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What is the central question of this study?  

Resolving the mechanism(s) leading to glucose transporter 4 (GLUT4) translocation to the 

muscle surface membrane has great therapeutic potential. However, the measurement of 

GLUT4 translocation is technically challenging. Here, we asked whether electroporation of 

GLUT4-7myc-GFP into skeletal muscle could be used as a tool to study GLUT4 translocation 

in vivo. 
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What is the main finding and its importance?  

By acutely inducing GLUT4-7myc-GFP expression in skeletal muscle, we verified that in vivo 

exercise and AICAR stimulation increased the GLUT4 presence in the sarcolemma measured 

as myc-signal. Importantly, the increased myc-signal in the sarcolemma was not 

accompanied by major visual changes in the distribution of the GFP signal.  

 

Abstract: 

Insulin and exercise lead to translocation of the glucose transporter 4 (GLUT4) to the surface 

membrane of skeletal muscle fibres. This process is pivotal for facilitating glucose uptake 

into skeletal muscle. To study this, a robust assay to directly measure the translocation of 

GLUT4 in adult skeletal muscle is needed. Here, we aimed to validate a simple GLUT4 

translocation assay using a genetically encoded biosensor in mouse skeletal muscle. We 

transfected GLUT4-7myc-GFP into mouse muscle to study live GLUT4 movement and to 

evaluate GLUT4 insertion in the muscle surface membrane following in vivo running exercise 

and pharmacological activation of AMP activated protein kinase (AMPK). Transfection led to 

expression of GLUT4-7myc-GFP that were dynamic in live flexor digitorum brevis fibres and 

which, upon insulin stimulation, exposed the myc-epitope extracellularly. Running exercise, 

as well as AMPK-activation by 5-Aminoimidazole-4-carboxamide ribonucleotide, induced 

~125% and ~100% increase in extracellularly exposure of GLUT4 in the surface membrane of 

tibialis anterior muscle. Interestingly, the clear increase in surface-exposed GLUT4 content 

by insulin, exercise or AMPK activation was not accompanied by any discernible 

reorganization of the GLUT4-GFP signal. In conclusion, we provide a detailed description of 

an easy to use translocation assay to study GLUT4 accumulation at the surface membrane 

by exercise and exercise-mimicking stimuli. Notably, our analyses revealed that increased 

GLUT4 surface membrane accumulation was not accompanied by a discernible change in 

the GLUT4 localization pattern. 

 

Abbreviations: 

AICAR – 5-Aminoimidazole-4-carboxamide ribonucleotide 

AMPK – AMP activated protein kinase 

FDB – Flexor digitorum brevis 
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GLUT4 – Glucose transporter 4 

SOL – Soleus 

TA – Tibialis anterior  

Introduction:  

Insulin resistance at the level of skeletal muscle is an early hallmark during the development 

of type 2 diabetes (DeFronzo & Tripathy, 2009; Warram, Martin, Krolewski, Soeldner, & 

Kahn, 1990). Interestingly, although insulin resistant and diabetic subjects exhibit decreased 

insulin-stimulated glucose handling in peripheral tissues, exercise-induced glucose uptake in 

muscle is preserved (Martin, Katz, & Wahren, 1995). This highlights the importance of 

understanding the molecular mechanisms regulating exercise induced glucose uptake, both 

from a clinical and a pharmaceutical point of view. Glucose transporter 4 (GLUT4) isoform is 

the main glucose transporter responsible for insulin- and contraction-induced glucose 

uptake (Zisman et al., 2000). Upon stimulation, GLUT4 content in the muscle fibre surface 

membrane increases, a process considered as the rate limiting step for glucose uptake 

during most contraction conditions (Richter & Hargreaves, 2013) as well as during insulin 

stimulation in type 2 diabetic subjects (Cline et al., 1999; Goodpaster et al., 2014; Shepherd 

& Kahn, 1999). Numerous studies of cultured muscle and fat cells have provided detailed 

insight into GLUT4 localization and trafficking (Jaldin-Fincati, Pavarotti, Frendo-Cumbo, 

Bilan, & Klip, 2017; Leto & Saltiel, 2012). Unfortunately, these undifferentiated cell types 

poorly recapitulate the complex architecture and function of fully adult skeletal muscle 

fibres (Deshmukh et al., 2015).  

Previous studies performed in vivo imaging of GLUT4 in adult muscle and demonstrated that 

insulin and contraction translocated GLUT4 from a resting non-structured aggregate 

localization in small and larger vesicles enriched in the perinuclear and trans-Golgi network 

regions. This resulted in a distinct stimulated pattern with accumulation of GLUT4 in the 

sarcolemma and in transverse striations, presumably t-tubules (Lauritzen, Galbo, Brandauer, 

Goodyear, & Ploug, 2008; Lauritzen, Galbo, Toyoda, & Goodyear, 2010). Despite the value of 

these studies, the techniques applied are challenging, time-consuming and have never been 

applied in transgenic animals. This has limited the scientific progress in understanding 

exercise-induced muscle glucose transport in fully differentiated muscle tissue. To overcome 
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this disparity, there is a need for a simple but robust approach to measure GLUT4 

translocation to the surface membrane of adult muscle fibres. 

 

Ideally, such an approach should be easily applicable in transgenic animals to gain 

mechanistic insight into GLUT4 regulators. Several methods have previously been used to 

study GLUT4 translocation, including affinity labelling of exofacially exposed GLUT4 using 

bis-mannose photolabels (Hansen, Nolte, Chen, & Holloszy, 1998; Holman et al., 1990; Lund, 

Holman, Schmitz, & Pedersen, 1995), western blotting of GLUT4 content in giant 

sarcolemmal vesicles chemically released from the plasma membrane (Kristiansen, 

Hargreaves, & Richter, 1996; Ploug et al., 1993) and biochemical fractionation (Klip, Ramlal, 

Young, & Holloszy, 1987; Marette, Burdett, Douen, Vranic, & Klip, 1992; Rose, Jeppesen, 

Kiens, & Richter, 2009). However, large tissue demands and/or ex vivo labelling 

requirements make these approaches suboptimal for in vivo studies in small rodents. As in 

vivo alternatives, immunofluorescence co-staining of GLUT4 and a plasma membrane 

marker (Bradley et al., 2015; Sylow et al., 2016) as well as overexpression of GFP-conjugated 

GLUT4 (Lauritzen et al., 2010) have been performed. However, in practical terms laser 

scanning confocal microscopy can only resolve objects at least 200-350 nm apart 

(Schermelleh, Heintzmann, & Leonhardt, 2010). Therefore, these studies cannot distinguish 

between GLUT4 accumulation in subsarcolemmal regions and bona fide insertion of GLUT4 

into the ~10 nm thick sarcolemmal membrane (Mauro & Adams, 1961). This is a drawback 

since insulin has been suggested primarily to affect fusion of vesicles already localized in 

close proximity to the surface membrane in skeletal muscle (Lizunov et al., 2012). 

 

As a promising alternative, overexpression of GLUT4 with a myc or an HA epitope inserted 

into the exofacial loop between the first two hydrophobic transmembrane domains can be 

used for direct immunological determination of GLUT4 translocation to the surface 

membrane (Bogan, McKee, & Lodish, 2001; Kanai et al., 1993). This tool was used to 

generate transgenic mice expressing GLUT4myc in skeletal muscle (Schertzer et al., 2009). It 

is also compatible with acute overexpression by electroporation (Ueda et al., 2010), 

potentially allowing verification of GLUT4 membrane insertion in any transgenic model 

and/or intervention of choice. Here, we set up an approach to measure in vivo running-

induced GLUT4 translocation. We showed insulin responsiveness and functionality of the 
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GLUT4-7myc-GFP construct in isolated live flexor digitorum brevis (FDB) muscle fibres and 

verified the utility of this construct as a robust GLUT4 translocation assay in the contexts of 

in vivo exercise and 5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR)-stimulation. 

Notably, using GLUT4-7myc-GFP we demonstrated that increased GLUT4 translocation, 

measured as surface exposure of the myc-tag, was not accompanied by the previously 

described redistribution of GLUT4 GFP signal to a global striated pattern. 

 

Methods:  

Ethical approval  

All animal experiments were approved by the Danish Animal Experimental Inspectorate 

(Ref# 2014-15-2934-01037) and complied with the European Union legislation as outlined 

by the European Directive 2010/63/EU. The investigators understand the ethical principles 

under which Experimental Physiology operates and the current work adheres to the 

standards outlined in the ARRIVE reporting guidelines.  

 

pB-GLUT4-7myc-GFP gene transfer into mouse muscles 

C57BL/6JRj female mice aged 10-16 weeks, were fed ad libitum with a standard rodent 

chow diet and exposed to a 12 h:12 h light-dark cycle. FDB or tibialis anterior (TA) muscles 

were electroporated in vivo according to a previously described protocol (DiFranco, 

Quinonez, Capote, & Vergara, 2009) with a few modifications. Briefly, mice were given a 

subcutaneous injection of Rimadyl (7.5 mg/kg) as analgesic and anaesthetized using 2-4% 

isoflurane. For FDB muscles, 10 μl of 0.36 mg/ml hyaluronidase (H3884, Sigma) was injected 

through the skin at the heel into the footpad. After one hour, 20 μl of 0.5 mg/ml pB-GLUT4-

7myc-GFP plasmid (a gift from Jonathan Bogan, Addgene plasmid #52872) (Bogan et al., 

2001) was injected into the same location. Six pulses of 20 ms were delivered at 1 Hz with 

the voltage amplitude adjusted to yield an electric field of approximately 75 V/cm using 

acupuncture needles (0.20 x 25 mm, Tai 135 Chi, Lhasa OMS) connected to an ECM 830 BTX 

electroporator (BTX Harvard Apparatus). For TA, the leg was shaved and hyaluronidase and 

plasmid were injected intramuscularly. The muscle was injected with 20 μl of 0.36 mg/ml 

hyaluronidase followed by 20 μl of 2 mg/ml pB-GLUT4-7myc-GFP plasmid or saline after one 

hour. The muscles then received 10 pulses of 20 ms duration delivered at 1 Hz using a BTX 
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caliper electrode (1x1 cm) adjusted to reach 100 V/cm (#45-0101 Caliper Electrode, BTX 

Caliper Electrodes, USA). After the procedure, the animals were transferred back to their 

cages and allowed to recover. The terminal experiment was performed 5-7 days after 

electroporation.  

 

Fibre isolation and live imaging  

The animals were anaesthetized (6 mg pentobarbital sodium and 0.25 mg lidocaine/100 g 

body weight) and euthanized by cervical dislocation. One hindlimb was removed and the 

thigh and toes were pinned on a Sylgard-coated petri dish containing enough Dulbecco’s 

Phosphate-Buffered Saline (14190-094, Gibco) to submerge the hindlimb and placed under 

a dissection microscope. The paw was placed with the plantar side facing up and the skin 

was removed, exposing the underlying FDB muscle. The proximal tendon was cut and the 

FDB muscle was separated from its connective tissue using a spring-scissor by gently cutting 

from the heel towards the digits until the distal tendons were exposed. The tendons were 

cut and the excised FDB muscle was further cleaned from visible fat tissue and blood 

vessels. The same procedure was performed for the contralateral paw. The muscles were 

then incubated for 3 hours in DMEM (10567014, Gibco) containing 1.5 mg/ml collagenase 

type 1 from clostridium histolyticum (C0130, Sigma-Aldrich) and 1 mg/ml bovine serum 

albumin (9048-46-8, Sigma-Aldrich) at 37°C on a rotator. After the collagenase-treatment, 

individual fibres were released by repeatedly pipetting the muscle up into a 0.5 ml. glass 

pipette and down in 2 ml DMEM in a glass vial. The released fibres were transferred to a 

new glass vial using the glass pipette and the procedure was repeated 5-7 times for release 

of additional fibres. The glass vial was then incubated at 37 °C for 20 min to allow fibres to 

concentrate at the bottom. Excess media was removed and the remaining approximately 

600 μl was then spread out in 50 μl aliquots on 35x14 mm glass bottom microwell dishes 

(P35G-1.5-14-C, MatTek Corporation) or coverslips in a 6 well plate, both coated with 

matrigel. After 2 hours, additional 2 ml of DMEM containing 5% fetal bovine serum (26140-

087, Gibco) was added to the dish/well and the muscle fibres were then cultured overnight. 

The next day, muscle fibres were either used for live imaging or fixed in the presence or 

absence of insulin (60nM, 30 min) (Actrapid, Novo Nordisk A/S). One group of muscle fibres 

were incubated with wortmannin (500nM) (S2758, Selleckchem) for 30 min before and 
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during insulin stimulation. For fixation, muscle fibres were incubated in Zamboni fixative 

(AMPQ44816.1000, VWR) containing 4% paraformaldehyde for 20 min. 

 

Running experiment  

Mice were acclimatized to running treadmills twice before they were subjected to the gene 

transfer procedure. 3 days after the gene transfer procedure, the mice were acclimatized 

one last time to the treadmill. On day 4, the mice were subjected to a maximal running 

capacity test comprised of a ramp protocol with continuously increased running speed of 3 

m/min similar to (Ayachi, Niel, Momken, Billat, & Mille-Hamard, 2016) at a 10° incline until 

exhaustion, determined either as contact with the shock grid two consecutive times within 5 

seconds or by contact with the grid the 5th time. On day 7, the mice were fasted for 3 hours 

followed by either running at 75% of maximal running speed for 10 min and 5 min at 85% of 

maximal running speed or remained at rest in their cage for 15 min. Immediately post 

exercise/rest, the mice were euthanized and TA muscles were dissected out and fixated in 

Zamboni fixative for 4 hours to determine GLUT4 surface membrane accumulation. Soleus 

(SOL) muscles were also dissected and snap frozen in liquid nitrogen for cell signalling 

analysis. A subset of the mice were injected with [3H]2-DG (PerkinElmer) intraperitoneally 

prior to the running to measure in vivo 2-deoxyglucose (2-DG) uptake into the muscles, as 

described previously (Sylow et al., 2016). For in vivo insulin-stimulation, anaesthetized (6 mg 

pentobarbital sodium and 0.25 mg lidocaine/100 g body weight) mice received insulin (0.5 

U/kg body weight) retro-orbitally 30 min prior to tissue collection. All mice were euthanized 

by cervical dislocation.  

 

Intramuscular AICAR injections  

In the morning, within 30 min after ended dark cycle, the mice were anaesthetized 

sequentially using 2% isoflurane as inhalation anaesthetic. Ten min into anaesthesia, the 

hind limbs of a given mouse were quickly shaved. The mouse received an intramuscular 

injection with 25 μl saline solution containing AICAR (9 mM) into TA in one leg and 25 μl 

saline in the contralateral TA using a 30 gauge insulin syringe (324826, BD Micro-Fine). We 

estimated TA muscle weight of these 14 weeks old mice to be ~ 50 mg. Assuming the 

density of mammalian muscle to be 1.06 g/ml (Close, 1972), injecting 25 μl of 9 mM AICAR 

should provide a final concentration of around 3 mM in the muscle if equally distributed. 
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This concentration is known to activate AMP activated kinase (AMPK) (Jensen et al., 2015). 

Mice were kept under anaesthesia for one hour and then euthanized by cervical dislocation 

before TA muscles were quickly removed and snap frozen in liquid nitrogen for 

determination of cell signalling. A sub-group of four mice were injected with GLUT4-7myc-

GFP in both legs seven days prior to the terminal experiment. A piece of the TA muscle from 

these mice was immersed in Zamboni fixative for four hours to assess GLUT4 surface 

membrane accumulation.  

 

Immunofluorescence preparation and Imaging  

For live muscle fibre imaging cultured FDB fibres were kept in DMEM containing 5% fetal 

bovine serum and imaged by a microscope with integrated incubator at 37° C in 95% O2 and 

5% CO2. The fixed cultured FDB fibres were washed 3x10 min in PBS and incubated in 

blocking buffer (1% bovine serum albumin, 5% goat serum (16210-064, Gibco), 0.1% Na 

Azide (247-852, Merck) for 30 min. The muscle fibres were then incubated with an antibody 

against the myc-tag (2272, CST) diluted 1:400 in blocking buffer for one hour. Then, the 

fibres were washed in PBS containing 0.04% saponin (w/v) (27534-187, VWR) for 3x10 min 

and incubated with an Alexa 568 secondary antibody (A10042, Life Technologies) diluted 

1:400 in blocking buffer containing 0.04% saponin for 120 min. Finally, the fibres were 

washes 3x10 min in PBS and mounted on glass slides in Vectashield (H-1000, Vector 

Laboratories). Following fixation, TA muscles were transferred to a Sylgaard dish and 

isolated into smaller bundles using fine forceps. The bundles were transferred to a storage 

solution containing PBS and glycerol (1:1) and kept at 4° overnight. The next day, the 

bundles were teased apart into individual fibres and washed 3x 10 min in PBS before 30 min 

incubation in blocking buffer. The fibres were then incubated in blocking buffer containing 

myc antibody for one hour. As part of the antibody validation, a several fibres were 

incubated with myc antibody in blocking buffer containing 0.04% saponin to permeabilize 

the surface membrane. All fibres were then washed 3x10 min in PBS containing 0.04% 

saponin and incubated with Alexa 568 antibody in blocking buffer containing 0.04% saponin 

for 120 min. Finally, the muscle fibres were individually transferred to mounting media on a 

glass slide and covered by a coverslip. Imaging was performed using a 63x 1.4 NA Plan-

Apochromat objective on a Zeiss 780 microscope driven by Zeiss Zen Black 2012.  
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Image Analysis  

Protein tracking on the live-cell images was performed using the manual tracking plugin in 

ImageJ 1.51u 64-bit (National Institute of Health). For quantification of GLUT4 surface 

membrane accumulation, the images were analysed with a semi-automated approach using 

ImageJ. In short, the myc and GFP channels were duplicated and the new images underwent 

a background subtraction, a Gaussian blur adjustment (radius = 2), and were made binary. 

From these binary images, regions of positive GFP and myc signal were selected and 

overlaid onto the original images for quantification of integrated density of GFP and myc 

signal respectively. Images were exported in 8-bit TIF format, linearly adjusted, cropped and 

resized using ImageJ or Adobe Photoshop CC 2015. 

 

Western blotting  

Western blotting and sample preparation was performed as previously described (Madsen 

et al., 2018). In short, the muscles were homogenized in ice-cold lysis buffer (50 mM Tris 

base, 150 mM NaCl, 1mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 5 mM 

pyrophosphate, 2 mM sodium orthovanadate, 1 mM dithiothreitol, 1 mM benzamidine, 

0.5% protease inhibitor cocktail (Sigma P8340), 20% NP-40, pH 7.4) for one min at 30 Hz 

using a tissue lyser (Qiagen). The homogenate was then rotated end over end for 30 min at 

4 °C and subsequently centrifuged at 18,320 G for 20 min at 4 °C. The supernatant was 

transferred to new tubes and the protein concentration was measured using the bicinchonic 

acid method. To determine phosphorylation levels of proteins equal amounts of protein 

were subjected to electrophoresis on 5-12% self-cast SDS-PAGE gels and transferred by 

semidry blotting to polyvindylidenedifluoride membranes. Membranes were blocked for 15 

min in Tris-buffered saline with 0.5 ‰ tween 20 and 3% skimmed milk powder at room 

temperature. Then overnight incubation at 4 °C with primary antibody was performed. Next 

day the membranes were washed in TBST and incubated with secondary horseradish 

peroxidase-conjugated secondary antibody for 40 min at room temperature. Band were 

visualized using a ChemiDoc imaging system (Bio-Rad, USA). Coomassie stain was used as a 

loading control. The following primary antibodies were used: Phospho (p)-AMPK Thr172 

(2535S, CST), p-ACC Ser79 (07-303, Merck), p-p38MAPK Thr180/Tyr182 (9211S, CST), p-

TBC1D1 Ser237 (07-2268, Merck).  
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Statistical analysis 

Results are shown as box whiskers plots with min to max whiskers or as plots of individual 

data. Statistical testing was performed using t-test or one- or two-way ANOVA (repeated 

measurements) as appropriate. Tukey’s post hoc test was performed when ANOVA revealed 

significance. The significance level was set at p<0.05. 

 

Results:  

Electroporated GLUT4-7myc-GFP exhibits dynamic movement and insulin-induced 

membrane translocation  

As a first step, we validated that our myc antibody bound specifically to the myc-epitope 

and that it detected membrane-inserted myc, by incubating the antibody with non-

permeabilized and permeabilized fibres with and without expression of GLUT4-7myc-GFP 

(data not shown).  

Next, to test the functionality of GLUT4-7myc-GFP within the muscle fibres, we performed 

live-cell-imaging of isolated cultured FDB fibres. In accordance with previous studies 

describing the localization pattern of endogenous and fluorescent GLUT4 protein in skeletal 

muscle (Lauritzen & Schertzer, 2010; Ploug, van Deurs, Ai, Cushman, & Ralston, 1998), 

GLUT4-7myc-GFP localized to clusters of different size and was enriched in perinuclear 

regions (figure 1A). GLUT4-7myc-GFP was expressed throughout the muscle fibre in the 

transverse plane with a stronger signal in the superficial cytoplasmic area of the fibre (figure 

1B). Worth noting, the GFP signal was lower than the Myc Alexa 568 dye signal, and 

Myc/GFP co-localization could therefore only be observed at the brightest Myc signal 

clusters. Time-lapse imaging revealed that GLUT4-7myc-GFP exhibited dynamic movement. 

While some GLUT4-7myc-GFP vesicles seemed static, other GLUT4-7myc-GFP vesicles sized 

<1 μm in diameter moved (figure 1C). Vesicle tracking indicated that the moving GLUT4-

7myc-GFP vesicles were capable of travelling distances of 6-7 μm (figure 2D) on a time scale 

of seconds to min, in accordance with a previous study in transgenic HA-GLUT4-GFP mice 

(Lizunov et al., 2012). Next, to test the response of GLUT4-7myc-GFP to a physiological 

stimulus, kept cultured FDB fibres basal or treated them with insulin or insulin + the PI3K 

inhibitor wortmannin. As expected, insulin increased the myc signal, indicating increased 
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GLUT4-7myc-GFP content at the sarcolemma, compared to untreated fibres and this effect 

was completely blocked by wortmannin (figure 1E). Quantification indicated a ~175% 

increase with insulin stimulation compared to basal (ANOVA p<0.05, post hoc analysis 

p=0.05) (figure 1F). Surprisingly, we did not observe any discernible increase in GFP striation 

pattern in the insulin-treated FDB fibres in vitro (figure 1E). Altogether, our data 

demonstrated the functionality of the GLUT4-7myc-GFP construct in live adult muscle fibres, 

and its utility to quantify GLUT4 sarcolemmal accumulation. 

 

In vivo exercise-stimulated GLUT4 translocation 

Exercise induces a complex array of signalling pathways (Hoffman et al., 2015) which cannot 

be faithfully recapitulated in reductionistic ex vivo/in vitro models (Sylow et al., 2017). To 

test the performance of the GLUT4 translocation assay in vivo, we subjected GLUT4-reporter 

electroporated mice to 15 min running at 75% (10 min) and 85% (5 min) of maximal running 

capacity. Running exercise induced a clear increase in myc signal, indicating GLUT4-7myc-

GFP translocation to the sarcolemma (figure 2A-B). As expected, this was accompanied by 

increased phosphorylation of the known exercise-responsive kinasesp38 mitogen-activated 

protein kinase (p38 MAPK) (figure 2C&E) and AMPK (figure 2D-E). We observed no 

difference in exercise-stimulated 2-DG uptake between saline-injected legs and 

contralateral GLUT4-7myc-GFP-injected legs, in the subset of mice injected with [3H]2-DG 

(figure 2F), showing that transfection of GLUT4 in a subset of muscle fibres (~20% efficiency, 

in the same range as seen before (Schertzer, Plant, & Lynch, 2006)) did not affect glucose 

uptake-responsiveness at the whole-muscle level. This demonstrated that the GLUT4-7myc-

GFP translocation assay was suitable for detection of in vivo exercise-induced GLUT4 surface 

membrane accumulation. Of note, similar to the absent GFP-localization changes by insulin, 

we did not observe any discernible redistribution of GLUT4 following in vivo exercise (figure 

2A). 

 

In vivo injection of AICAR increased GLUT4 translocation  

Since AMPK activation is sufficient to increase muscle GLUT4 translocation and glucose 

transport (Mu, Brozinick, Valladares, Bucan, & Birnbaum, 2001), we examined whether our 

assay could be used for detection of AMPK-stimulated GLUT4 translocation in vivo. GLUT4-

7myc-GFP myc-antibody detection at the sarcolemma increased robustly with AICAR 
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injection (figure 3A-B), again without any redistribution of the GLUT4 GFP-signal (figure 3A 

and figure 4A&D). As expected, AICAR injection increased Acetyl-CoA carboxylase 2 

phosphorylation, a well-characterized endogenous readout of AMPK activity (Hardie & Pan, 

2002) (figure 3C&F). Phosphorylation of TBC1 domain family member 1 at Ser231, an AMPK 

site induced by exercise in rodent and human muscle (Ser237) (Frosig, Pehmoller, Birk, 

Richter, & Wojtaszewski, 2010; Vichaiwong et al., 2010) was also increased by AICAR 

injection (figure 3D&F). p38 MAPK phosphorylation, which responds to mechanical stress 

but not AICAR (Jensen et al., 2014), was not changed by AICAR injection (figure 3E-F). 

Overall, the GLUT4-7myc-GFP translocation assay could thus be used to detect GLUT4 

accumulation at the sarcolemma by insulin, exercise or AICAR. Despite the clear increase of 

GLUT4 translocation detected as sarcolemmal myc-signal by all 3 stimuli, we did not detect 

any stimulus-induced systematic change in the intracellular GLUT4 pattern detected as GFP-

signal. In fact, we observed the previously described stimulus-induced GLUT4 striations as 

well as the described resting pattern with large (>1 µm diameter) GLUT4 membrane 

structures in both resting (figure 4A), insulin- (figure 4B), exercise- (figure 4C) and AICAR-

stimulated (figure 4D) muscle fibres. This suggests that translocation of a minor fraction of 

total GLUT4 accounts for the increase in myc-signal. 

 

Discussion:  

The current study described a robust assay directly quantifying GLUT4 translocation, the key 

step for skeletal muscle glucose uptake in vivo. The rate-limiting step of muscle glucose 

uptake in vivo has been suggested to shift from GLUT4-dependent glucose transport to 

intramuscular hexokinase-dependent phosphorylation (Fueger et al., 2004; Wasserman, 

2009). For this reason, we believe that measuring GLUT4 translocation in studies examining 

in vivo muscle glucose uptake is crucial to the conclusions made. Surprisingly, despite 

validating the performance of the assay both in vitro and in vivo using 3 different stimuli, we 

were unable to consistently observe the previously reported stimulus-induced decrease in 

large GLUT4 depots and increase in GLUT4 striation patterns, a suggestive reflection of 

GLUT4 translocation to t-tubules (Khan et al., 2001; Lauritzen et al., 2008; Lizunov et al., 

2012; Ploug et al., 1998). Our study indicates, that GLUT4 in toto localization changes is not 

a prerequisite for increased GLUT4 presence in sarcolemma by insulin, AICAR or exercise. 
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Therefore, quantitative assays rather than morphological verification of GLUT4 translocation 

must be applied.  

 

One previous study indicated that the t-tubules were the major site for insulin-induced 

GLUT4-GFP translocation (Lauritzen, Ploug, Prats, Tavare, & Galbo, 2006). Despite some 

inconsistency, AICAR has also been suggested to induce translocation of GLUT4 to the t-

tubules (Lauritzen et al., 2010; Lemieux, Konrad, Klip, & Marette, 2003), as well as exercise 

(Roy & Marette, 1996). However, our assay failed to detect any significant GLUT4-7myc-GFP 

inserted into the t-tubules, except perhaps in the most superficial parts. This is clearly a 

limitation in this assay. Although a t-tubule staining of the HA tag in HA-GLUT4-GFP 

transgenic mice can be observed in collagenase-isolated FDB fibres (Lizunov et al., 2012), a 

previous study found a similar sarcolemmal staining as ours (Ueda et al., 2010). Since the t-

tubules are narrow and tortuous, with limited diffusion capabilities (Cully et al., 2017; 

Shorten, McMahon, & Soboleva, 2007) and paraformaldehyde-induced cross-linking further 

restricts the antigenicity by limiting penetration (Eldred, Zucker, Karten, & Yazulla, 1983), it 

seems reasonable to assume that lack of myc signal in the current study was due to 

insufficient antibody penetration. Alternatively, the insertion of GLUT4-7myc-GFP in the t-

tubules could be low or absent in our experimental set-up. However, given that we 

stimulated GLUT4 translocation both in vitro and in vivo and using both insulin, exercise and 

AICAR, we consider it unlikely that none of these conditions resulted in t-tubular GLUT4 

translocation.  

 

Our live imaging experiments revealed that some GLUT4-7myc-GFP positive vesicles 

exhibited dynamic movement and were capable of translocating several micrometers within 

a few min. Although Lauritzen and colleges did not report this type of movement, these 

elegant studies still suggested dynamic GLUT4-GFP movement in situ in muscle (Lauritzen, 

2013; Lauritzen et al., 2008; Lauritzen et al., 2010; Lauritzen et al., 2006). Furthermore, it 

was recently reported that insulin and AICAR changed the mean velocity and mean square 

displacement of myc-GLUT4-EGFP (Hatakeyama & Kanzaki, 2017). Lizunov and colleagues 

reported similar long range movement as us by using total internal reflection fluorescence 

(TIRF) on cultured FDB fibers. Interestingly, they question the relevance of these movements 
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in insulin-induced GLUT4 membrane insertion (Lizunov et al., 2012). Resolving the biological 

function of this type of movement therefore remains an interesting research topic. 

 

An easy to use assay quantifying endogenous GLUT4 translocation would obviously be 

superior to using the overexpressed GLUT4 reporter construct. GLUT4 overexpression has 

been reported to increase contraction-induced glucose uptake (Hansen et al., 1995), which 

may also be the case in our transfected fibres. Furthermore, the ultimate application would 

be to probe human muscle GLUT4 translocation which is not compatible with the current 

assay. Different approaches have been established to investigate endogenous GLUT4 

translocation by both insulin and exercise/contractions in both rodent and humans (Bradley 

et al., 2015; Hatakeyama & Kanzaki, 2017; Klip et al., 1987; Lund, Holman, Schmitz, & 

Pedersen, 1993; Lund et al., 1997; Marette et al., 1992; Sylow et al., 2016; Tsuchiya et al., 

2018; Wilson & Cushman, 1994). However, despite the decent positive correlation between 

GLUT4 translocation and glucose transport ex vivo, these assays in general show relatively 

small effect sizes on GLUT4 translocation in comparison to the amount of glucose uptake 

into muscle in vivo. Whether the effect size in our assay is enhanced due to overexpression 

of GLUT4 remained to be tested. However, transmission electron microscopy analysis of rat 

skeletal muscles revealed a ≈9-fold increase in GLUT4 in the sarcolemma following 

contractions (Ploug et al., 1998), indicating that this is not the case.  

 

In conclusion, we demonstrated that electroporated GLUT4-7myc-GFP in mouse skeletal 

muscle was a robust tool to study GLUT4 dynamics and sarcolemmal accumulation by 

different in vivo stimuli including exercise and the AMPK-activator AICAR. Notably, however, 

the previously reported decrease in large GLUT4 vesicles and increase in striated GLUT4 

pattern, respectively, by different stimuli were not observed, despite robust sarcolemmal 

GLUT4 insertion. This simple method could increase the frequency of GLUT4 translocation 

measurements in rodent loss-and gain-of-function studies of muscle glucose metabolism.  
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Figure legends:  

Figure 1: GLUT4-7myc-GFP localized to larger vesicles and in perinuclear regions, exhibited 

dynamic movement and responded to insulin. A) GFP signal of live flexor digitorum brevis 

(FDB) muscle fibre expressing GLUT4-7myc-GFP. Arrows mark perinuclear regions, 

arrowheads mark intracellular vesicles of varying size. B) Z-axis profile plot of GFP signal 

throughout the transverse plane of a live FDB fibre. Red arrows marks increased fluorescent 

intensity in the superficial regions of the fibre. C) Live imaging montage of GFP movement in 

FDB fibre. Yellow arrowheads with circles mark a moving GFP-containing vesicle. Colored 

dots mark tracking of 6 different GFP-containing vesicles over time. D) Migration scheme of 

150 sec tracking of GFP containing vesicles in C (location A) and another migration scheme 

from different region (location B). E) Representative images of GFP signal (lower panels) and 

myc signal (upper panels) of cultured FDB fibres expressing GLUT4-7myc-GFP incubated in 

the basal state (left), stimulated with 60 nM insulin (INS, middle) or stimulated with 60 nM 

insulin and 500 nM wortmanin (INS+Wort., right). F) Quantification of GLUT4 translocation 

measured as myc/GFP signal ratio. A-D are representative of 3 independent experiments. 

For E&F 9,4 and 3basal, INS and INS+Wort. treated fibres from two different mice were 

analysed. *p=0.05  different from basal. Scale bar = 5 μm (A,C&D) or 20 μm (E).  
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Figure 2: In vivo exercise stimulated GLUT4 translocation in tibialis anterior muscle. A) 

Representative images of GFP signal (lower panels) and myc signal (upper panels) of tibialis 

anterior (TA) muscle fibres from mice subjected to running exercise. Mice ran for 15 

minutes (10 min at 75% and 5 min at 85% of max running capacity). B) Quantification of 

GLUT4 translocation measured as myc/GFP ratio. n = 32 and 39 resting and exercised fibres 

in each condition respectively, from 3 mice in 3 independent experiments were analysed. C) 

Phosphorylation of p38 Mitogen-activated protein kinase (MAPK) Thr180/Tyr182 and D) 

phosphorylation of AMP-activated protein kinase (AMPK) Thr172 in soleus muscles from 

mice subjected to same running exercise bout as in A. E) Representative western blot 

images from C&D (n=4). F) 2-deoxyglucose transport into TA muscles from mice subjected to 

gene transfer procedure after injection of saline in one leg and GLUT4-7myc-GFP in the 

contralateral leg. Mice (n=4-6) ran as described in A. (*) p=0.07 , **/***p<0.01/0.001 effect 

of exercise. Scale bar = 20 μm.  
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Figure 3: Intramuscular AICAR injection stimulated AMPK and GLUT4 translocation. A) 

Phosphorylation of Acetyl-CoA carboxylase (ACC) ser212, B) TBC1 domain family member 1 

(TBC1D1) ser231 and C) p38 Mitogen-activated protein kinase (MAPK) Thr180/Tyr182 in TA 

muscles injected with AICAR or saline (n=12). D) Representative western blot images from 

A,B&C. E) Representative images of GFP signal (lower panels) and myc signal (upper panels) 

of TA muscle fibres from mice intramuscularly injected with saline or AICAR. F) 

Quantification of GLUT4 translocation measured as myc/GFP signal ratio. 38 and 42 saline or 

AICAR treated fibres from 4 different muscles in each condition were analysed. ***p<0.001 

effect of AICAR. Scale bar = 20 μm.  
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Figure 4: GLUT4-7myc-GFP distributed in several localization patterns without discernible 

changes induced by any stimuli. A) GFP signal in TA muscle fibres expressing GLUT4-7myc-

GFP from mice kept at rest. B) Same as in A in mice stimulated with 0.5 U insulin/kg body 

weight 30 min prior to fixation of muscle. C) Same as in A in mice performing running 

exercise, as described in the methods section. D) Same as in A but from mice stimulated 

with AICAR, as described in the methods sections. Insulin (INS), exercise (EXER) and AICAR 

(AIC). Scale bar = 20 μm. 
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