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Abstract
Insulin and contraction-mediated glucose transporter 4 (GLUT4) trafficking have different
kinetics in mature skeletal muscle. Intravital imaging indicates that insulin-stimulated GLUT4
trafficking differs between t-tubules and sarcolemma. In contrast, contraction-induced GLUT4
trafficking does not differ between membrane surfaces. This distinction is likely due to differences
in the underlying signaling pathways regulating GLUT4 vesicle depletion, GLUT4 membrane
fusion and GLUT4 re-internalization.
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INTRODUCTION
Glucose transport in skeletal muscle is regulated by glucose transporter protein 4 (GLUT4)
transporter movement (translocation) to the membrane surfaces. During the last 30 years of
research on GLUT4 translocation several biochemical techniques have established the key
steps in the muscle GLUT4 translocation and its regulation by insulin and muscle
contractions. Specifically, it has been shown that GLUT4 translocation and in turn glucose
uptake is stimulated by insulin and muscle contractions through different signaling cascades
and these stimuli act in an additive fashion (30). Furthermore, it has been established that
GLUT4 moves from intracellular vesicular depots to the two distinct plasma membrane
domains, the t-tubules (a specialized plasma membrane network), and the sarcolemma (the
plasma membrane proper) (28;30;38). At maximal translocation a significant part of GLUT4
is inserted into the plasma membranes with the majority of GLUT4 at the t-tubules
membranes (90%) and a minor fraction (10%) at the sarcolemma (30;38). Once inserted into
the plasma membranes GLUT4 can transport glucose molecules across the trans-membrane
barrier into the muscle fiber (38). After the stimulation ceases GLUT4 re-internalizes from
the membrane surfaces back into the basal storage depots. Despite the significant
advancement in the understanding of the key steps in the GLUT4 translocation process, the
previously used biochemical techniques have not been able to characterize the complete
process from basal to stimulated state in high spatial-temporal detail. Thus, the intermediate
trafficking steps in GLUT4 translocation have to a large extent been missed (for a in-depth
review see (22)). However, recently developments in intravital imaging have provided new
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spatial and temporal details about GLUT4 trafficking kinetics previously not obtainable. We
provided the first evidence to document the spatial-temporal kinetics of insulin-induced
GLUT4 trafficking steps in mature muscle: the GLUT4 vesicle recruitment/depletion, -
membrane appearance, -recycling, and re-internalization (18;20;21). Interestingly, we found
that the intermediate GLUT4 trafficking steps differed significantly between t-tubules and
sarcolemma (16–18;21;22). In contrast to our intravital studies of insulin stimulation in
mature muscle, our recent intravital studies of contraction-induced GLUT4 trafficking in
muscle did not reveal any kinetic differences between the membrane surfaces (19).
Furthermore, intravital imaging after contraction stimulation showed different re-
internalization kinetics compared to insulin stimulation (18;19). Thus, it appears that the two
major stimuli of GLUT4 translocation in muscle, insulin and contractions, differ in regard to
compartmentalization of trafficking kinetics. This review will discuss some of the
underlying factors that may contribute to the stimulus-dependent difference in GLUT4
trafficking kinetics in mature muscle.

PREVIOUS TECHNIQUES TO STUDY GLUT4 TRANSLOCATION IN MATURE
MUSCLE

The established knowledge on GLUT4 translocation in mature muscle has emerged from the
use of biochemical techniques primarily such as muscle-membrane fractionation in
combination with either antibody or photo-labeling based detection of glucose transporters
(27;28). Furthermore, techniques such as GLUT4 immuno-staining of muscle fibers or
sections after fixation of the entire isolated muscle have added important spatial information
about the translocation process (20;38). However, these techniques have, due to
methodological limitations, not been able to characterize GLUT4 translocation with
sufficient spatial-temporal resolution to uncover the intermediate steps between basal and
stimulated state. One of the main reasons for technical limitations can be attributed to the
complexity of this tissue. Fully differentiated muscle consists of thousands of long, large
muscle fibers containing thousands of nuclei, and large amounts of contractile proteins are
embedded together into a complex three dimensional structure (Fig 1A). The muscle fibers
contain complex membrane architecture with deep narrow plasma membrane invaginations,
denoted the t-tubules, stretching from the sarcolemma into the muscle fiber core (Fig 1B).
Furthermore, specialized membrane compartments like the calcium releasing sarcoplamic
reticulum and mitochondria are packed in between the high content of contractile proteins
(myofibrils) that makes up the majority of the muscle cell interior (Fig 1B). This tissue
complexity has made previously applied techniques such as precise muscle cell-sorting or
isolation, in vitro cultivation, cell staining and sub-cellular fractionation complex and
challenging (see (22)). Previous studies have applied a high degree of invasive
methodological steps such as excision and isolation of the muscle from its natural
environment in situ, disruption of muscle architecture during homogenization (as in
membrane fractionation based techniques) and muscle fixation and sectioning. These
methodological steps all risk severe interference with the biological processes thereby
adding the risk of artifacts. Furthermore, muscle membrane fractionation based techniques
severely reduce the spatial resolution as the cellular architecture is broken up completely. In
addition, it has not been practically feasible to isolate or fix muscles with very small time
intervals (e.g. every 2–15 sec) in order to capture intermediate steps of the dynamic GLUT4
translocation process with higher time-resolution. Thus, the understanding of the combined
spatial and temporal details of GLUT4 translocation kinetics in mature muscle remains
incomplete.

Lauritzen Page 2

Exerc Sport Sci Rev. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



INTRAVITAL MEASUREMENTS OF GLUT4 TRAFFICKING IN MATURE
MUSCLE WITH HIGH SPATIAL-TEMPORAL RESOLUTION

One way to reduce the invasiveness and improve the spatial-temporal resolution of GLUT4
translocation analysis has been the development of intravital imaging. Recent advances in
intravital microscopy imaging have permitted us to directly assess GLUT4 vesicle
localization and movement inside intact living muscle fibers in situ in anesthetized mice
(16;21). By tagging the protein of interest with enhanced green fluorescent protein (EGFP)
i.e. GLUT4-EGFP, GLUT4 traffic can be followed in living cells by fluorescent microscopy
(Fig 2). Fluorescent protein tagging has during the last 20 years been proven to be a non-
interfering way of tracking the localization and movement of intracellular proteins in living
cells. We and others have previously found GLUT4-EGFP to co-localize with endogenous
GLUT4 when expressed in muscle fibers (12;18). Intravital imaging of GLUT4-EGFP is
minimally invasive, as intact muscle fiber architecture is preserved in its natural
environment (Fig 2A, B &C). There is no need for muscle isolation, fixation, the adding of
co-factors or artificial buffers since the GLUT4-EGFP is visualized by blue light excitation
in situ (Fig 2D). Specifically, by gene gun mediated GLUT4-EGFP transfection of
superficial quadriceps muscle fibers in situ we have achieved transient expression of
GLUT4-EGFP in situ in the superficial muscle fibers (Fig 2C) (16;17). After transfection the
skin is closed and the animal left to recover (16;17). Five days later, the animal is
anesthetized and mounted on the confocal microscope stage (Fig 2A). Unless muscle fibers
are obviously damaged, gene gun transfection mediated GLUT4-EGFP expression does not
appear to interfere with the muscle fiber morphology, the ability to contract or the basal
GLUT4 localization (17–19). Previous studies of electroporation mediated gene transfer
have shown that muscle torque is severely reduced the first 3 days after gene transfer but
back to 90–100 % after 5 days recovery (31). However, the muscle damage was shown to
primarily be associated with the eletroporation current in combination with the saline
solution injected and not a result of the cDNA transfer itself (31). No current is used with
gene gun transfection, only a short low pulse of helium gas that propel gold beads
containing GLUT4-EGFP into the superficial muscle fibers. By keeping helium pressure and
gold particle size low damage is minimal (17). Regarding the effect of expression a EGFP
plasmid, the EGFP over-expression that follows did not induce more muscle damage or
macrophage infiltration than electroporation treatment alone or FLAG tag cDNA (31). This
indicates that the EGFP expression does not induce inflammation. The gene gun technique
only produces 2–3 fold GLUT4-EGFP over expression compared to endogenous GLUT4 in
a few superficial located muscle fibers (Fig 2C) (18). This is ideal as only fibers in the
muscle surface can be imaged with appropriate resolution (Fig 2B). Furthermore, as
neighboring fibers rarely are transfected, the GLUT4-EGFP positive fibers therefore have
dark surroundings making the GLUT4-EGFP signal at the sarcolemma easier to define (Fig
2D, horizontal arrow in the 15 min post contraction image). The time-resolution of image
sampling can be chosen in order to fit the pace of the cellular event analyzed. Thus, the time
resolution used to study insulin stimulated GLUT4-EGFP trafficking has primarily been
imaging every 15 sec (16;18;21) although higher resolution (sampling every 1–2 sec) has
been used without adding additional information (18;20). In contrast, a higher time
resolution (sampling every 3.3 sec or 2 sec) was needed to fluidly capture the rapid
dynamics of the progressing PI3-K activation during insulin stimulation (20;21).

Due to the diffraction limit of light the GLUT4-EGFP inserted into the membranes surfaces
(sarcolemma and t-tubules) cannot be differentiated from GLUT4-EGFP close (within a 0.2
μm distance) to the membrane surfaces. However, a recent study analyzed freshly isolated
cardiomyocytes from transgenic mice with muscle tissue expressing GFP tagged GLUT4
with a exofacial Human influenza hemagglutinin (HA) tag (5). In response to cardiomyocyte
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stimulation with insulin, contractions or hypoxia the study showed parallel increases in both
GLUT4-GFP fluorescence at the membranes and membrane inserted GLUT4-GFP using
antibody detection of the exofacial HA-tag (5). The overlap between GFP signal and HA-tag
detection was present at both sarcolemma and t-tubules membranes (5). Thus, despite the
diffraction limit of light there appears to be a good correlation between GLUT4-EGFP
membrane staining and the GLUT4-EGFP inserted into the membranes. When GLUT4-
EGFP transgene expression is optimal five days after transfection, the imaging of GLUT4
trafficking kinetics can be performed in situ with a high degree of time resolution (seconds
to min), before, during and after stimulation (Fig 2D). Specifically, in the quadriceps muscle
of each mouse, one superficial fiber with GLUT4-EGFP expression is normally imaged
during a high resolution imaging experiment (Fig 2C to 2D). Therefore only the fiber type
predominant in the muscle surface can be analyzed. Thus, by imaging the upper white part
of the quadriceps muscle, information about the type IIB glycolytic fibers can be obtained
(17). Alternatively, imaging GLUT4-EGFP transfected fibers in the surface of a red muscle
such as soleus can be performed to highlight fiber type specific differences in GLUT4
trafficking. Intravital imaging requires that the animal is anesthetized in order to minimize
movement during imaging. Finally, since muscle fibers are imaged in situ in the living
animals, trafficking kinetics are measured under in vivo conditions of the animal such as
normal healthy, obese, insulin resistant, or a trained state.

The intravital technique has by direct imaging confirmed several of the established GLUT4
translocation findings such as; insulin and muscle contractions induce GLUT4 translocation
to both the sarcolemma and t-tubules (19;21), that GLUT4 re-internalizes after stimulation
(18;19) and that GLUT4 translocation is reduced during states of insulin resistance (20).
However, due to the vastly improved spatial and temporal resolution of intravital imaging,
the technique has provided new dynamic details of GLUT4 trafficking kinetics during
vesicle depletion, movement, fusion and re-internalization in living intact tissue.

SPATIAL-TEMPORAL KINETICS OF INSULIN MEDIATED GLUT4
TRAFFICKING

It has been extensively documented that the signaling steps leading to insulin and
contraction-mediated GLUT4 build-up at the plasma membranes are independent pathways
as reflected by their additivity. Thus, the insulin signaling leading to GLUT4 trafficking is
mediated as a unidirectional pathway from the insulin receptor downstream through the
insulin receptor/insulin receptor substrate-1 (IRS-1)/phosphatidylinositol 3 kinase (PI3-K)/
Protein kinase B (Akt) pathway. Therefore, the insulin mediated GLUT4 translocation and
glucose uptake can be completely inhibited by blocking a single step in the signaling
pathway by wortmannin induced PI3-K inhibition. Our intravital imaging studies have
showed that the signaling cascade at the level of PI3-K activation is initiated locally in both
the sarcolemma and t-tubules membrane regions in white quadriceps muscle after insulin
administration i.v. (20;21). The total time of events we recorded confirmed previous studies
showing that PI3-K activation takes place within a 20 min period after insulin administration
to white muscle (36). However, due to the high spatial-temporal resolution, we could add
new details and show that local PI3-K signaling is initiated as insulin binds to resident
insulin receptors in the respective membranes, an effect shown to correlate with local insulin
arrival (21). Specifically, we showed that insulin first binds to receptors and initiates local
PI3-K signaling in the sarcolemma within 1–2 min after i.v. administration (Fig 3 A & B,
t=2 min), correlating with insulin’s arrival to this surface (20;21). Subsequently, PI3-K
signaling ceases locally in the sarcolemma and insulin slowly diffuses into the t-tubule
network. As insulin diffuses into the lumen of the t-tubules, PI3-K is progressively
activated, resulting in maximal PI3-K activation approximately 10 min (Fig 3 A & B, t=13
min) later in these membranes compared to sarcolemma (20;21). The diffusion delay has
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been proposed to be a result of several factors such as the t-tubules having a narrow
diameter (100 nm), a high degree of network tortuosity and a viscose lumen content (21;35).
In addition, insulin binding to local receptors during diffusion into the t-tubules could limit
the progressing lumen concentration of insulin (21;35). The diffusion-dependent delay in
insulin mediated PI3-K signaling found between sarcolemma and t-tubules (Fig 3),
correlates with a similar 10 minute delay downstream at the level of GLUT4 vesicle
depletion and appearance at the plasma membranes (21). Together, our intravital data
showed that the insulin signal moves from the surface into the muscle cell interior and in
turn induces GLUT4 translocation locally. In regard to GLUT4 vesicle trafficking during the
insulin induced translocation process, we did not see any high degree of GLUT4 vesicle
movements over larger distances (>1 μm) (18). The lack of vesicle movements is in contrast
to abundant GLUT4 vesicles movements previously described in in vitro cultured cell
systems (26;29;33). In contrast, we found that the majority of GLUT4 vesicles remains static
and “melt away” as they deplete and fuse with the local membrane (sarcolemma or t-
tubules) during insulin stimulation (18). Recently, our findings were confirmed and
extended to red muscle with a different approach using confocal total internal reflection
fluorescence (TIRF) microscopy that increases the resolution of light microscopy so even
vesicles below 0.2 μm can be followed precisely (25). In this study TIRF imaging was used
to analyze isolated GLUT4-GFP positive muscle fibers from soleus and flexor digitorum
brevis muscles obtained from GLUT4-GFP transgenic mice (25). Thus, when single freshly
isolated GLUT4-GFP transgenic fibers were imaged in vitro before and during insulin
stimulation using the higher resolution TIRF microscopy, only 10% of the total GLUT4
vesicles showed any significant movement (>1 μm) (25). The majority of GLUT4 vesicles
remained static during insulin stimulation as local membrane fusion was induced (25).
Together, this indicates that in both white and red mature muscle the amount of GLUT4
vesicle movement is minimal during insulin stimulation. This difference between GLUT4
vesicle mobility in cultured cells compared to mature muscle may also be reflected by the
different effects found when manipulating Akt substrate 160 (AS160). AS160 has been
proposed to be a distal step in insulin signaling, acting as a direct brake and retaining
GLUT4 vesicles inside the cell via its guanosine triphosphatase (GTPase) activating domain
that interacts with Rab proteins on the GLUT4 vesicles (1). Thus, when AS160 is
phosphorylated by Akt during insulin stimulation, the AS160 GTPase brake is inactivated
and GLUT4 vesicles released to move to the membrane surface (1). In adipocyte based
cultured cell systems, inactivation of AS160 GTPase activity by over-expression of a
GTPase inactive mutant leads to build-up of GLUT4 at the plasma membrane in the basal
cell surface and in turn an increased basal glucose uptake (4). Furthermore, in cultured
muscle the expression of a AS160 mutant that cannot be phosphorylated and thereby not
inactivated results in reduced GLUT4 at the plasma membrane at basal conditions (37). In
contrast, in tibialis anterior muscle the basal in vivo glucose uptake is not affected by over-
expression of any the above AS160 mutants, suggesting that the release of GLUT4 vesicles
for movement towards the plasma membranes is not sufficient for inducing increased basal
glucose uptake in muscle (15). Together, these findings provide evidence that the traditional
understanding of insulin induced GLUT4 translocation as process consisting of 1) a large
degree of GLUT4 vesicle movement towards the membranes; 2) GLUT4 vesicle docking at
the membranes; and 3) GLUT4 vesicle fusion into the membranes may not accurately reflect
GLUT4 trafficking in mature muscle. Instead, recent GLUT4 vesicle analysis from mature
muscle indicates that the majority of GLUT4 vesicles are already docked at the membranes,
and GLUT4 vesicle fusion into the membranes may be the key step that is regulated in
muscle in vivo (18;25).
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SPATIAL-TEMPORAL KINETICS OF MUSCLE CONTRACTION MEDIATED
GLUT4 TRAFFICKING

In contrast to insulin stimulation, our intravital imaging of contraction stimulated GLUT4
trafficking showed no delay of GLUT4 vesicle depletion and appearance at the plasma
membranes (19;21). This indicates contraction induced GLUT4 trafficking is not
compartmentalized. This could be because muscle contractions activate several parallel
pathways with different temporal kinetics of activation compared insulin’s unidirectional
pathway (Fig 4A). Several signaling pathways involved in contraction-mediated glucose
transport have so far been identified; the calcium activated calmodulin dependent kinase
CAMKII activation; the Serine/threonine kinase 11 (LKB1) that phosphorylates downstream
targets adenosine monophosphate (AMP) activated kinase (AMPK) and the AMPK related
kinase sucrose non-fermenting AMPK related kinase (SNARK) (9;14;39). Potentially, these
pathways might differ not only in their temporal activation characteristics but also in their
spatial interaction with GLUT4 trafficking in the muscle fiber, e.g., only in one membrane
domain such as the t-tubules. During the early part of a contraction bout, calcium is released
instantly and phosphorylation of CAMKII has been shown to be an early transient signaling
event in isolated contracting epitrochlearis muscle (7). Studies using inhibitor peptides
against CAMKII thereby reducing CAMKII activity have shown reduced basal and
contraction mediated glucose transport in tibialis anterior muscle (39). How the GLUT4
trafficking kinetics were affected was not determined (39). However, during muscle
contractions, t-tubules are known to play an early and central role in distributing the
depolarization signal as calcium is released from sarcoplasmic reticulum during the
excitation-contraction coupling process leading to contractions. It could therefore be
anticipated that CAMKII-induced GLUT4 trafficking could have different kinetics in the t-
tubules compared to the sarcolemma at least during the early period of a contraction bout.
However, our recent intravital GLUT4 analysis did not detect any difference in GLUT4
vesicle depletion or appearance at the membranes when comparing the sarcolemma and t-
tubules at the 5, 10 or 15 min time-points during in situ contraction bouts (19). This
indicates that CAMKII activation during the early phase is not compartmentalized (Fig 4).
This observation could however be a result of the lower time resolution of the study, which
was limited to an image every 5 min during the breaks between the 3×5 min contraction
periods (19). Higher image resolution sampling did not reveal additional information due to
out of focus movement of the imaged muscle fibers during the contraction bouts (19). Thus,
very early differences in GLUT4 trafficking kinetics during the first 5 min of contractions
may have been overlooked. Another signaling pathway shown to modulate contraction-
induced glucose transport is LKB1. This constitutively active kinase affects several
downstream signaling steps such as AMPK and SNARK thereby regulating glucose
transport (13;14;32) Recently, in vivo glucose transport stimulated by in situ contraction was
reported to be greatly reduced (40%–100%) in extensor digitorum longus, soleus and tibialis
anterior muscles from LKB1 knock-out mice (14;32). Thus, due to this large effect on
glucose transport, LKB1 activity must have a significant impact on GLUT4 trafficking
kinetics. So far, the spatial and temporal changes in GLUT4 trafficking kinetics in LKB1
knock-out muscle have not yet been investigated (Fig 4). However, since LKB1 was not
completely knocked down in the previous LKB1 models studied (70–95% depending of
model) achieving accurate information about spatial effects of LKB1 on GLUT4 trafficking
could be challenging without further analysis about the cellular location of LKB1 (13;32).
Thus, immuno-staining of muscle fibers for LKB1 in the knockout model and its littermate
control is needed. Thereby it can be determined how LKB1 is distributed both normally and
how the remaining LKB1 is localized in the knockout. Thus, if the remaining LKB1 protein
resides in a specific cellular region in the knockout, then GLUT4 trafficking could still be
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normal in that part of the muscle fiber because LKB1 has not been eliminated from the
functionally important cellular location.

One of the downstream targets of the constitutively activated LKB1 is AMPK and the
activity of this kinase is greatly reduced in LKB1 deficient muscles (13;32). Phosphorylated
AMPK has been shown to correlate with AMPK activity and increased glucose transport (6).
Specifically, the increasing AMP/ATP ratio accompanying energy depletion with muscle
contractions stabilizes the LKB1 phosphorylated AMPK against phosphatase mediated de-
phosphorylation, leading to increased level of phosphorylated AMPK and in turn AMPK
activity. Furthermore, the decrease in glycogen concentration associated with prolonged
periods of muscle contraction also regulates AMPK activity. Thus, not surprisingly studies
have shown that AMPK, in contrast to CAMKII, is maximally phosphorylated during the
later stages of a contraction bout associated with energy depletion in epitrochlearis (7). In
regard to GLUT4 trafficking kinetics, AMPK stimulation by the pharmacological agent 5-
aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) has in a previous study
using muscle membrane fractionation of extensor digitorum longus suggested that only
GLUT4 translocation to sarcolemma and not the t-tubules is regulated by AMPK activation
(24). This study suggested therefore that AMPK-activated GLUT4 translocation is
compartmentalized. In contrast, our intravital studies of white quadriceps clearly showed
that AICAR-induced a specific AMPK mediated depletion of GLUT4 vesicles in the entire
muscle fiber and an appearance of GLUT4 at both the sarcolemma and t-tubules membranes
(19). It has been proposed that AICAR is a nonspecific drug activating several other
signaling pathways, thereby potentially also affecting GLUT4 translocation through AMPK.
Thus, more specific new AMPK stimulators such as A769662 have been developed.
However, we imaged AICAR induced GLUT4 translocation in superficial quadriceps
muscle fibers in AMPKα2i transgenic mice where no AMPKα2 activity is present and with
only insignificant levels of AMPKα1 (6). In the AMPKα2i mice the majority of AICAR
induced GLUT4-EGFP translocation was inhibited indicating that the AICAR effect on
GLUT4 translocation in white muscle is AMPK specific (19). Furthermore, the AMPKα2i
transgenic mice did not have altered contraction induced glucose transport in extensor
digitorum longus or GLUT4 vesicle depletion and membrane appearance kinetics compared
to controls in white quadriceps muscle fibers (6;19). This indicates that AMPK-activated
GLUT4 trafficking kinetics are not spatial-temporal compartmentalized within the muscle
fiber in the AMPKα2i transgenic model (Fig 4). This could potentially also indicate that
LKB1 mediated AMPK phosphorylation is also not compartmentalized, since LKB1 is
upstream of AMPK (32). Future intravital imaging studies of GLUT4 trafficking will be
needed in the LKB1 transgenic models to analyze this further.

SNARK is another newly identified substrate downstream of LBK1 involved in contraction-
induced glucose transport (14). SNARK activation could be a potential parallel pathway to
AMPK and could compensate for GLUT4 trafficking in AMPKα2i transgenic mice during
contraction stimulation. Muscle glucose transport stimulated by contractions in vivo is
reduced in tibialis anterior muscle from mice transiently over expressing a mutant SNARK
form and in soleus muscle from hetero-SNARK knockout mice with a 30 % reduction in
SNARK protein (14). However, this study did not investigate how GLUT4 trafficking
kinetics was affected. Both LKB1 and SNARK activity should potentially affect the spatial-
temporal kinetics of contraction stimulated GLUT4 trafficking significantly but the details
remain to be determined in the transgenic models (Fig 4).

KINETICS OF GLUT4 RE-INTERNALIZATION
Our intravital imaging of GLUT4 re-internalization kinetics following maximal insulin
stimulation has shown that declining plasma insulin concentration correlates with gradual
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GLUT4 re-internalization (18). Specifically, GLUT4 appearance at the membrane surfaces
gradually declined and GLUT4 vesicles gradually re-emerged as plasma insulin
concentration was reduced (18). Insulin degradation in vivo is primarily dependent on
central clearance by the liver and kidneys and to a minor degree by insulin receptor
mediated binding and degradation in muscle tissues. This indicates that plasma insulin
clearance is the primary regulating factor of GLUT4 re-internalization (18). Interestingly
and corresponding with events during the initiation of insulin stimulation, a 10 min delay in
full GLUT4 re-internalization at the t-tubules was observed compared to sarcolemma (18).
Thus, the insulin concentration is probably cleared less rapidly in the t-tubules due to a slow
insulin diffusion out (in parallel to a slow diffusion in) of the network as the plasma insulin
concentration and in turn the interstitial insulin concentration wanes (18). The regulating
role of insulin on GLUT4 re-internalization has also been found using pulse-chase surface
photo-labeling of GLUT4 in isolated epitrochlearis muscle (11). Here GLUT4 re-
internalization from homogenized plasma membranes (both sarcolemma and t-tubules
combined) was found to be completed within 10 min of insulin removal (11). Similarly, a
study in isolated epitrochlearis muscles also found that insulin signaling at the level of
phosphorylation of Akt or AS160 reversed within 10–20 min upon insulin removal (34).
However, in contrast to our observations on GLUT4-EGFP re-internalization in mice, the
glucose transport reversed more slowly in the in vitro isolated muscle study, indicating a
delayed GLUT4 internalization after insulin stimulation (34). The reason for this contrast
could be difference in the preparation. In human clamp studies, a significant delay in the
offset of proximal insulin signaling and glucose infusion rate and in turn glucose uptake
across the limb was found after withdrawal of insulin infusion (40). However, this delay was
likely due to a slower decrease in interstitial insulin concentration compared to plasma
insulin (40). We did not see a delay in GLUT4-EGFP re-internalization in quadriceps
muscle of mice as plasma insulin was cleared. Since the half-life of insulin in humans and
mice is comparable (7–10 min), the lack of delay in mice could potentially be due to the
significantly higher tissue perfusion rate (~5x the perfusion in humans) and thereby faster
tissue insulin washout to the circulation for central clearance (3).

In contrast to the progressively declining insulin concentration in vivo, the direct stimulatory
effect of contractions stops almost instantly once muscle contractions end. Upon cessation of
muscle contraction, free calcium is pumped back to the sarcoplasmic reticulum within
milliseconds. It could therefore be expected that GLUT4 would re-internalize at least as
rapidly as after insulin removal. Surprisingly, intravital imaging showed that GLUT4 re-
internalization in mouse quadriceps required 100–130 min after cessation of contractions to
be completed depending on mouse strain (19). Interestingly, previous studies have shown
similarly increased rates of glucose transport well into the post-exercise period in isolated
white extensor digitorum longus mouse muscle measured at both 30 and 85 min time-points
post-exercise (8). In contrast, no increase in glucose transport was found in epitrochlearis or
soleus muscles 85 min after exercise (8). The reason for the difference in glucose transport
reversal between extensor digitorum longus and epitrochlearis muscles could be due to that
extensor digitorum longus muscle has a higher contraction-induced glucose transport and
thereby a possible higher increase in GLUT4 translocation compared to epitrochlearis. The
slow reversal in glucose transport in extensor digitorum longus muscle compared with
epitrochlearis could therefore be due to more GLUT4 needs to re-internalize in this muscle.

The mechanism behind the slow GLUT4 re-internalization might be reduced energy levels
after exercise increasing AMPK activity, e.g., reduced levels of glycogen after contractions.
Specifically, glycogen levels have been shown to be reduced for up to several hours post
exercise and correlate with increased AMPK activity. Furthermore, glycogen has been
shown to directly associate with the AMPK beta-subunit thereby inactivating AMPK.
Muscle contractions associated with treadmill exercise have also been shown to cause
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sustained AMPK phosphorylation at least 10 min after exercise in mice (8). Furthermore, in
favor of a role of AMPK are findings using pulse-chase surface photo-labeling of GLUT4 in
isolated epitrochlearis muscle (11). Here it was shown that GLUT4 re-internalization from
unspecified membrane surfaces after stimulation with AMPK activator AICAR was not
complete before 30–60 min after AICAR removal, compared to 10 min after insulin removal
in white epitrochlearis muscles (11). These findings could indicate that AMPK regulates the
GLUT4 re-internalization. However, this delay could also just reflect a delayed AICAR
monophosphate (ZMP) degradation in the pulse-chase study. In contrast, our intravital
studies in white quadriceps fibers in AMPKα2i mice with muscle specific deletion of
AMPK activity showed that GLUT4 re-internalization was not altered compared to controls,
indicating no role for AMPK in regulating the slow GLUT4 re-internalization from either
sarcolemma or t-tubules after contractions (19). However, in the AMPKα2i transgenic mice
it is possible that parallel pathways are compensating thereby masking the effect of the
AMPK activity loss.

How the LKB1/SNARK activation pathway may affect GLUT4 re-internalization after
exercise has not yet been addressed using intravital imaging or other techniques assaying
GLUT4 trafficking. However, muscles from both LKB1 and SNARK knock-out mice have
reduced contraction-mediated glucose uptake measured during a 15 min contraction period
and a subsequent 30 min post contraction period (14). This reduced glucose transport could
potentially be a result of altered (e.g. higher endocytosis rate) GLUT4 re-internalization
kinetics and not only an impaired GLUT4 exocytosis. Thus, a faster re-internalization due to
the lack of either LKB1 or SNARK activity would reduce the GLUT4 “dwell time” in
plasma membrane surfaces, thereby reducing the time available for GLUT4 to transport
glucose across the membrane barrier. Taken together, modulation of GLUT4 re-
internalization after muscle contractions is likely an important step in the regulation of
glucose transport. However, several signaling steps potentially responsible for the slow
GLUT4 re-internalization remain to be elucidated. Furthermore, studies of how the GLUT4
re-internalization kinetics correlate with the well described increased effect of a sub-
maximal insulin dose on glucose transport (increased insulin sensitivity) after an exercise
bout would also be interesting to investigate in relation to these signaling steps.

STIMULUS SPECIFIC POOL OF GLUT4?
In addition to the differences in signaling pathways and GLUT4 exocytosis/re-
internalization kinetics, insulin and contraction stimulation have previously been proposed
to recruit GLUT4 from different vesicle pools. In muscle fractionation studies several
groups have shown that GLUT4 vesicles can be divided into two pools (30). Approximately
half of the GLUT4 vesicles are transferrin receptor-positive and have been characterized as
part of the endosomal compartment (30). The other half is a non-endosomal transferrin
receptor-negative GLUT4 pool, hypothesized to be part of a specialized GLUT4
compartment (30). The biochemical studies are in accordance with immuno-staining studies
showing an ~50 % co-localization overlap between the transferrin receptor and GLUT4
present in both larger and smaller vesicle structures throughout the muscle fiber core and
surface area under basal conditions in soleus and flexor digitorum brevis muscle fibers
(10;30). It has furthermore been proposed that recruitment of the two GLUT4 vesicle pools
is stimulus specific. Specifically, muscle contractions were shown to recruit GLUT4 and
transferrin receptor from primarily the transferrin positive membrane fractions in hind limb
muscle membranes (23;30). In contrast, insulin was shown to recruit GLUT4 from primarily
the transferrin receptor-negative membrane fractions (30). Furthermore, in the fractionation
study with spatial differentiation of membranes, muscle contractions were reported to also
recruit transferrin receptor to the sarcolemma but not the t-tubules (23). Insulin stimulation
did not recruit transferrin receptors to any of the membrane surfaces (23). The stimulus
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specific recruitment of GLUT4 pools was also found using light microscopy in intact soleus
fibers immuno-stained for transferrin receptor and GLUT4 (30). However, the stimuli
specific co-localization were only determined in the area around the nuclei at the
sarcolemma (30). Thus, stimuli specific co-localization between GLUT4 and the transferrin
receptor was not determined in the rest of the fiber, including the central t-tubules region
(30).

In contrast, intravital imaging of GLUT4 vesicle recruitment in white quadriceps has not
revealed regional differences in the GLUT4 vesicle depletion in white muscle fibers during
and after stimulation with insulin or contractions (19;21). Specifically, stimulation with
either insulin or contraction reduced basal GLUT4 vesicle depots with 60–70% throughout
the muscle fibers (19;21). Thus, if 60–70% of the basal GLUT4 vesicles are depleted by
either stimulus and approximately half the muscle fiber GLUT4 vesicles are transferrin-
positive and half transferrin-negative, recruitment must at least partially take place from
both GLUT4 pools (19;21). Therefore, the present intravital imaging data in intact muscle
do not support a strict stimulus specific GLUT4 pools based on the previously proposed
criteria at least in white muscle. Since the previous immuno-staining work was performed in
red soleus or flexor digitorum brevis muscle, the difference could also reflect fiber type
differences. However, further co-localization analysis with fluorescent tagged transferrin
receptor combined with GLUT4-EGFP is needed to investigate the dynamic degree of
overlap at the sarcolemma and t-tubules during stimulation.

PERSPECTIVES
Intravital imaging studies in muscle have so far provided new information about stimulus
dependent differences in GLUT4 trafficking kinetics with an improved spatial-temporal
resolution. However, how the contraction stimulated signaling pathways interact with local
GLUT4 trafficking kinetics in the muscle fiber needs to be further clarified. This will be of
particular interest to further investigate during conditions such as obesity and insulin
resistance as the contraction mediated GLUT4 translocation is still intact. Interestingly, our
intravital studies have shown that both insulin signaling and GLUT4 trafficking defects
associated with some forms of insulin resistance are compartmentalized (20). Specifically,
ten days of denervation or 12 weeks of high fat feeding primarily affected insulin signaling
and GLUT4 translocation to the t-tubules and less to the sarcolemma (20). In addition,
recent studies have described that it is primarily reductions in the intramyofibrillar
mitochondria pool that correlate with mitochondrial defects seen in insulin resistance (2).
Interestingly, this pool of mitochondria is located in close vicinity the t-tubule region.
Although muscle contraction during normal physiological conditions appears to lack
compartmentalization, contractions may modulate GLUT4 trafficking or related factors
locally during insulin resistant conditions. Potentially this could be in an unexpected way
either by a compensatory increase in GLUT4 trafficking to sarcolemma or by a
normalization of GLUT4 trafficking in parts of the t-tubule system. Therefore intravital
imaging of contraction induced GLUT4 trafficking kinetics during insulin resistant
conditions is warranted.

SUMMARY
Insulin and contraction-mediated GLUT4 trafficking to the sarcolemma and the t-tubules in
fully differentiated skeletal muscle have different spatial and temporal kinetics. This
compartmentalization difference appears primarily to be attributed to differences in
signaling pathways. Insulin mediated GLUT4 trafficking is dependent on the local arrival of
the hormone and the subsequent unilateral downstream pathway leading to GLUT4
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trafficking. In contrast, muscle contraction induces GLUT4 trafficking through several
parallel pathways that also differ in their temporal activation kinetics.
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Summary

Intravital imaging studies in mature muscle indicate that insulin and contraction-mediated
GLUT4 trafficking kinetics have signal pathway mediated differences.
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Fig 1. The structure of fully differentiated skeletal muscle
(A) A macroscopic view of skeletal muscle consisting of the tendon attached muscle belly
embedded within the Fascia, a layer of connective tissue that envelops the muscle. The
Perimysium is inward projections of the fascia that segregate bundles of fibers (fasciles).
The Endomysium is another layer of connective tissue that surrounds each muscle fiber
within fascicles. (B) The surface membrane of each multinucleated muscle fiber consists of
the sarcolemma (the plasma membrane proper) with neuromuscular junctions mediating the
nerve impulses for muscle contraction.
In addition to the sarcolemma, a deep network of membrane invaginations, the t-tubules,
runs from the sarcolemma surface into the muscle fiber. Further adding structural
complexity is a high content of myofibrils (contractile proteins) filling up the majority of the
intracellular space. In addition, cellular compartments like the Golgi complex and the
endosomal compartment are fragmentized and distributed throughout the muscle cell in
unconnected elements. (Reprinted from (22). Copyright © The American Physiological
Society 2010. Used with permission.)
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Fig 2. The set-up for intravital microscopy analysis of GLUT4-GFP trafficking kinetics in
quadriceps muscle fibers in situ in anaesthetized mice
(A) An anesthetized mouse is shown imbedded onto the mounting platform on the stage of a
microscope using visible light (confocal detection) or multiphoton laser light excitation (for
further details see (17)). (B) Images (emission fluorescence light) of the superficial muscle
fibers are obtained in situ through the cover glass on top of the muscle surface. (C) A low
magnification image shows the quadriceps muscle surfaces with some transfected muscle
fibers expressing GLUT4-EGFP appearing bright against the majority of non-transfected
fibers (bar = 500 μm). (D) A part of a GLUT4-EGFP positive muscle fiber from (C) is
shown in higher magnification (bar = 20 μm). (D) In the basal high magnification image,
GLUT4-EGFP is localized to larger and smaller vesicular depots (white fluorescent)
throughout the muscle fiber and around the lateralized nuclei (diagonal arrows). After 15
min of in situ muscle contraction (for further details see (19)), the basal GLUT4-EGFP
depots have been extensively depleted. Furthermore, GLUT4-EGFP has now been inserted
into the sarcolemma indicated by staining along the plasma membrane (horizontal arrow)
and to the t-tubules indicated by a striated pattern (vertical arrow). Forty minutes after the
contraction bout stopped, GLUT4-EGFP re-internalization is only partially complete.
GLUT4-EGFP appearance at the membrane surfaces is reduced but still present and the
basal GLUT4-EGFP depots have gradually re-emerged but are not back to basal levels yet.
Notice the unique position of the nuclei in all three images (diagonal arrows) that also
ensures that images throughout the time-lapse series are obtained in the same x,y,z position
of the muscle fiber within the living mouse.
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Fig 3. Compartmentalization and the signaling of insulin mediated GLUT4 trafficking in mature
muscle
(A) Intravital imaging of insulin mediated GLUT4 translocation has shown that insulin
(green dots) arrives at the sarcolemma and first act on local insulin receptors, thereby
activating the insulin receptor/insulin receptor substrate-1 (IRS-1)/phosphatidylinositol 3
kinase (PI3-K)/Protein kinase B (Akt) signaling axis at the sarcolemma and initiating local
GLUT4 recruitment from perinuclear and subsarcolemmal GLUT4 vesicular depots to fuse
into the sarcolemma. As insulin slowly diffuses into the t-tubules, local t-tubular PI3-K
activation and local GLUT4 trafficking are initiated. (B) Intravital imaging of PI3-K
activation in a part of a muscle fiber in situ in a living ICR mouse (visualized by
translocation of the phosphatidylinositol 3,4,5 P3 (PIP3) receptor GFP- ARNO, for further
details see (17;21)). At t=0 no localized PIP3 production is present indicated by GFP
fluorescence that are evenly distributed with no continuous staining of the sarcolemma (t=0,
horizontal arrows) or t-tubules (t=0, vertical arrows). Two minutes after insulin injection
i.v., PI3-K and, in turn, PIP3 production areis maximally activated at the sarcolemma (t=2
min, horizontal arrows). In contrast, no insulin mediated PI3-kinase activation is initiated in
the t-tubule region at this time point (t=2 min). Subsequently, as insulin slowly diffuses into
the t-tubule network PI3-K and, in turn, PIP3 are progressively activated in this membrane
compartment (t=13 min, vertical arrow). Bar = 10 μm. This time difference in insulin
mediated activation at the sarcolemma and t-tubules was also found further downstream at
the level of GLUT4 vesicle depletion and membrane appearance (21).
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Fig 4. Contraction mediated GLUT4 trafficking in mature muscle
(A) Several parallel signalling pathways lead to contraction mediated GLUT4 translocation.
Intravital imaging has not found any indication of differential compartmentalization in
regard to calcium activated calmodulin dependent kinase (CAMKII) - or AMP activated
kinase (AMPK) - activation induced GLUT4 translocation. However, any local differences
in Serine/threonine kinase 11 (LKB1) or the AMPK related kinase sucrose non-fermenting
AMPK related kinase (SNARK) signalling have not yet been studied. Therefore potential
compartmentalization of these signals remains to be elucidated. (B) Intravital imaging of
contraction mediated GLUT4-EGFP translocation in a part of a muscle fiber in situ in a
living mouse (for further details see (19)). At t=0, GLUT4-EGFP is localized to larger and
smaller vesicular depots throughout the muscle fiber and around the lateralized nuclei.
Immediately after t=0 in situ contractions were initiated for 3×5 min periods (for further
details see (19)). After each 5 min period, an image was taken at t=5, t=10 and t=15. It is
seen that GLUT4-EGFP is gradually being inserted into the sarcolemma indicated by
staining along the plasma membrane (horizontal arrow). Simultaneously a striated pattern is
gradually emerging indicating GLUT4-EGFP translocation to t-tubules (vertical arrow).
This indicates that translocation to both membrane surfaces takes place with similar kinetics
(for quantification see (19). In addition, the basal GLUT4-EGFP depots have gradually been
depleted with contractions. Bar = 20 μm.
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