A).
C, intensity profiles of confocal (green) and STED (magenta) images
along the dashed line of each ROI (inset). Continuous lines represent
Gaussian (confocal) or Lorentzian (STED) fitting of the profiles. In
ROI1, FWHM diameters are 243 nm (confocal) and 62 nm (STED),
respectively. In ROI2, the intensity profile obtained from the confocal
image was best-fitted with a single Gaussian function for which the
FWHM diameter is 384 nm, whereas that from the STED image was

of very small GLUT4-containing structures (Fig. 3A),
some of which could even be resolved into two
(or more) GLUT4-containing structures in proximity
(Fig. 3B and C). Intriguingly, insulin increased the
sizes of GLUT4-containing structures after 5 min of
stimulation (Fig. 4A). These GLUT4-containing structures
showed significant enlargement in both soleus and EDL
muscles, although the former appeared to be more
sensitive to this effect (Fig. 4B and C). As expected,
insulin-induced enlargement of the GLUT4-containing
structures was blunted in the presence of LY294002.
The frequency distribution of the areas was best-fitted
by the sum of two exponential functions, characterized
by smaller [(0.441 ± 0.013) × 10–2 μm2] and larger
[(5.43 ± 0.16) × 10–2 μm2] components (Fig. 4D) and
insulin significantly increased the larger component in
12% of soleus and 5% of EDL muscles (Fig. 4E). Assuming
spherical particles, the estimated maximum diameters of
the two components are 75 ± 6 nm and 263 ± 22 nm
and �10–40 of the smaller structures are required to
generate the larger one. We also measured FWHM
diameters of the observed structures and confirmed the
acute effects of insulin (Fig. 4F). The median diameter
of GLUT4-containing structures, even after insulin
stimulation (�138 nm), remains below the diffraction
limit. Therefore, the present study is the first to obtain
such findings employing morphometric evaluations with
super-resolution microscopy. AICAR also enlarged the
structures examined (Fig. 4B–F), although we detected
no significant additive effects of insulin and AICAR.

Importantly, double-immunofluorescence staining
analysis using structured illumination super-resolution
microscopy revealed that 5 min of insulin stimulation
resulted in statistically significant increases in
co-localization of GLUT4 with TfR (Fig. 5A and B)
in both soleus and EDL muscles (Fig. 5C). Of note,
no significant increase in co-localization of GLUT4
with a T-tubule protein, BIN1, was detected after
5 min of insulin stimulation, whereas prolonged insulin
stimulation (30 min) did increase their co-localization
(Fig. 6A and B).

Insulin stimulates heterotypic fusion
of GLUT4-containing vesicles and the TfR-containing
compartment

GLUT4 behaviour observations in skeletal myofibres
showed that insulin promptly induces (i) increases
in the speed of GLUT4 movement; (ii) enlargement
of GLUT4-containing structures; and (iii) increases in

best-fitted with a sum of two Lorentzian functions for which the
FWHM diameters are 108 and 85 nm with an interpeak spacing of
173 nm.
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Figure 4. Brief insulin stimulation enlarges GLUT4-containing structures in myofibres
A, STED images of endogenous GLUT4 in soleus myofibres of wild-type mice (upper) and magnified images of
boxed regions (lower) in the basal state (left) and after 5 min of insulin (middle, 100 nM) or AICAR (right, 1 mM)
stimulation. Box plots of the particle sizes are shown under the indicated conditions in soleus (B) and EDL (C)
myofibres. Some myofibres were pretreated with LY294002 (50 μM) for 30 min before stimulation with insulin
(100 nM) or AICAR (1 mM) for 5 min. The white line and the square represent median and mean values, respectively.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.01 (n = 7–11). D, distributions of GLUT4-containing structures in the basal state
(grey) and after 5 min of insulin (red, 100 nM) or AICAR (blue, 1 mM) stimulations in soleus (left) and EDL (right)
muscles. Smooth lines are double-exponential curves that are characterized by smaller (0.441 × 10–2 μm2) and
larger (5.43 × 10–2 μm2) components. E, fractions of the larger component of GLUT4-containing structures in the
basal state (grey) and after 5 min of insulin (red, 100 nM) or AICAR (blue, 1 mM) stimulations in soleus (left) and
EDL (right) muscles. ∗P < 0.05, ∗∗P < 0.01 (n = 4–9). F, FWHM diameters of GLUT4-containing vesicles in soleus
myofibres in the basal state (black) and after 5 min of insulin (red, 100 nM) or AICAR (blue, 1 mM) stimulation.
Dashed lines represent Gaussian fitting of the histograms for each treatment condition. Median diameters in the
basal, insulin and AICAR-stimulated conditions were 0.115, 0.138 and 0.133 μm, respectively.
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co-localization with TfR. These findings suggest that,
initially, insulin stimulates endomembrane fusion of
several GLUT4-containing vesicles with other types
of endosomes, including those of the TfR-containing
compartment. As noted, �10–40 of the small vesicles are
required for enlargement of GLUT4-containing structures
to occur solely via homotypic fusion. More probably, a few
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Figure 5. Brief insulin stimulation increases co-localization of
GLUT4 with TfR in myofibres
A, immunofluorescence images of TfR (green) and GLUT4 (magenta)
before (left) and after 5 min of insulin stimulation (right, 100 nM) in
isolated soleus (upper) and EDL (lower) myofibres. B, scatter plot
analysis of GLUT4-TfR co-localization in soleus muscle shown in (A).
C, changes in co-localization coefficient of GLUT4 with TfR after
5 min of insulin stimulation (100 nM). ∗P < 0.05 (n = 5).

small GLUT4-containing vesicles heterotypically fuse with
a large TfR-containing endosome. Immunofluorescence
analysis clearly demonstrated that TfR-containing end-
osomes were, in some cases, surrounded by a few small
GLUT4-containing structures (Fig. 6C). To test this
hypothesis directly, we attempted to visualize such fusion
events using a fluorometric assay, which is based on
enhancement of the fluorescence of BODIPY-conjugated
streptavidin (BODIPY/streptavidin) upon biotin binding
(Fig. 7A) (Emans et al. 1995). As expected, BODIPY
or BODIPY/streptavidin fluorescence was enhanced in
the presence of biotin or biotinylated Tf, respectively
(Fig. 7B and C). Therefore, if such fusion events occur,
enhancement of BODIPY fluorescence will be observed
(Fig. 7D).

The myc-GLUT4 molecules in isolated EDL myofibres
obtained from the transgenic mice were labelled in
advance with BODIPY/streptavidin-conjugated anti-myc
antibodies. The labelled myc-GLUT4 was then allowed
to recycle back to its stationary compartments. Next,
endogenous TfR was labelled with biotinylated Tf,
and insulin-induced changes in fluorescence intensity
reflecting their fusion activities were monitored
(Fig. 7E–G). The fluorescence spectrum of BODIPY
is similar to that of EGFP. We thus observed merged
fluorescence of these two compounds in this set of
experiments. Insulin stimulation elicited a gradual
increase in fluorescence intensity within several myofibre
regions, presumably resulting from facilitated endosomal
fusion between BODIPY/streptavidin-labelled GLUT4-
containing vesicles and a biotinylated-Tf-conjugated
TfR-containing compartment. This enhancement was
statistically significant after 3 min of insulin stimulation
(Fig. 7H). Importantly, such enhancement was completely
abolished by treatment with the phosphoinositide
3-kinase inhibitor LY294002 and was not observed in
the control cells without insulin stimulation (Fig. 7G
and H). These results provide compelling evidence
that insulin can rapidly trigger heterotypic endosomal
fusion, at least between GLUT4-containing vesicles and
TfR-containing endosomes in skeletal myofibres. Of
note, this approach can specifically detect initial fusion
of these two distinct vesicle types. However, analysing
post-fusion events is not possible because the complex
formed between myc-GLUT4 and TfR undergoes
strong biotin-streptavidin binding and thus cannot be
dissociated.

Exercise-mimetic stimuli enhance insulin sensitivity
in skeletal muscle

Exercise is well-known to enhance insulin-responsive
GLUT4 translocation and glucose transport (Richter
et al. 1982; Cartee et al. 1989). To determine whether
exercise-mimetic stimuli delivered to skeletal myofibres
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can modulate insulin susceptibility, we performed STED
microscopy-based morphometric analysis, which is an
accurate quantitative insulin dose-responsive analytical
method designed especially for broad areas of myo-
fibres. Myofibres were first stimulated with or without
AICAR for 30 min, washed, allowed to recover for 1 h,
and then stimulated with various insulin concentrations
for 5 min (Fig. 8A). After being washed for 1 h, the
sizes of GLUT4-containing structures showed recovery
to those in the basal control state (Fig. 8B and C),
although slight phosphorylation of AMPK and its sub-
strate (Ser237 of Tbc1d1) remained (Fig. 8D and E). We
found that, with AICAR pretreatment, insulin-induced
enlargement of GLUT4-containing structures was more
prominent even at lower concentrations of insulin in both
soleus and EDL muscles, and that these actions were
abolished in the presence of LY294002 (Fig. 8B and C).
Insulin sensitivity was observed to be more enhanced in
soleus than in EDL muscles at lower concentrations of
insulin. Although it cannot be completely ruled out that
remaining phosphorylation of AMP kinase-related signals

might be involved in the susceptibility to insulin, these
observations demonstrated that AICAR-pretreatment was
capable of inducing enhanced insulin-responsiveness as
assessed by enlargement of GLUT4-containing structures.
It is noteworthy that proximal insulin-related signalling
events such as phosphorylation of Akt and its sub-
strate (Thr642 of AS160) did not differ significantly
between the presence and absence of AICAR pretreatment
(Fig. 8D).

We previously found that Tbc1d1 can mediate beneficial
effects of exercise on muscle insulin potency (Hatakeyama
& Kanzaki, 2013b). Furthermore, we recently revealed
that the co-operative actions of two RabGAPs (AS160
and Tbc1d1) modulate the insulin sensitivity of GLUT4
trafficking activity (Hatakeyama H & Kanzaki M,
manuscript in preparation) based on detailed analyses
using a cell-based reconstitution model (Hatakeyama
& Kanzaki, 2011). Consistent with previous studies
employing western blotting (Taylor et al. 2008), the relative
ratios of AS160 to Tbc1d1 were higher in soleus than
in EDL muscles, based on the fluorescence intensities of

A

B

BIN1

GLUT4

0 5 30 min insulin

5 μm 

0

0.2

0.4

0.6

C
o
lo

c
a
liz

a
ti
o
n
 c

o
e

ff
ic

ie
n

t

Soleus EDL

0 5 0 5 3030 min insulin

* *

GLUT4

TfR

1 μm  

C

Figure 6. Immunofluorescence of
endogenous GLUT4 and T-tubule protein
BIN1
A, immunofluorescence images of a T-tubule
protein BIN1 (green) and GLUT4 (magenta) in
soleus myofibres of wild-type mice before (left)
and after 5 min (middle) and 30 min (right) of
insulin stimulation (100 nM). B, changes in the
colocalization coefficient between BIN1 and
GLUT4 after insulin stimulation (100 nM) in soleus
and EDL muscles. ∗P < 0.001 (n = 5). C,
immunofluorescence images of TfR (green) and
GLUT4 (magenta) in soleus myofibres after 5 min
of insulin stimulation (100 nM). Arrowheads
indicate small GLUT4-containing vesicles
surrounding a large TfR-containing endosome.
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Figure 7. Brief insulin stimulation
induces fusion of GLUT4-containing
vesicles with TfR-containing vesicles in
myofibres
A, schema for the proposed mechanism of
BODIPY fluorescence dequenching by
biotin binding to streptavidin. In the
absence of biotin binding, BODIPY
fluorescence is quenched as a result of
aromatic residues of streptavidin. B,
enhancement of streptavidin-BODIPY
fluorescence in the presence of biotin in
vitro. Continuous line represents linear
regression of the data. C, enhancement of
anti-myc-streptavidin-BODIPY fluorescence
in the presence of transferrin-biotin in
vitro. Continuous line represents linear
regression of the data. D, schema for the
fusion experiments. Prior to stimulation,
myc-GLUT4-EGFP and TfR were labelled
with anti-myc-streptavidin/BODIPY and
transferrin-biotin, respectively. After
myc-GLUT4-EGFP-containing vesicles fuse
with TfR-containing vesicles,
biotin-streptavidin binding dequenches
BODIPY fluorescence, such that increases
in green fluorescence can be observed. E,
fluorescence image of myc-GLUT4-EGFP +
anti-myc-streptavidin/BODIPY in EDL
myofibres of myc-GLUT4-EGFP transgenic
mouse. F, changes in green fluorescence
of boxed regions in (E). Images are the
maximum intensity projections of five
successive frames. G, time courses of
changes in green fluorescence (�F) of
boxed regions in (E). Myofibres were
stimulated with insulin (100 nM) at time 0.
For comparison, �F is shown in myofibres
pretreated with LY294002 (50 μM) for
30 min (grey), as well as in non-stimulated
myofibres (black). Continuous lines
represent fast Fourier transform filter
smoothing curves. H, mean changes in
green fluorescence in the
insulin-stimulated myofibres (red), those
pretreated with LY294002 (50 μM) for
30 min (grey) and non-stimulated
myofibres (black). ∗∗P < 0.01,
∗∗∗P < 0.001 vs. before stimulation (t = 0,
n = 4).
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Figure 8. Sequential stimulations with insulin after AICAR treatment enhanced insulin sensitivity in
myofibres
A, treatment protocols for analysing the effects of AICAR pretreatment (1 mM) on the sizes of GLUT4-containing
structures. Box plots of the particle sizes of endogenous GLUT4-containing vesicles are shown under the indicated
conditions in soleus (B) or EDL (C) myofibres. Some myofibres were pretreated with LY294002 (50 μM) prior to
the 30 min of insulin stimulation (0–100 nM) for 5 min. The white line and square represent median and mean
values, respectively. ∗P < 0.05 (n = 7–11). D, western blotting analyses of protein phosphorylation and expression
under the indicated conditions. E, immunofluorescence images of AS160 (left, green on the right) and Tbc1d1
(middle, magenta on the right) in soleus (upper) and EDL (lower) muscles. F, fluorescence intensity ratios of AS160
to Tbc1d1 in soleus and EDL myofibres. ∗P < 0.05 (n = 5).
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AS160 and Tbc1d1 (Fig. 8E and F), suggesting that insulin
susceptibility is modulated by the expression ratio of these
RabGAPs.

Discussion

The findings of the present study demonstrate that
GLUT4 molecules segregated within very small vesicles
residing in the specialized stationary compartment
and were efficiently liberated upon (and/or just
beforehand) stimulus-facilitated endosomal fusion with
a subset of travelling endosomes containing TfR in
skeletal myofibres (Fig. 9). These initial activities
involving endomembranous regulation are potentiated by
combinatorial stimuli such as insulin plus exercise-related
signals in myofibres. Thus, our comprehensive imaging
analyses employing skeletal myofibres, and focusing
on insulin-elicited initial GLUT4 behaviour, strongly
supports the novel concept that GLUT4 ‘protein
trafficking’ via heterotypic fusion is a feature of the
stimuli-dependent initial trigger for GLUT4 translocation,
at least in skeletal muscles. Whether or not adipocytes

Transferrin receptor–
containing endosomes

Trans-Golgi
network

TBC/RabGAPs
(AS160/Tbc1d1)

Insulin Exercise

Small GLUT4-
containing

vesicles

Cell surface
(Sarcolemma, T-tubule)

Heterotypic
fusion

Figure 9. Schematic depiction of heterotypic endosomal
fusion induced by insulin in skeletal myofibres
Comprehensive imaging analyses of GLUT4 behaviour in skeletal
muscle revealed that insulin triggers acute heterotypic
endomembrane fusion of GLUT4-containing vesicles with a subset of
TfR-containing endosomes. The insulin-responsive actions exerted on
small GLUT4-containing vesicles are enhanced after exercise-mimetic
stimuli, possibly regulated by functional co-operation between
AS160 and Tbc1d1. The findings provide a conceptual framework
indicating that GLUT4 ‘protein’ trafficking via heterotypic fusion is a
critical feature of GLUT4 translocation in skeletal muscles and also
suggest that the insulin-responsive efficacy of the endomembranous
fusion process is involved in the benefits of exercise.

possess a similar capacity to initiate GLUT4 translocation
remains unknown. However, the findings of the pre-
sent study provide novel insights into GLUT4 trans-
location, which has been intensively investigated under the
canonical concept based on ‘GLUT4-vesicle trafficking’,
in that most GLUT4-vesicles are destined to directly
reach their final destinations (sarcolemma and T-tubules).
Although our data do not allow the relative contributions
of ‘protein’ and ‘vesicle’ trafficking to the initial round
of GLUT4 translocation as a whole to be determined,
morphometry-based estimations suggest that 12% of
very small GLUT4-containing vesicles can immediately
(�5 min) undergo heterotypic fusion in soleus myo-
fibres (Fig. 4E). Although this fraction appears to be
small, it is important to note that this value was derived
from a ‘snapshot’ of super-resolution images at specific
time points and that much greater enhancements of
GLUT4 kinetics, as well as of co-localization/fusion indices
with TfR, were actually observed. Because the remaining
small GLUT4 vesicles may still have the ability to fuse
with larger compartments and GLUT4 molecules are
highly condensed into these specialized small vesicles,
much larger numbers of total GLUT4 molecules might
be translocated via heterotypic endosomal fusion events
during the initial round of stimulation in living myo-
fibres. Of note, the insulin-responsive actions exerted
on small GLUT4-containing vesicles are enhanced after
exercise-mimetic stimuli (see below).

Although the molecular mechanisms underlying
heterotypic fusion are unknown, an array of fusion and
tethering machineries functioning at various stages in
regulating the endomembrane system, probably governed
by AS160/Tbc1d1-directed regulation of Rab GTPases,
must be involved in these processes. Generally, the
specificity and efficiency of the endomembrane system are
determined by co-ordinated actions of SNARE proteins,
tethering factors and Rab GTPases (Cai et al. 2007). Several
SNARE proteins, including VAMP3 (Riggs et al. 2012);
VAMP4, syntaxin 6, syntaxin 13 and Vti1a (Brandhorst
et al. 2006); and VAMP8 (Behrendorff et al. 2011)
reportedly function in endosomal fusion processes and
some have also been implicated in the intracellular
GLUT4 trafficking (Williams & Pessin, 2008), as well
as GLUT4 translocation (Randhawa et al. 2004; Zhao
et al. 2009). Regarding tethering factors, one of the
coiled-coil type golgin tethering factors localized in the
trans-Golgi network (TGN), golgin-97, is required for
sortilin-mediated static GLUT4 behaviour in concert with
SNARE proteins such as syntaxin 6 and Vti1a (Hatakeyama
& Kanzaki, 2011). Other recently identified tethering
complexes, such as GARP (Bonifacino & Hierro, 2011),
EARP (Schindler et al. 2015) and TUG protein (Bogan
et al. 2003), may be involved in the initial insulin
action. In any case, AS160 and Tbc1d1 exhibit potent
RabGAP effects on multiple Rab GTPases, including
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Rab 8, 10 and 14 (Miinea et al. 2005; Roach et al.
2007), which are all crucially involved in several end-
omembrane trafficking events, including tethering, fusion
and sorting, particularly among the TGN, endosomes
and plasma membrane. Thus, once these Rab GTPases
are activated in co-ordination, upon catalytic release
from RabGAP-mediated suppression, a variety of their
downstream effectors co-operatively control not only the
canonical fusion event at the plasma membrane (Chen
et al. 2012), but also (as revealed in the present study) the
initial heterotypic endosomal fusion process.

GLUT4 dynamics in skeletal myofibres

Early immunoelectron and immunofluorescence micro-
scopy studies provided spatial information regarding
GLUT4 localization. GLUT4 molecules are present in
several membranous compartments, including the TGN,
endosomes and T-tubules, and insulin and contraction
both induced the redistribution of the subcellular
localization of GLUT4 (Rodnick et al. 1992; Ploug et al.
1998). Ploug et al. (1998) found �77% of GLUT4 to
be present in small tubulovesicular structures, which
can be further divided into TfR-positive (�52%) and
TfR-negative elements, whereas the remainder was found
in larger structures that were partially co-localized with
a TGN protein, TGN38. It was proposed that the
TfR-negative elements are somewhat smaller than the
TfR-positive ones and the smaller TfR-negative elements
were not associated with the Golgi complex based on
co-localization with TGN38. However, skeletal muscle
has a non-conventional Golgi complex, comprised of a
network of smaller elements (Ralston et al. 1999), and
the TGN has multiple biochemically and functionally
distinct subdomains (Gleeson et al. 2004). Therefore,
we can reasonably speculate that the small TfR-negative
elements at least partially comprise subdomains derived
from the TGN. Specific TGN subdomains such as
golgin-97-localizing regions (Hatakeyama & Kanzaki,
2011) or those enriched in syntaxin 6 and syntaxin 16 but
not TGN38 (Shewan et al. 2003) are critical intermediate
transits for GLUT4 trafficking. Co-localization analysis of
these proteins might thus be an optimal approach with
respect to analysing their structures.

Consistent with our observations, Ploug et al.
(1998) also demonstrated that insulin stimulation
induced decreases in the TfR-negative smaller elements
and concomitant increases in the TfR-positive larger
structures, although their observations were made after
prolonged insulin stimulation (20 min). Extensive efforts
have been made to determine how GLUT4 cycles between
intracellular compartments and the plasma membrane,
although most such studies employed 3T3L1 adipocytes
because these cells are easily handled experimentally.
Although the densely-packed GLUT4 in perinuclear

regions of mononucleate adipocytes can, on occasion,
hinder efforts to analyse GLUT4 trafficking in detail, an
early electron microscopic study indicated that insulin
exerts marked effects on endosome morphology in adipose
tissues (Slot et al. 1991). Furthermore, a biochemical
fractionation study also demonstrated that insulin
stimulation (15 min) altered the buoyant density (from
high to low) of GLUT4-containing vesicles of adipocytes,
as well as those of skeletal muscles obtained from rats
(Kandror et al. 1995). Thus, further analyses based on
the emerging concept that insulin-evoked acute end-
omembrane fusion activities are a key feature for triggering
GLUT4 translocation would clearly be worthwhile.

Recent studies have employed intravital imaging to
make major contributions to revealing the temporal
regulation of GLUT4 trafficking in skeletal (quadriceps)
muscles expressing GLUT4-EGFP (Lauritzen et al. 2006),
demonstrating that both large (> 1 μm) and small
(< 1 μm) GLUT4-containing structures tend to be
stationary in the basal state. However, it is important
to note that the GLUT4-containing structures observed
comprised numerous GLUT4 molecules, with some even
smaller than 1 μm in diameter, such that whether
individual GLUT4 molecules were stationary in the basal
state could be not determined. By contrast, our single
molecule nanometry can directly address the movements
of individual GLUT4 molecules with high positional
precision. We thereby succeeded in demonstrating
individual GLUT4 behaviours and consequently their
total dynamics in detail. Our current instrument
cannot simultaneously visualize individual GLUT4 with
QD together with the structures of GLUT4-containing
elements, such that improvements enabling dual-colour
imaging (Hatakeyama & Kanzaki, 2013a) are necessary for
further clarification of movement–structure relationships.
Furthermore, although our observations were consistently
made 1–4 μm above the glass surface where the majority
of GLUT4-containing vesicles localize (Ploug et al. 1998),
imaging or analytical approaches allowing evaluation of
three-dimensional movements (Ram et al. 2008; Gardini
et al. 2015) are required for future studies.

In the present study, the stimulatory effects of
insulin and AICAR on the movement and sizes of
GLUT4-containing structures were similarly observed in
both soleus and EDL muscles (Figs 1 and 3), whereas
AICAR effects on glucose uptake are reported to be less
pronounced in soleus than in EDL muscles (Lai et al.
2014; Jensen et al. 2015). One possible reason for this
discrepancy might reflect the processes observed and the
time scale analysed (i.e. initial events occurring within
several minutes vs. overall glucose uptake after several tens
of minutes, or more, of stimulation). Multiple composite
mechanisms would presumably be involved in the over-
all glucose uptake, especially after prolonged stimulation,
and the actions of insulin and AICAR could differ among
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such processes between soleus and EDL muscles. Similarly,
such a mechanism could also explain why no significant
additive effects of insulin and AICAR were observed, as
obviously are seen in glucose uptake (Hayashi et al. 1998).

A potential site of action involved in the benefits of
exercise: stimulus-evoked endomembranous activities
arising from small GLUT4-containing vesicles

One important aspect of skeletal muscle glucose
metabolism is the effects of exercise (i.e. a single
exercise session can lead to enhanced insulin-responsive
glucose transport) (Richter et al. 1982; Cartee et al.
1989). Although these processes are reportedly mediated
by increased GLUT4 translocation without enhanced
proximal insulin signalling (e.g. Akt activity) (Hansen
et al. 1998; Wojtaszewski et al. 1999; Maarbjerg
et al. 2011), several studies have suggested that AS160
phosphorylation mediates in vivo effects of exercise (i.e.
exercise-induced phosphorylation of AS160 remained
elevated several hours after the exercise concomitant with
insulin-stimulated glucose uptake, whereas such sustained
phosphorylation was not detected in Tbc1d1) (Funai et al.
2009; Treebak et al. 2009; Pehmoller et al. 2012).

Although ex vivo contraction also enhances insulin-
stimulated glucose uptake, especially in the presence
of serum (Cartee and Holloszy, 1990) via mechanisms
apparently distinct from sustained phosphorylation
(Funai et al. 2010), we have demonstrated the
enhancement of insulin sensitivity after exercise-mimetic
stimuli in the absence of serum. One reason for this
discrepancy might involve differences in the observed
processes between the studies, in that we focused
specifically on the initial processes, such as GLUT4
movement or the sizes of GLUT4-containing structures,
whereas other analyses employed overall glucose uptake
assays. Thus, we can reasonably speculate that the main
actions of humoral factors in serum are mediated by
processes other than those that we observed. Another
possibility is the concentration of insulin, in that we
stimulated myofibres or cells with super-physiological
insulin (> 1 nM) concentrations, whereas post-exercise
enhancement of insulin-stimulated glucose uptake is
observable at lower concentrations (Richter et al. 1982).
This might also explain the discrepancy between our
observations and recent results obtained with iso-
lated muscle indicating that the enhancing effects
of previous AICAR stimulation on low-concentration
insulin-dependent glucose uptake in the presence of serum
were more pronounced in EDL than in soleus muscles
(Kjobsted et al. 2015).

We also found that soleus muscle demonstrated
more insulin-sensitive responses and had a higher
ratio of AS160 to Tbc1d1 than EDL muscle, which
is consistent with previous observations of differences

in insulin-induced glucose uptake between these two
muscles (James et al. 1985; Henriksen et al. 1990), as
well as the western blotting results for AS160 and Tbc1d1
expression (Taylor et al. 2008). Given that obesity-related
mutants of Tbc1d1 within the phosphotyrosine binding
domain (R125W) showed decreased insulin-dependent
glucose uptake without significant phosphorylation
changes in skeletal muscle (An et al. 2010), additional
mechanisms that presumably depend on the functional
phosphotyrosine binding domain must be involved in
these processes. Indeed, our QD-based single molecule
nanometry demonstrated that Tbc1d1 has characteristic
intrinsic properties such as the capacity to acquire
temporal insulin responsiveness after exercise-mimetic
stimuli (Hatakeyama & Kanzaki, 2013b). Thus, functional
co-operation between these two RabGAPs modulating
the initial GLUT4 behaviour is apparently a key factor
in the benefits of exercise. We identified localization
and solubility changes of AS160 in response to insulin,
especially in the soleus muscle (Fig. 2), and it is possible
that such a shift in localization might modulate functional
co-operation between these two RabGAPs. Future studies
focusing on these issues are needed to reveal the molecular
mechanism underlying the benefits of exercise.

In summary, we have clearly demonstrated the initial
effects of insulin on GLUT4 behaviour in skeletal myo-
fibres. Stimulus-dependent redistribution of membrane
proteins is an essential aspect of cellular functions, and
GLUT4 is one of the best studied proteins among the
various molecules undergoing such processes. To date, we
have provided clear evidence of the critical steps in GLUT4
trafficking systems, including their stationary behavioural
nature, as well as stimulus-responsive liberation and
fusion with endomembrane systems presumably mediated
by the unlocking of RabGAP-catalysed inhibitions
of certain trafficking activities. Similar regulatory
mechanisms may play roles in other stimulus-dependent
trafficking in various cell types. Further clarification of
these processes is anticipated with respect to providing
insights for our understanding of not only GLUT4
behaviour and type 2 diabetes, but also exercise physiology
and intracellular trafficking in general.
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