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ABSTRACT

Skeletal muscle contractions stimulate glucose uptake into the working muscles during exercise. Because this signaling
pathway is independent of insulin, exercise constitutes an important alternative pathway to increase glucose uptake, also
in insulin-resistant muscle. Therefore, much effort is being put into understanding the molecular regulation of exercise-stim-
ulated glucose uptake by skeletal muscle. To delineate the causal molecular mechanisms whereby muscle contraction
or exercise regulate glucose uptake, the investigation of genetically manipulated rodents is necessary. Presented here
is a modified and optimized protocol assessing exercise-induced muscle glucose uptake in mice in response to acute
treadmill running. Using this high-throughput protocol, running capacity can accurately and reproducibly be determined
in mice, and basal- and exercise-stimulated skeletal muscle glucose uptake and intracellular signaling can precisely and
dose-dependently be measured in awake mice in vivo without the need for catheterization and with minimal loss of blood.

Keywords: AMPK, exercise, glucose uptake, muscle, muscle contraction

BACKGROUND

Skeletal muscle contractions activate several intramuscular
signaling pathways that in conjunction increase muscle glucose
uptake. Importantly, exercise-stimulated glucose uptake occurs via
insulin-independent mechanisms [1]. Exercise thereby provides
an important alternative to insulin-stimulated muscle glucose
uptake, which is relevant in insulin-resistant conditions such as
obesity and type 2 diabetes. Elucidating the molecular mechanisms
regulating glucose uptake in response to muscle contraction is
crucial as it may help identify novel therapeutic targets to optimize
glucose uptake in insulin-resistant states. Experiments in humans
are limited to explorative studies elucidating mainly associative
evidence (such as unbiased exploration of the phosphoproteome
in response to acute exercise [2]). To nail down the mechanisms
by which acute exercise regulate glucose uptake in skeletal
muscle, human experiments are limited to the use of approved
pharmacological inhibitors (with potential off-target effects).
Hence, alternative models are needed for the identification of
causal mechanisms necessary for this phenomenon.

Conducting research in mice allows for genetic manipulations
in muscle. Such studies are necessary for investigating the role
of specific proteins and signaling pathways in the regulation of
exercise-induced muscle glucose uptake [3-5]. Although glu-
cose uptake can be measured ex vivo in isolated mouse muscle
in response to electrically stimulated muscle contractions, this
does not fully reflect the complex environment during exercise
in vivo. During exercise in vivo, tissue glucose uptake depends
on several factors, not accounted for ex vivo. During exercise
in vivo glucose uptake depends upon (1) the muscle plasma
membrane permeability (i.e., the number of glucose transporters
in the sarcolemma and transverse tubuli), and (2) the glucose
gradient as determined by the interstitial glucose concentration
(dependent on blood glucose concentration, blood flow, and
microvascular recruitment), and the intramyocellular glucose
concentration (dependent on the irreversible conversion of glucose
to glucose-6-phosphate by hexokinase and the rapidity of the
subsequent downstream intracellular glucose metabolism) [1].

Previously, exercise-induced muscle glucose uptake in mice
has been measured by the use of intravenous administration of a
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radioactive glucose tracer via a catheter [6-8]. While this allows
for control over tracer availability and continuous blood glucose
measurements, catheterization is at the expense of severely
stressing the mice due to the surgery. Additional disadvantages
of catheterization are metabolic disturbances due to weight loss/
regain, and potential impairment of exercise tolerance due to the
catheter. Moreover, this technique is arduous and is not easily
applied to large-scale studies. Finally, the intravenous admin-
istration of a bolus of a radioactive glucose tracer at the onset
of exercise results in tracer activity declining with time. That is
suboptimal because muscle glucose uptake increases with time
during exercise. Hence, differences in glucose uptake at the onset
of exercise may be exaggerated, while smaller differences at the
end of the exercise bout may be difficult to detect. Therefore, more
recent studies have measured exercise-induced muscle glucose
uptake without using catheterization of mice and instead after
intraperitoneal administration of a radioactive glucose tracer
resulting in delayed blood appearance [7,9,10]. Such protocol
can be utilized with minimal delays between mice, making it
amenable to assessing exercise-induced glucose uptake in larger
cohorts of mice.

A high resolution of tracer appearance is crucial for determin-

ing tissue glucose uptake precisely. However, the measurement
of tracer appearance in plasma requires 35 pl blood/time point.
Thus, measuring tracer appearance one or several times during
and at the end of the exercise bout causes a massive loss of blood
(i.e., stress) and long breaks during the exercise bout [6,7,9,10].
To minimize blood loss and the disruptions during running, al-
ternative protocols have emerged with measurement of plasma
tracer availability only at the end of the exercise bout [11]. Yet,
this is at the expense of controlling for the time course of tracer
appearance during exercise. A summary of various protocols for
measuring exercise-induced muscle glucose uptake is included
in Table 1.

To overcome these issues, we here describe a modified and
optimized protocol for the determination of exercise-induced
muscle glucose uptake in live non-catheterized mice during
acute treadmill running with minimal blood loss. To minimize
the stress (due to loss of blood and handling time), both glucose
concentration and tracer appearance are measured directly in the
blood (using < 6 pl blood/time point) and not plasma. To provide
a better resolution of blood glucose and tracer appearance during
20 min of treadmill running, those measurements are performed
at time points 0, 5, 10 and 20 min of the experimental protocol.

Table 1 Overview of blood sampling in selected studies investigating exercise-induced glucose uptake in mouse skeletal muscle by adminis-

tration of a radioactive glucose tracer.

[*H]-2DG administration = Measurement Blood sampling Study Minimized blood Glucose and tracer
loss resolution
Catheterized infusion
t=0 min* » Blood glucose e t=30 min [8] SRR A
» Plasma [*H]-2DG e t=30 min
t=5min * Blood glucose * t=0,10, 15, 20 and 30 min [6] + ++++
» Plasma [*H]-2DG * t=5,10, 15, 20 and 30 min
t=10 min » Plasma glucose * t=-5,15, 20 and 25 min [7] ++ ++ +
* Plasma [*H]-2DG * t=15, 20 and 25 min
Intraperitoneal administration
t=0 min * Plasma glucose t=-2,15, and 30 min [7] S Ak 4
» Plasma [*H]-2DG t=-2,15, and 30 min
t=0min » Plasma glucose t=-2,10, and 20 min [9] ++ ++
» Plasma [*H]-2DG t=-2,10, and 20 min
=-20 min » Blood glucose t=0 and 34 min [12] +++ ++
* Blood [*H]-2DG** t=0 and 34 min
t=0min » Blood glucose t=0, 10, and 20 min [10] +++ ++
* Plasma [*H]-2DG t=10, and 20 min
t=0 min » Blood glucose t=0 and 20 min [11] ++++ +
* Plasma [*H]-2DG t=20 min
t=0min » Blood glucose t=0,5, 10 and 20 min Current ++++ +++
* Blood [*H]-2DG t=5,10 and 20 min study

*t = 0 min defined as the start of treadmill running; **Measured in 25 pL blood.

Animals

MATERIALS

Mature mice: In the current study, female C57BL/6JBomTac
mice (12 weeks old) were obtained from Taconic (Denmark)
and allowed to acclimatize for > 1 week prior to the start of the
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study. The mice were maintained on a 12:12 h light-dark cycle
and housed at 22°C (with allowed fluctuation of + 2°C) with
nesting material. The mice were group-housed 6—8 mice per
cage and received a standard rodent chow diet (Altromin # 1324;
Brogaarden, Denmark) and water ad libitum. The experiments
were performed at 10—-12 AM.

The animal experiments complied with the European Conven-
tion for the protection of vertebrate animals used for experimen-
tal and other scientific purposes (No. 123, Strasbourg, France,
1985; EU Directive 2010/63/EU for animal experiments) and
were approved by the Danish Animal Experimental Inspectorate
(License: 2015-15-0201-00477).

NOTE: Ensure that animal experiments are approved
by the local ethics committee. If using knockout/trans-
genic lines for genes of interest, we recommend using
sex-matched littermate controls.

Chemicals/reagents/others

Surgical scissors and forceps

Gauze

Blood glucometer (Bayer Contour, Switzerland)
Glucose test strips (Bayer Contour, Switzerland)
Scale (0.1 g intervals)

1 ml disposable syringes

27G needle

Saline

[1,2-*H] 2-Deoxy-D-glucose ([*H]-2DG) (PerkinElmer,
Cat. # NET549A)

2-Deoxy-D-glucose (2DG) (Sigma-Aldrich, Cat. #
D8375)

Pergamon weighing paper

Pipettes (P10, P200, P1000)

Pipette tips

Mini scintillation vial with screw cap (6 ml) (Sarstedt,
Inc. Cat. # 73.680)

Ultima Gold liquid scintillation cocktail (PerkinElmer,
Cat. # 6013329)

0.5 ml, 1.5 ml and 2.0 ml Eppendorf tubes

Liquid nitrogen

Dry ice

Flat nose smooth jaw pliers

Medicine cup (30 ml, plastic)

Styrofoam container

0.IN NaOH (VWR Chemicals, Cat. # 31770.294)
0.IN HC1 (VWR Chemicals, Cat. # 31955.293)

70% perchloric acid (Merck) (PCA, 1:4 v/v)

0.3M BaOH (Sigma-Aldrich, Cat. # B4059) and 0.3M
ZnSO04 (Sigma-Aldrich, Cat. # Z2876) (1:2:2 v/v/v)
MG buffer used for homogenization of muscle tissue

* 10% glycerol (Sigma-Aldrich, Cat. # G7757)

* 20 mM Na-pyrophosphate (Sigma-Aldrich, Cat. #
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221368)
* 150 mM NaCl (Supelco, Cat. # 106404.1000)
* 50 mM HEPES (pH 7.5) (Sigma-Aldrich, Cat. #
H7637)
1% NP-40 (Sigma-Aldrich, discontinued—As an
alternative use IGEPAL CA-630)

* 20 mM B-glycerophosphate (Sigma-Aldrich, Cat. #
G9422)

* 10 mM NaF (Sigma-Aldrich, Cat. # S1504)

* 1 mM EDTA (pH 8.0) (Sigma-Aldrich, Cat. # EDS)

* 1 mM EGTA (pH 8.0) (Sigma-Aldrich, Cat. # E4378)

* 2 mM PMSF (Sigma-Aldrich, Cat. # P7626)

* 10 pg/ml Aprotinin (Sigma-Aldrich, Cat. # A1153)

* 10 pg/ml Leupeptin (Sigma-Aldrich, Cat. # L2884)

* 2mM Na,VO4 (Sigma-Aldrich, Cat. # S6508)

* 3 mM Benzamidine (Sigma-Aldrich, Cat. # B6506)

* Double-distilled water (ddH,O)

v Bicinchoninic acid assay (BCA) protein assay kit (Ther-
mo Scientific, Cat. # 23225)
v Antibodies

* pAMPKa T172 (Cell Signaling Technology Cat. #
2535, RRID:AB_331250; 1:1000 in 2% skimmed
milk; 15 ug protein loaded)

* AMPKo2 (Abcam Cat. #ab3760, RRID:AB_304055;
1:1000 in 2% skimmed milk; 15 pg protein loaded)

* p-p38MAPK T180/Y 182 (Cell Signaling Technology
Cat. #9211, RRID:AB_331641; 1:1000 in 3% bovine
serum albumin; 10 pg protein loaded)

* p38MAPK (Cell Signaling Technology Cat. # 9212,
RRID:AB 330713; 1:1000 in 2% skimmed milk; 10
ng protein loaded)

v" Coomassie Brilliant Blue G (Sigma-Aldrich, Cat.
#B0770)

Equipment

v' Treadmills (TSE Systems, 303401 series)

v Centrifuge (Hettich zentrifugen, Universal 320R)

v" Scintillation Counter (Packard Tri Carb, Packard Instru-
ments Model 2000)

v" Block heaters (Fisherbrand Isotemp)

v' ABX Penta c400 (Horiba ABX SAS)

v" Qiagen Tissue Lyser II (RRID:SCR_018623) + steel
beads

v General rotator (Stuart, STR4)

Software
v" TSE PhenoMaster System (TSE Systems, v5.3.0)
v" Microsoft Excel (RRID:SCR_016137), Sigma-
Plot (RRID:SCR_003210), GraphPad Prism
(RRID:SCR_002798) or similar
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PROCEDURE

Treadmill acclimatization

1. Acclimatize all mice, also those to be included as resting controls, to the treadmill by

having them run at 10 m/min for 10 min (15 incline) on three consecutive days.

TIP: The last day of acclimatization should preferably be a couple of days before the maximal
running capacity test to minimize the stress put on the mice and the acclimatization affecting

the experimental day.

Maximal running capacity test

2. The maximal running capacity test should be carried out on mice in the fed state at least

one week prior to the acute treadmill running experiment.

3. Place mice from different experimental groups in randomized order on the available

treadmills.
CAUTION: At least one researcher should be blinded for the order of the mice.

4. Let the mice warm up for 5 min at 10 m/min (15 incline) and then gradually increase the
speed of the treadmill by 1.2 m/min every minute until exhaustion (Fig. 1A).

5. Exhaustion is determined by the mouse's inability to keep up with the set speed and sitting
on the grid for 5 s even after attempts of the researcher to motivate further running using
an air gun or gently pushing the mouse forward and away from the grid.

6. Exhaustion should be determined by the blinded researcher, and it should be the same
person calling out all the mice in one test and all experiments in the same project. The
reproducibility of the determination of the maximal running speed in mice is shown in
Fig. 1B.

NOTE: To indirectly evaluate the reliance on anaerobic glycolysis for energy production during
the maximal running capacity test in distinct experimental groups, two blood samples can be
drawn from the tail 1 h prior to the test for blood glucose and blood lactate measurements and

then again immediately after reaching the maximal running speed.

7. Depending on the experimental aim, the maximal running speed for each individual mouse
or an average for the experimental group can be used during the acute treadmill running

experiment.

TIP: Running capacity should be performed at approximately the same time of the day as the
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terminal experiment will be performed.

Exercise-induced muscle glucose uptake in response to acute treadmill running

8. In fed mice, take a baseline blood sample for blood glucose measurement (Fig. 1C).

TIP: The time of the day the experiment is performed should preferably be standardized to
control for differences in eating behavior and daily rhythm up to the experiment.

9. Determine mouse weight.

10. Allow the mice to rest for 1 h before the experiment. This resting period also allows blood

coagulation in the tail wound to occur.

71. Using an intraperitoneal injection (1 ml syringe with 27G needle), administer a bolus of
saline containing 0.1 mM 2DG and 50 pCi/ml [*H]-2DG (~32.4 Ci/mmol) corresponding
to 11 pCi/mouse on average in the current study (10 pl/g body weight).

NOTE: Non-radioactive 2DG is added to further increase the 2DG concentration gradient

across the muscle plasma membrane.

NOTE: Use of radioactive material should be performed following local guidelines and regu-
lations. This includes the use of appropriate protective equipment, safe work practices, cleaning
of workspaces after experiments and waste disposal.

12.Place the mouse on a treadmill and have it run at the wanted workload for 20 min (15°
incline). Resting mice are placed on a still treadmill for 20 min.

In the current study, mice ran at either 50% or 70% of the average maximal running speed

compared to control mice on a still treadmill.

CAUTION: It is recommended that resting mice are placed on a still treadmill and not in their
home cage, as the stress in response to placement on the treadmill itself can activate stress
signaling pathways.

NOTE: If the maximal running capacity differs between experimental groups, the mice can run

either at the same absolute speed or same relative intensity depending on your experimental aim.

13. At time point 5, 10, and 20 min, draw two blood samples from the tip of the tail to deter-
mine blood glucose concentration and transfer 4 pul blood to scintillation vials containing
3.5 ml scintillation fluid. Immediately shake the scintillation vial well.

TIP: Place one drop of blood on pergamon weighing paper and use a pipette to transfer 4 pl
to the scintillation vials.
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74. At the 20 min time point, immediately euthanize the mouse by cervical dislocation, remove
the skeletal muscle of interest (e.g., soleus muscle, gastrocnemius muscle, quadriceps
muscle), quickly rinse in ice-cold saline and snap freeze. Transfer to 2 ml Eppendorf safe-
lock tubes in liquid nitrogen. Store at —80°C until further processing.

CAUTION: Be careful not to stretch the muscles when dissecting them, as the stretch can

activate intracellular signaling pathways [13,14] that could produce misleading results.

A B

=Z15°

40— p <0.001, r=0.7775

~ 35
=
3 < 30
FE
Ee®
> 20
15
r T T T T 1
EXE speed 15 20 25 30 35 40
(m min™) Vax Test 1
| 1 | | ]| (mmin™"
Time (min) 0 5 6 7 x-2 x-1 X
=15°
- EXE speed:
0%, 50% or 70% of Vinax
Time (min) - 20
i.p. [*H]-2DG
administration
Muscle
collection

4 ‘ Blood glucose
Blood [*H]-2DG appearance

Figure 1 Determination of maximal running capacity and treadmill running-induced muscle glucose uptake in mice. A. Schematic of the protocol
for determination of maximal running capacity. After the warm-up, the exercise (EXE) speed of the treadmill (15° incline) is gradually increased by 1.2
m/min every minute until exhaustion at time point x. B. Reproducibility of the maximal running capacity test. Pearson’s correlation between the maximal
running speed (V,__ ) at two separate tests nine days apart. The number of mice, n = 50. C. Schematic of the protocol for determination of treadmill run-
ning-induced muscle glucose uptake in mice by intraperitoneal (i.p.) administration of a radioactive glucose tracer. lllustrations created with Biorender.
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15.If applicable, collect blood by punctuation of the heart (handle the blood carefully to avoid
hemolysis), spin down blood and snap freeze plasma in liquid nitrogen. Store at —80°C
until further processing.

Measurement of blood [*H]-2DG appearance

16. To measure [*H]-2DG appearance in the blood, shake the scintillation vials containing 4
ul blood thoroughly and measure [*H] disintegrations per minute (DPM) in each sample

using a liquid scintillation counter.

Measurement of [*H]-2DG tissue uptake

The biochemical properties of 2DG make the molecule suitable for the measurement of tis-
sue-specific glucose uptake in tissues with low glucose-6-phosphatase activity (e.g., skeletal muscle
[15]) (Fig. 2A). In skeletal muscle, transport of glucose and 2DG across the plasma membrane
is carried out by the same GLUTs. Once inside the muscle, 2DG like glucose is phosphorylated
by hexokinase. However, whereas glucose-6-phosphate will be further metabolized, 2DG-6-
phosphate will either accumulate or be incorporated into glycogen [16]. Thereby, the analysis
of [*H]-2DG accumulation inside the muscle cells can be used as a measure of glucose uptake.
This technique was first validated for the in vivo study of glucose utilization in the brain [17]
and later modified to also study the utilization of glucose in skeletal muscle and adipose tissue
in vivo [18]. Below a protocol for analysis of tissue-specific [*H]-2DG uptake is presented es-

sentially as described in [6,18] with minor modifications.
17. To measure [*H]-2DG uptake in the muscles of interest, pulverize tissue with a flat nose
smooth jaw pliers in a liquid nitrogen-filled medicine cup immersed in liquid nitrogen in
a Styrofoam container and, while the tissues are maintained frozen, weigh out an aliquot
of powder for analysis. Smaller muscles, such as the soleus and EDL muscles do not re-

quire powdering.

TIP: Preferably, use 15-20 mg muscle tissue for analysis. For smaller muscles such as the
soleus and EDL, preferably use the whole muscle (however, you can go down until as little as

4 mg muscle).

18. Incubate the samples at 96°C in 200 pl 0.1N NaOH until completely dissolved (approxi-
mately 30 min). Mix now and then.

79. The homogenate is neutralized by adding 200 pl 0.1N HCI to the sample.

20.1n a 1.5 ml Eppendorf tube, mix 150 pl of the homogenate with 600 pul 4.6% perchloric
acid (PCA, 1:4 v/v) and lyse by centrifugation at 18320 x g for 4 min at 4°C.

7
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21. Transfer 600 pl supernatant to scintillation vials containing 4 ml Ultima Gold. Vortex the
vials thoroughly and measure [*H] DPM in each sample using a liquid scintillation counter.

NOTE: Both [*H]-labeled 2DG-6-phosphate ([*H]-2DG-6P) and [*H]-2DG are soluble in PCA.
Hence, they will both appear in the lysate and the [’H] DPM in the supernatant determined by
liquid scintillation counting is the sum of the two.

22.To measure [*H]-2DG, mix 150 pl homogenate with 300 pl 0.3M BaOH and 300 pl 0.3M
ZnSO, (1:2:2 v/v/v) in a 1.5 ml Eppendorf tube. Centrifuge at 18320 x g for 4 min at 4°C.

23.Transfer 600 pl supernatant to scintillation vials containing 4 ml Ultima Gold. Vortex the

vials thoroughly and measure [*H] DPM in each sample using a liquid scintillation counter.

NOTE: Centrifugation at 18320 x g for 4 min leads to the formation of BaSO, (+Zn(OH))
precipitate containing [*H]-2DG-6P) as well as[*H]-2DG incorporated into glycogen [16,19].
Thus, [*H] DPM in this supernatant reflects [°H]-2DG not taken up by the muscle cell.

Measurement of muscle glycogen concentration

24.To measure glycogen concentration in the muscle of interest, weigh out 15-20 mg muscle
tissue for analysis. Prepare in 1.5 ml Eppendorf tubes.

25.Incubate the samples for 2 h at 98°C in a heating block with 400 pl 1IN HCI to hydrolyze
the glycogen polymers to glucose.

TIP: Include a mouse muscle glycogen control at each run as a positive control.

26.After 1 h, mix samples gently.
27.After 2 h, mix samples gently.

NOTE: Store in the refrigerator if they are analyzed within a week otherwise they must be
stored in the freezer.

28.Determine muscle glycogen concentration as glycosyl units in the samples fluorometrically
(we have used Pentra 400, 340 nm).

Immunoblot preparation

29.For western blotting analysis, weigh out 15-20 mg muscle tissue in 2 ml Eppendorf tubes.
For smaller muscles such as the soleus and EDL, preferably use the whole muscle (how-

ever, you can go down to as little as a few mg muscle tissue).

30.Add ice-cold MG buffer (1:20 mg tissue:ul MG buffer) rapidly to the tubes and immedi-
ately homogenize with steel balls using the tissuelyser (30 Hz, 30 s).
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Figure 2 Measurement of muscle-specific [*H]-2DG uptake. A. Schematic of the measurement of muscle-specific [*H]-2DG uptake (Created with
Biorender). B. Blood [*H]-2DG appearance at time points 0, 5, 10 and 20 min during acute treadmill running at 50% (EXE50%) or 70% (EXE70%) of the
maximal running speed compared to control mice on a still treadmill. The number of mice in each group: Control, n = 6; EXE50%, n = 8; EXE70%, n = 9.
Data were evaluated with a two-way repeated measures (RM) ANOVA. C. Weighted average for blood [*H]-2DG appearance in panel (B). Data were
evaluated with a one-way ANOVA. D. Blood [*H]-2DG appearance in two resting chow-fed female mice in the first 10 min following an intraperitoneal
(i.p.) injection with [*H]-2DG. E. Blood glucose concentrations at time points 0, 5, 10 and 20 min during acute treadmill running at 50% (EXE50%) or
70% (EXE70%) the maximal running speed compared to control mice on a still treadmill. The number of mice in each group: Control, n = 6; EXE50%,
n=8; EXE70%, n = 9. Data were evaluated with a two-way RM ANOVA. F. Blood glucose (from panel G) related to time point 0. G. Weighted average
of blood glucose in the 20 min following i.p. administration of [*H]-2DG. Data were evaluated with a one-way ANOVA. Main effects are indicated in the
panels. Significant one-way ANOVA or significant interaction in two-way RM ANOVA evaluated by a Tukey’s post hoc test: Different from time point 0’
*[**[*** (P < 0.05/0.01/0.001); Control vs. EXE70% $/$$ (P < 0.05/0.01); EXE50% vs. EXE70% §/§§/88§ (P < 0.05/0.01/0.001). Data are presented as
mean + S.E.M. or when applicable mean + S.E.M. with individual data points shown. Paired data points are connected with a straight line.
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31. Rotate end-over-end for at least %2 h at 4°C.
32.Centrifuge at 10854 x g for 20 min at 4°C.

33.Gently remove the tubes from the centrifuge, place them on ice and transfer the supernatant
to 0.5 ml Eppendorf tubes.

34.Determine protein concentration using the BCA method.

35.Prepare samples for immunoblotting as per standard protocol. Use phospho-specific anti-
bodies against exercise-responsive signaling molecules (e.g., pAMPKa T172, p-p38MAPK
T180/Y182).

36.Use Coomassie brilliant blue staining or a similar staining as a loading control.

DATA ANALYSIS ["H]-2DGypp9

(Eqn. 3)
Blood volume
4. Calculate the time-weighted average of blood [*H]-2DG

appearance.

TIP: Assuming that blood [*H]-2DG appearance is
increasing linearly in the first 5 min after intraperito-

[*H]-2DG,,,, (DPM/ml) = x 1000

The calculation of tissue-specific glucose uptake is essentially
as described in [6] with minor modifications. An example of the
calculations described below can be found in the supplement file.

2DG clearance from the blood

1. Calculate the tissue-specific DPM counts as the net [*H]-
2DG-6-P accumulation in the muscle tissue by subtracting
[*H]-2DG DPM counts measured in the supernatant of
the BaSO, precipitate from the [’H]-2DG + [’H]-2DG-6-P
DPM counts measured in the PCA supernatant (Fig. 2A).

[’H]-2DG-6-P,,..,. (DPM) = [*H]-2DG-6-P, ., +[’H]-2DG -[*H]-2DG

S

PCA BaOH +ZnS0,

2. Relate the net [*H]-2DG-6-P to mg tissue analyzed and

to the 20 min experimental period to get [*H]-2DG-6-P
DPM/g/min.

CAUTION: Remember to account for dilution factors
in the calculation.

(Eqn. 1)

%X Dilution fac (Eqn. 2
Tissue weight x Time (Eqn. 2)

3. Extrapolate blood [*H]-2DG DPM per 4 ul to 1 ml to
yield blood [*H]-2DG DPM/ml.

[’H]-2DG-6-P

muscle

(DPM/g/min) =

NOTE: It is important to check whether tracer ap-
pearance is similar between groups because a higher
[*H]-2DG availability per se could result in an increased
uptake of [*H]-2DG. Therefore, a difference in tracer
availability between groups should be taken into ac-
count in the interpretation of the data (Fig. 2B). Here
we have evaluated [*H]-2DG availability as weighted
average (Fig.2C).

neal injection, a value of 0 DPMml at time O should be
included in the weighted average (Fig. 2D).

(([ ’ H]_ZDGbloodj min [ ’ H]_ZDGblecdj min )
2

([KH]_ZDGbIood) min ‘*‘[JH]'zDGb'Mi‘”‘“i") x5 min +

x5 min +

([ } H]'ZDG blood_10 min + [ } H]'ZDG blood_20 min )

x10min)
[*H]-2DG g e (DPM/ml) = 2

(Eqn. 4)

20 min

5. Normalize tissue-specific DPMs to the time-weighted
average of blood [*H]-2DG appearance to calculate the
proportion of available [*H]-2DG cleared from the blood
into the tissue (glucose clearance, Fig. 3B). Data should
be expressed per unit weight of the analyzed tissue and
per hour (ml/g/h).

3
2DG clearance (ml/g/h) = %x 60
[ H]-QDGbloodiaverage

NOTE: This calculation assumes that the [*H]-2DG
tracer measured by a tail bleed is indicative of the tracer
available in the interstitial space for uptake into the
tissue.

(Eqn. 5)

Glucose uptake index

6. Calculate the time-weighted average of blood glucose
during the experimental period (Fig. 2E-2G).
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(([Glucose]ijooq o min +[GluCOS] 1004 5 min)
2

([Glucoselyog 5 min +[G1UCOSC]1004 10 min)
2

([Glucose] o 10 min +[GIUCOSE] 1004 20 min) x 10min)

2 (Eqn. 6)

20min

7. Calculate the specific activity (SA) of [*H]-2DG in the
blood as the ratio between the time-weighted average of
blood [*H]-2DG appearance and the weighted average
of blood glucose.

x Smin+

x Smin+

[Glucose]bluud average (mmol/L) =

[*H]-2DG

[Glucose]bloodiavmge

8. Calculate an approximation of glucose uptake by calcu-
lating the glucose uptake index as the ratio between tis-
sue-specific DPMs and SA. Data should be expressed per
unit weight of the analyzed tissue and per hour (umol/g/h).

blood_average

SA [*H]-2DG,,,, (DPM/umol) = (Eqn. 7)

[3H]-32DG-6-Pmusde  60(Eqn. 8)
SA ["H]-2DG, .4

NOTE: This calculation assumes that there is no dis-
crimination between [*H]-2DG and glucose at the glu-
cose transport step and therefore the rate of [*H]-2DG
accumulation in tissue is equivalent to the rate of glucose
uptake into tissue [18]. A correction factor to adjust for
slightly different affinities of glucose and [*H]-2DG for
GLUTs and hexokinase, has been reported to be 0.95
in basal and insulin-stimulated rat muscle [18]. To our
knowledge, such a correction factor has not been deter-
mined in mouse muscle in the setting of exercise and
therefore cannot be applied. The glucose uptake index
should therefore be interpreted as an approximation of
glucose uptake.

Glucose uptake index (umol/g/h) =

Glycogen concentration
9. Relate the net glycogen concentration to mg tissue ana-
lyzed to get glycosyl units in pmol/g wet weight muscle.

CAUTION: Remember to account for dilution factors
in the calculation.

Statistical analyses

Data are presented as mean + S.E.M. or when applicable
mean + S.E.M. with individual data points shown. Statistical
tests varied according to the dataset being analyzed and the
specific tests used are indicated in the figure legends and the
supplemental statistical summary table (File S1; inspired by
[20]). Datasets were normalized by square root transformation
if not following Gaussian distribution or failed equal variance
test. If the null hypothesis was rejected, Tukey’s post hoc test
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was used to evaluate significant differences in one-way ANOVAs
and significant interactions in two-way ANOVAs. P <0.05 was
considered statistically significant. P < 0.1 was considered a
tendency. All statistical analyses were performed using Sigma
Plot, version 13 (Systat Software Inc.; RRID:SCR_003210).

ANTICIPATED RESULTS

In the current study, exercise-induced muscle glucose uptake
was measured in mice during acute treadmill running at 50% or
70% of the maximal running speed and compared to control mice
on a still treadmill. Our protocol was highly sensitive since it
detected intensity-dependent increases in glucose uptake index
and 2DG clearance (Fig. 3A and 3B) and a decrease in muscle
glycogen concentration following exercise (Fig. 3C). In a similar
intensity-dependent manner, phosphorylation of AMPKa. T172 (a
marker of metabolic stress; Fig. 3D) increased in the investigated
muscles. Phosphorylation of p38MAPK Y 180/Y 182, a marker of
mechanical stress, was also upregulated by exercise in soleus and
quadriceps muscle, although not intensity-dependent (Fig. 3E).
The observed differences between the investigated muscles are
likely due to differential recruitment and fiber type composition
of the working muscles activated during treadmill running.

In conclusion, using this protocol we accurately and repro-
ducibly determined running capacity in mice. Furthermore,
basal- and exercise-stimulated skeletal muscle glucose uptake
and intracellular signaling were precisely and dose-dependently
measured in living mice without the need for catheterization
using this high-throughput protocol with minimal loss of blood
(up to 30 mice is taking 5 h (10 min/mouse, given that 2 mice
can be on a treadmill at the same time if multiple treadmills are
available)). We used female mice, and thus the absolute values
might be different for male mice.

TROUBLESHOOTING

A critical factor for the success of the protocol is the willing-
ness of the mice to co-operate. Generally, mice like to run and by
acclimatizing the mice to the treadmill the stress in response to
placement on the treadmill itself should be minimized. Thus, the
majority of mice will be able to complete the running protocol.
However, occasionally you will experience mice not being able
to complete the running protocol and therefore they will have
to be excluded from the experiment. Additional acclimatization
to the treadmills can be performed before the experiment, if the
mice are deemed poor runners.

Should a given transgenic model or intervention influence
running capacity, we recommend to include two different inten-
sities for that group, one matched by the same relative intensity
to the WT littermate controls and one matched to the same
absolute intensity.

Additionally, in order to be able to evaluate the exercise-re-

"
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sponse on glucose uptake and intracellular signaling, it is im-
portant that resting mice are placed on a still treadmill and not
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Figure 3. Skeletal muscle glucose uptake in mice during treadmill running. A and B. Glucose uptake index (A) and 2DG clearance (B) in soleus,
gastrocnemius, and quadriceps muscle in response to acute treadmill running at 50% (EXE50%) or 70% (EXE70%) of the maximal running speed com-
pared to control mice on a still treadmill. C. Muscle glycogen measured as glycosyl units per wet weight gastrocnemius or quadriceps muscle following
acute treadmill running at EXE50% or EXE70% compared to control mice on a still treadmill. D and E. Phosphorylation of (p)-AMPKa T172 (D) and
p-p38MAPK T180/Y 182 (E) in soleus, gastrocnemius and quadriceps muscle in response to acute treadmill running at EXE50% or EXE70% compared
to control mice on a still treadmill. F. Representative blots showing pAMPKa T172, AMPKa2, p-p38MAPK T180/Y 182, p38MAPK, and coomassie staining
as a loading control. The number of mice in each group: Control, n = 6; EXE50%, n = 8; EXE70%, n = 9. Data were evaluated with a one-way ANOVA.
Significant one-way ANOVA evaluated by a Tukey’s post hoc test: Different from control (#)/#/##/###, P < 0.1/0.05/0.01/0.001; EXE50% vs. EXE70%
(8)/8/88/888, P < 0.1/0.05/0.01/0.001. Data are presented as mean + S.E.M. with individual data points shown.
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