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Abstract

Aim: To develop a method for direct measurement of the fluorescent D-glucose
analogue 2-NBDG transport across the plasma membrane of single skeletal mus-
cle fibres and derive the theoretical framework for determining the kinetic pa-
rameters for D-glucose transport under basal conditions.

Methods: A novel method is described for measuring free 2-NBDG transport
across plasma membrane of single rat muscle fibres at rest. The 2-NBDG uptake
was >90% suppressed by 100 uM cytochalasin B in both fast-twitch and slow-
twitch fibres, indicating that the 2-NBDG transport is GLUT-mediated. Fibres
were identified as fast-twitch or slow-twitch based on the differential sensitivity
of their contractile apparatus to Sr**.

Results: The time course of 2-NBDG uptake in the presence of 50 uM 2-NBDG
follows a one-phase exponential plateau curve and is faster in fast-twitch
(rate constant 0.053 + 0.0024 s) than in slow-twitch fibres (rate constant
0.031 + 0.0021 s™). The rate constants were markedly reduced in the presence
of 20 mM D-glucose to 0.0082 + 0.0004 s™ and 0.0056 + 0.0002 s™ in fast-twitch
and slow-twitch fibres respectively. 2-NBDG transport was asymmetric, consist-
ent with GLUT1 being the major functional GLUT isoform transporting 2-NBDG
in muscle fibres at rest. The parameters describing the transport kinetics for both
2-NBDG and D-glucose (dissociation constants, Michaelis-Menten constants,
maximal rates of uptake and outflow) were calculated from the measurements
made with 2-NBDG.

Conclusion: Free 2-NBDG and D-glucose transport across the plasma membrane
of single rat muscle fibres at rest is fast, conclusively showing that the rate-limiting
step in D-glucose uptake in skeletal muscle is not necessarily the GLUT-mediated
transport of D-glucose.
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1 | INTRODUCTION

Skeletal muscle is the major tissue in mammals for the
disposal of blood D-glucose and as such plays an essential
role in the homeostatic regulation of plasma D-glucose.
It is not surprising then, that for more than forty years
there has been considerable research into understanding
how D-glucose is transported between the plasma and the
cytoplasm of a skeletal muscle cell, driven in large part
because carbohydrate metabolism disorders such as dia-
betes are associated with failure of D-glucose disposal by
skeletal muscle and subsequent disruption of D-glucose
homeostasis.

Wasserman et al' proposed a model of D-glucose up-
take in skeletal muscle termed the “distributed control
paradigm model of D-glucose uptake” which describes
a tightly coupled set of processes connecting D-glucose
transport and metabolism. In this model, the rate at which
D-glucose is delivered to the sarcolemma from the plasma,
the rate of transport of D-glucose across the plasma mem-
brane and once inside the muscle, the irreversible phos-
phorylation of D-glucose by hexokinase to D-glucose
6-phosphate, defines three distinct barriers to D-glucose
transport (see review by Wasserman et al®). However, be-
cause transport of D-glucose across these three major com-
partments is so tightly coupled, and specific access to more
internal compartments, such as the interstitial spaces and
cytoplasm, is limited, determination of the step(s) in these
processes that may limit the rate of D-glucose transport
has been difficult to ascertain. For some time, the trans-
port of D-glucose across the sarcolemma was considered
the principal rate-limiting step in D-glucose transport.>*
However, other studies have implicated hexokinase activ-
ity in limiting D-glucose accumulation into muscle, par-
ticularly during insulin or exercise mediated D-glucose
uptake.>® It is clear then, that the rate-limiting steps of
D-glucose uptake remain controversial. This has arisen
because there have been fundamental problems with all
previous studies that limit the reliability of measuring
the rate-limiting factors of D-glucose transport. Thus, no
study has been able to directly measure the free D-glucose
transport across plasma membrane at single muscle fibre
level. This means that the control of D-glucose uptake is
inferred from modelling the flux of D-glucose from the
plasma to the cytoplasm from the gradual accumulation
of a marker or analogue of D-glucose and comparing
the differences. Where more detailed examination of the

kinetic properties of D-glucose transport via glucose trans-
port proteins (GLUTs) have been examined, these have
predominately been done in studies that have exclusively
used isolated cultured non-skeletal muscle cells.”” Thus,
there have been no studies to date that have directly mea-
sured the kinetic properties of D-glucose uptake across the
plasma membrane of single muscle fibres (of known fibre
type) in real time which, could resolve a number of these
inherent past problems.

In the current study we describe a method for measur-
ing the rate of D-glucose transport across plasma mem-
brane of single muscle fibres using isolated segments with
intact surface membrane of single fast- and slow-twitch
skeletal muscle fibres from the rat in conjunction with
a fluorescent derivative of D-glucose at C-2 position, 2-
NBDG (2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-
2-deoxyglucose). Like D-glucose, 2-NBDG is transported
across plasma membrane of mammalian cells through the
same GLUTs, %! but 2-NBDG, like most other D-glucose
analogues, is not a precise substitute for D-glucose with re-
spect to various glucose transporter molecules. For exam-
ple, the bulky fluorophore and increased hydrophobicity
of 2-NBDG compared with D-glucose'* can result in differ-
ent values for the kinetic parameters for GLUT-mediated
transport of 2-NBDG and D-glucose.13 Nevertheless, as
shown in this study, the properties of D-glucose trans-
port can be deduced by comparing the effects of 2-NBDG
transport in the absence and presence of D-glucose. Here
we show that 2-NBDG transport in muscle fibres at rest is
consistent with GLUT1 being the major functional GLUT
isoform for transporting 2-NBDG and derive the kinetic
parameters for D-glucose uptake through GLUT1 in basal
(non-insulin stimulated) fast- and slow-twitch muscle
fibres.

2 | RESULTS
2.1 | 2-NBDG uptake by FT (type II) and
ST (type I) muscle fibres

In this study, we developed a novel approach for meas-
uring the transport of 2-NBDG (the fluorescent derivative
of D-glucose) across the surface membrane of individual
muscle fibres identified as fast-twitch (FT, type II) or
slow-twitch (ST, type I) based on their marked difference
in sensitivity to Sr**. The method (described in detail in
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the “Materials and methods” section) measures the trans-
port of 2-NBDG across the middle portion of fibre seg-
ments with undamaged surface membrane in real time
and in absolute terms. Results from these 2-NBDG meas-
urements were then used to characterise the kinetics of
2-NBDG and D-glucose transport across the plasma mem-
brane of skeletal muscle fibres in the basal state (at rest).
The standard protocol for measuring 2-NBDG uptake
across single fibre segments with intact surface membrane
dissected under paraffin oil (Figure S1A) is illustrated
in Figure 1A. The 1-2 mm long segment (Figure 1B and
Figure S1B) has a tether attached to one end which allows
gentle manipulation of the fibre segment under oil. The
fibre segment is first transferred to a shallow well filled
with paraffin oil constructed on a coverslip (Figure S1C).
Small droplets (= 0.1 puL) of base physiological solution
(BPS, see “Solutions” section) with or without 50 uM

ACTA PHYSIOLOGICA ke

2-NBDG are freshly injected on the bottom of the well and
the central 0.2-0.3 mm portion of the fibre segment can be
shifted under a dissecting microscope between paraffin oil
and the solution droplets (Figure S1B,C) by gently manip-
ulating the tether without permitting the cut ends of the
fibre to touch the solution droplets. Transport of 2-NBDG
across a fixed length of the fibre segment (= 0.1 mm) in
the middle of the 0.2-0.3 mm portion exposed to BPS drop-
lets is determined from the change in fluorescent intensity
measured with a fluorescence microscope when the fibre
segment is in paraffin oil as described in the “Materials
and methods” section.

As illustrated in Figure 2, 90% or more of the 2-NBDG
uptake measured after 60 s exposure to 2-NBDG across
the surface of both FT (type II) and ST (type 1) fibres is
suppressed in the presence of 100 uM cytochalasin B.
Considering the powerful inhibitory action of cytochalasin
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FIGURE 1 Schematic protocol showing the procedure for measuring 2-NBDG uptake in single fibre segments with intact surface

membrane. A. From left to right, a flow chart of the procedure employed to measure 2-NBDG uptake in single fibre segments. The middle
part (0.2-0.3 mm) of a single fibre segment (1-2 mm long) is first exposed to a droplet of BPS (see Solutions) for 1 min (as an equilibration
period) and then the fibre segment is shifted to the paraffin oil where the background signal is measured (see first signal trace). The same
region of the preparation is then exposed to a fresh droplet of BPS containing 50 uM 2-NBDG for 1 min followed by brief wash in a fresh
droplet of BPS by simply passing the middle of the fibre through the BPS droplet and the fibre segment is moved back into the oil. A second
fluorescence intensity measurement is then taken which represents the signal associated with any 2-NBDG transported into the fibre
(middle signal trace). Finally, the fibre is washed for 5 min in a droplet of BPS solution, returned to the oil and a fluorescence measurement
is taken again (third signal trace), which shows the extent of any 2-NBDG remaining in the fibre after that time. Fluorescence intensity
measurements are in arbitrary units (au). Arrowheads (W) indicate the beginning of the fluorescence signal measurement and the 2s time
scale refers to the recording period of the signal. B. Typical region (= 0.1 mm) in a single fibre segment from which the fluorescence signal
is recorded. This is a fraction of the middle portion of fibre that was exposed to the droplet of BPS seen in Figure 8 A. Note: The area of
exposure of the fibre to the solutions was always the same as visually determined under the microscope. Photo was captured using a digital
camera attached to a dissecting microscope
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B on the GLUT-mediated glucose transport'* caused by its
tight binding to the cytosolic sites of the GLUTS, this re-
sult indicates that more than 90% of the 2-NBDG uptake
measured with our method is GLUT-mediated. Assuming
that all GLUT-mediated transport was blocked in the
presence of 100 uM cytochalasin B, then the value of the
leak rate constant § for FT (BFT) and ST (BST) fibres can
be calculated from the results shown in Figure 2 using
Equation: [2-NBDG](f) = [2-NBDG], (1 - exp (-p1)),
where [2-NBDG](t) is the concentration of 2-NBDG that
entered the fibre at time ¢ (60 s) after the fibre was placed
in a droplet of solution with [2-NBDG], = 50 uM. As
shown in Figure 2, the 2-NBDG concentration in the fibre
segments, [2-NBDG];, rose from zero to 3.20 + 1.13 uM
in FT and 4.55 + 1.52 uM in ST fibres after 60 s expo-
sure to BPS containing 50 uM 2-NBDG. The correspond-
ing values for p*T and 5T are 0.00110 + 0.00041 s and
0.00159 + 0.00056 s respectively (see Table 1). Note that
the mean value of 7" is not statistically different from that
of BST (P > .48, double-sided T-test).

An important advantage for using 50 uM 2-NBDG to
measure GLUT-mediated uptake in muscle fibres is that
little 2-NBDG becomes phosphorylated (at C6) over 1 min
or so. As shown in Figure 1A, effectively all 2-NBDG that
entered the muscle fibre during the 60 s exposure to 2-
NBDG came out after wash (5 min) in a fresh BPS droplet,
indicating that little 2-NBDG becomes phosphorylated over
this period of time, because when phosphorylated at C6,
2-NBDG cannot cross the plasma membrane and becomes
trapped in the fibre, similar to D-glucose-6-phosphate. Mean
data for the rate of increase in the amount of 2-NBDG that
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could not be washed out from the fibres, due to phosphory-
lation, when loading in the presence of 50 uM 2-NBDG for
up to 30 min was 0.311 + 0.014 (n = 5) and 0.403 + 0.023
(n=7) uM/min for FT and ST fibres respectively. The mean
value for FT was significantly smaller than that for ST fibres
(P < .05; unpaired, double-sided T test).

Insulin treatment (20 ULY) of the central portion of
single muscle fibre segments with undamaged surface
membrane for 15 min significantly increased (one-sided
T-tests) the amount of 2-NBDG uptake after 10 s exposure
to 50 pM 2-NBDG from 15.12 + 1.41 (9) to 18.6 + 1.28 (10)
MM 2-NBDG (P < .04) in FT fibres and from 12.23 + 1.14
(9) t0 19.56 + 2.05 (8) pM 2-NBDG (P < .003) in ST fibres
(Figure 3).

2.2 | 2-NBDG transport in muscle fibres
at rest is asymmetric

The initial rates of 2-NBDG uptake (V;;) and outflow (V)
were measured in a group of three FT fibre segments with
intact surface membranes under trans-zero (with 50 uM
2-NBDG in the loading solution) and cis-zero conditions
after the fibre segments were first loaded in the presence
of 50 uM 2-NBDG for 60 s respectively. The value of Vi
was determined from changes in intracellular 2-NBDG
concentration after the intact fibre segments, devoid of 2-
NBDG, were placed in a BPS droplet with 50 uM 2-NBDG
for 3 s. Conversely, the value of V,, was determined after
the same fibre segments that had been first fully loaded in
the presence of 50 uM 2-NBDG, were placed for 3 s in a
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FIGURE 2 Effect of blocking GLUTSs with cytochalasin B on 2-NBDG uptake in single fibre segments. Fast- (A) and slow-twitch (B)
single fibre segments had their middle portion incubated for 60 s in a BPS droplet containing 50 uM 2-NBDG, followed by a brief wash in

a BPS droplet without 2-NBDG (Control). Separate fast-and slow-twitch single fibre segments had their middle portion pre-incubated in a
BPS solution containing 100 pM cytochalasin B for 10 min and then the same portion of the fibres was incubated for a further 60s in a BPS
droplet with 50 uM 2-NBDG and cytochalasin B followed by a brief wash in BPS alone (cytochalasin B). The fluorescence signals in each
fibre were corrected for a standard 50 um diameter fibre and extracellular dye carry-over as indicated in the “Materials and methods” section
(see Equation (7)) and expressed as fibre [2-NBDG]. Cytochalasin B significantly blocked >90% of 2-NBBDG uptake in both fibre types. Data
is presented as mean + SEM (n). Significance was determined with a standard one-sided T-test. P values (&) were <0.001
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TABLE 1 Parameters measured in single FT and ST muscle fibres

Parameter measured FT fibres ST fibres FT vs ST fibres
Leak rate constant p (s*) in FT (pF7) BT = 0.00110 + 0.00041 5T = 0.00159 + 0.00056 P>.48
and ST (p7) fibres (n=38) (n=6)
Rate constants of 2-NBDG uptake in ol = 0.053 + 0.0024 oS’ = 0.031 £ 0.0021 of T > oST
the absence of D-glucose (a,, s) in (n=10) (n=14) P <.001, double-sided T-test
FT (af") and ST (a5") fibres 95% CI: 0.0483 - 0.0577 95% CI: 0.0269-0.0351
Rate constants of 2-NBDG uptake (s')  of - = 0.0519 + 0.0024"  afT-p%" = 0.0294 + 0.0022°  (af™- p*)/(oST
through GLUT1 in the absence of 95% CI: 0.0472 - 0.0566 95% CI: 0.0250 - 0.0337 B =1.76 + 0.15°
D-glucose in FT (of - p*7) and ST 95% CI: 1.47 —2.05
(oST-p°") fibres®
Rate constants of 2-NBDG uptake in afT = 0.0082 + 0.0004 5™ ST =0.0056 + 0.0002 s afr > ot
the presence of 20 mM D-glucose (n=5) n=7) P <.0005, double-sided T-test
(tgi> s™) in FT (af ) and ST (ofT 95% CI: 0.00742 - 0.00898 s 95% CI: 0.00521 - 0.00599 ™"
fibres
Rate constants of 2-NBDG uptake (s) o -p'=0.0071 + 0.00057* ST - p*"= (T -p*)/(@ST - 1) =
through GLUT1 in the presence of ~ 95% CI: 0.00598 - 0.00822 0.0041 + 0.000594* 1.73 £ 0.29°
20 mM D-glucose in FT (af -p™) 95% CI: 0.00293 - 0.00526 95% CI: 1.16-2.30
and ST
ST ST a
(o, B) fibres
Ratio of rate constants of 2-NBDG Rpp =7.31 + 0.68° Rer=7.33 +1.21° Rer~ Rsr'
uptake through GLUT1 in the 95% CI: 5.98-8.64 95% CI: 4.96-9.70

absence and presence of 20 mM

D-glucose (R = (a, - B)/(0igy, - )°) in

FT (Rgp) and ST (Rgy) fibres

2)1/2

*The SEMg of sum/difference of two independent random variables x, y was calculated according to the following expression: SEMg = (SE,*+ SE,")"", where

SE,? and SEYZ are squared standard errors for x and y.
The SEMy, of ratio y/x of two independent random variables was calculated according to the following expression: SEMy = (¢ SEy2+(y2/x2)SEX2)“ 2/x, where x, y

are mean values and SE,? and SEy2 are squared standard errors for x and y (Dunlap and Silver, 1986).%
(@ T-p)/(@ST- BT > 1, P <.0001, T-test.
YT -pT/(ST -p%T) > 1, P <.016, T-test.
®Rpr ~ Rgp denotes that K7, in ST fibres (K’,°") ~ K, in FT fibres (K’,"") (see text).
(A) Fast-Twitch (B) Slow-Twitch
50 50
* t
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FIGURE 3 Effect of Insulin on 2-NBDG uptake in single fast- and slow-twitch fibre segments. Single fast-twitch fibre segments (A)

and slow-twitch fibre segments (B) had their middle portion initially incubated for 15 min at room temperature either in a droplet of BPS
(Control) or BPS +20 Ul™ insulin (Insulin). The fibre segments had their middle portion then loaded with 2-NBDG for 10 s in a BPS droplet
with 50 uM 2-NBDG followed by a brief wash in BPS alone. Data is shown as the mean + SEM (n). Significance was determined using T-test
(one-sided) with P values being <0.04 (*) and <0.003 () respectively
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BPS droplet without 2-NBDG. (Note that 3s was the short-
est time interval that could be measured reproducibly,
while handling a fibre segment.)

The measured values of Vi, and V;y were
—11.6 + 0.3 uM 2-NBDG s7;95% CI (—12.19to —11.01 uM
2-NBDG s) and 4.2 + 0.3 uM 2-NBDG s}; 95% CI (3.61-
4.79 uM 2-NBDG s™) respectively. After correction for
the very small, non-GLUT mediated leak of 2-NBDG
into and out of the fibres (= 50 uM x BT = 50 uM X 0.0
011 s = 0.055 uM 2-NBDG s™) during the short mea-
surement period, the values of V5 and Vi had hardly
changed to V5 = —11.545 + 0.299 uM 2-NBDG s and
Viy = 4.145 + 0.296 uM 2-NBDG s™. The ratio R; between
the corrected magnitudes of the initial rates of outflow
and uptake (R; = |Vigl/V;y) was 2.785 + 0.212 (95% CI
2.37-3.20) and was significantly greater than 1 (P < .0001,
double-sided T-test), indicating that the 2-NBDG trans-
port across the plasma membrane of muscle fibres at rest
is highly asymmetric.

2.3 | Determination of the rate of 2-
NBDG uptake in FT and ST fibres in the
absence of D-glucose

The time course of 2-NBDG uptake in fibre segments with
intact surface membrane was measured using a variation

[2-NBDG] (uM)
Now I
o = o

-
o

0

00D PRSP A ORSORS

Time (s)

—
m
-

of the standard protocol described in Figure 1. In this
case, the middle portion (0.2-0.3 mm) of a freshly dis-
sected fibre segment of diameter D and 1-2 mm length,
was first exposed to a fresh BPS droplet (~ 0.1 uL) and then
the background noise, B, was measured after the fibre seg-
ment was moved under paraffin oil. The middle portion
of the fibre segment was then exposed for 3 s to a fresh
BPS droplet containing 50 pM 2-NBDG, briefly washed in
a droplet of BPS and then the fluorescence signal was re-
corded after the fibre segment was moved back under oil.
The middle portion of the fibre segment was then again ex-
posed to a fresh droplet of standard BPS containing 50 pM
2-NBDG for an additional length of time and so on until
fibres were exposed 4 more times to 50 pM 2-NBDG for a
total of 153 s (3 + 15 + 25 + 50 + 60 s). In this way, the
time-dependent uptake of 2-NBDG could be determined
using Equation (7) and the results are shown in Figure 4A
(see also Figure S2). The 2-NBDG uptake was 11 + 1.4
and 9 + 1.2 uM in FT and ST fibres, respectively, after 3 s
loading in BPS with 50 uM 2-NBDG and after 153 s, the 2-
NBDG uptake effectively reached a steady state level close
t045.2 + 3.2 and 45.2 + 2.4 pM (90.4% of 50 pM [2-NBDG]
in the loading solution) in FT and ST fibres respectively.
The time course of 2-NBDG uptake, [2-NBDG](t),
appears to follow an exponential plateau equation
[2-NBDG](t) = [2-NBDG], (1-exp (—a,t)), where
[2-NBDG], is the plateau value and «, is the rate constant.

Ln(1-Y/Ymax)

-4 drrrrrrrrrrTT e
0 10 20 30 40 50

Time (s)

FIGURE 4 2-NBDG uptake in skinned and intact single fast- and slow-twitch fibre segments. A. Single skinned and intact fibre

segments had their middle portion incubated in the presence of 50 uM 2-NBDG for increasing times until steady-state uptake was observed
(153s) as described in the text. Fluorescence intensity measurements normalised to a standard 50 um fibre diameter and expressed as fibre
[2-NBDG] as indicated in the “Materials and methods” section (see Equation (7) and (10) for intact and skinned fibre segments respectively)
are shown as Means + SEM. Sample sizes for consecutive timepoints are as follows: skinned fast-twitch fibres (A, n = 6, 5, 6, 6, 6); skinned
slow-twitch fibres (¥, n = 6, 6, 6, 6, 6); intact fast-twitch fibres (lll, n = 10, 10, 10, 8, 10); intact slow-twitch fibres (M, n = 14, 14, 14, 14, 14).
The rate of 2-NBDG accumulation was almost identical in skinned fast- and slow-twitch fibre segments. A two-phase exponential (67%

fast (time constant 0.72 s, 33% slow (time constant 0.06 s™)) best fitted the skinned fibre data points. By comparison, the rate of 2-NBDG
accumulation was slower for both intact fast- and slow-twitch fibre segments compared to skinned fibres. Intact fibre segment data were
fitted using a single-phase exponential ([2-NBDG](f) = [2-NBDG], (1 - exp (-a, t))) using the mean values of the rate constant a, derived
from the plots in panel B; see text. B. Semilogarithmic plot of intact fibre data from A vs time (Y-axis: Ln (1 - [2-NBDG](#)/[2-NBDG],)

for values [2-NBDG|(t)/[2-NBDG], < 0.8, see text). The values of the rate constant a, for fast- and slow-twitch fibres were obtained

from the slopes of the lines that best fitted the data points by linear regression: a, = 0.053 + 0.0024 s™ (10) for fast-twitch fibres (ll) and
0.031 + 0.0021 s (14) for slow-twitch fibres (); values are significantly different (P <.0001; double-sided T-test)
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The rate constant can be determined from the semilog-
arithmic plot of In (1-[2-NBDG];(t)/[2-NBDG],) vs t as
shown in Figure 4B. The data points for both FT and ST fi-
bres in Figure 4B are well fitted by straight lines with slope
values of 0.053 + 0.0024 and 0.031 + 0.0021 s which cor-
respond to the rate constants for 2-NBDG uptake in FT
and ST fibres respectively. The rate constant for FT fibres
is 71% greater in FT than in ST fibres (P < .001, double-
sided T-test). The solid curves in Figure 4A were drawn
using the average rate constants obtained from Figure 4B.
The values of the rate constants @, and a, - p for FT and
ST fibres are presented in Table 1.

Parallel experiments were conducted with skinned
muscle fibres from which all cellular membranes were re-
moved by Triton-X 100 treatment (see protocol for using
skinned fibres in the “Materials and methods” section)
to understand how much faster 2-NBDG accumulates
by simple radial diffusion in fibre segments devoid of a
plasma membrane compared with fibre segments with
intact surface membrane. After skinning, the fibre seg-
ment was washed in a relatively large MMS droplet (1 uL)
and then moved under oil, where the background level,
B, was measured. Thereafter, the skinned fibre segment
was repeatedly transferred between an MMS droplet
(1 pL) with 50 pM 2-NBDG and paraffin oil, where the
fluorescence intensity was measured after each exposure
to 50 pM 2-NBDG using the same protocol as for the fibre
segments that had intact surface membrane up to a total
of 153s (3 + 15 + 25 + 50 + 60 s). The diffusion of 2-
NBDG into skinned fibres (Figure 4A, green trace; see also
Figure S2) was then determined from the fluorescent mea-
surements using Equation (10). The results show that the
radial diffusion of 2-NBDG into FT and ST skinned fibres
is considerably faster than the 2-NBDG uptake across the

(A) Fast-Twitch
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surface membrane of fibre segments with intact surface
membrane of same type. If correction is made for the in-
crease in the fibre diameter after skinning by a factor of
1.185 (see “Materials and methods” section), which would
slow diffusion by a factor of (1.185)* = 1.40, then the time
course of 2-NBDG diffusion into skinned fibres would be
1.40-fold faster than shown in Figure 4A. The maximum
[2-NBDG] in the FT and ST skinned fibres was 47.5 + 1.9
and 48.5 + 2.9 uM, respectively, indicating that little 2-
NBDG binds to the proteins forming the contractile ap-
paratus in muscle, which is not removed by Triton-X-100.
The slightly larger average [2-NBDG] at steady-state in
skinned fibres (47.5-48.5 pM) than in “intact” fibre seg-
ments (45.2 uM) can be fully explained by the presence
of membrane-bound organelles in “intact” fibre segments
compared with Triton-X-100 treated fibres, where all
membrane-bound organelles are removed as discussed
by Fryer and Stephenson.'® The presence of membrane-
bound organelles, where 2-NBDG cannot diffuse, would
reduce the 2-NBDG fluorescence signal from a given illu-
minated volume for same free 2-NBDG concentration in
“Intact” fibre segment compared with the skinned fibre.
Taken together, the results in Figure 4 indicate that
the rates of 2-NBDG uptake in both FT and ST fibres are
rather fast at the level of single muscle fibres, achieving
equilibration between the [2-NBDG] in the fibre and the
[2-NBDG] in the external environment within about 150 s
when the extracellular 2-NBDG concentration is 50 uM.
As shown in Figure 5, the 2-NBDG uptake after 3 s
or 93 s is not sensitive to extracellular [Ca’'] < 1.5 mM
in either FT or ST fibres. The BPS solutions in these ex-
periments contained either 2 mM EGTA (0 Ca-BPS) or
1.5 mM CacCl, (1.5 mM Ca-BPS). In addition, the 0 Ca-
BPS and 1.5 mM Ca-BPS used with FT fibres contained
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FIGURE 5 2-NBDG uptake in FT and ST fibre segments with intact surface membrane is not sensitive to extracellular [Ca*"] < 1.5 mM.
2-NBDG uptake in single fast-twitch (A) and slow-twitch (B) fibre segments that had their middle portion incubated for 3 and 93 sin a
droplet of either 0Ca-BPS or 1.5 mMCa-BPS solutions with 50 uM 2-NBDG followed by a brief wash in the respective 0Ca-BPS or 1.5 mMCa-
BPS without 2-NBDG (see text). The 0Ca-BPS and 1.5mMCa-BPS solutions used with FT fibres and ST fibres also contained 1 mM BTS (N-
benzyl-p-toluene sulphonamide) for FT fibres (A) or 20 mM BDM (2,3-butanedione monoxime), respectively, to prevent movement during
measurements. There are no statistically significant differences between the 0 Ca’" and 1.5 mM Ca** results for either FT or ST fibres (P >.5)
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1 mM BTS (N-benzyl-p-toluene sulphonamide) to prevent
cross-bridge formation and development of slow contrac-
tures during measurements in FT,'® while the 0 Ca-BPS
and 1.5 mM Ca-BPS used with ST fibres contained 20 mM
BDM (2,3-butanedione monoxime), which prevented con-
tractures to occur during measurements in ST fibres."”

2.4 | Determination of the rate of 2-
NBDG uptake in single fibres in the
presence of extracellular D-glucose

Figure 6A (see also Figure S3) shows the mean data
for experiments examining the time course of 50 pM 2-
NBDG uptake in the presence of 20 mM extracellular
D-glucose. As expected, the rate of 2-NBDG uptake is
greatly reduced in both FT and ST fibres in the presence
of 20 mM D-glucose than in the absence of D-glucose, vali-
dating the fact that most 2-NBDG and D-glucose trans-
port in our experiments takes place via GLUTSs. The time
course of 2-NBDG uptake in the presence of 20 mM D-
glucose, also follows an exponential plateau equation of
type [2-NBDG];(f) = [2-NBDG], (1 - exp (-og, 1)), where
Ogy, is the rate constant. The semilogarithmic plots of
Ln (1 - [2-NBDG](t)/[2-NBDG],) vs t for FT and ST fi-
bres shown in Figure 6B, yielded 0.0082 + 0.0004 s and
0.0056 + 0.0002 s for the rate constants associated with
the FT and ST fibres respectively. The rate constant for
2-NBDG uptake in the presence of 20 mM D-glucose is sig-
nificantly smaller in ST than in FT fibres (P < .0006). The
solid curves in Figure 6A were drawn using the average

OOPE P E SO S SSCRDOES
Time (s)

rate constants obtained from Figure 6B. The values of the
rate constants og, and og, — p together with the values
of the ratio R; = (ay,—p)/(ag,—p) for FT and ST fibres are
presented in Table 1.

2.5 | 2-NBDG transportin FT and ST
muscle fibres at rest occurs predominantly
through GLUT1

The almost complete block of 2-NBDG uptake by cytocha-
lasin B across the surface membrane of both FT and ST
fibre segments (Figure 4) and the marked reduction of the
2-NBDG uptake rate in both FT and ST fibre segments by
20 mM D-glucose (Figure 6) show that the 2-NBDG up-
take in our experiments is GLUT-mediated. Furthermore,
the observation that the 2-NBDG transport across the
plasma membrane of rested muscle fibres is highly asym-
metric showing a 2.785 (+ 0.212)-fold greater initial rate of
2-NBDG outflow than initial rate of 2-NBDG uptake, indi-
cates that the transport of 2-NBDG under our conditions,
is mainly mediated by GLUT1 isoform. This is because the
only GLUT isoform in mammals that displays such asym-
metry is GLUT1. The GLUT1 transport asymmetry arises
from the fact that GLUT1 displays about a 10-fold greater
affinity (10-fold lower dissociation constant) for D-glucose
on the extracellular (import) side than on the cytosolic
(export) side of the membrane.'®*!

In addition to GLUT1, the plasma membrane of rat
skeletal muscle at rest also contains the GLUT4 isoform at
a molar ratio of GLUT1:GLUT4 polypeptides in the range
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FIGURE 6 2-NBDG uptake in intact single fast- and slow-twitch fibre segments in the presence of 20 mM extracellular D-glucose. A.
Intact fibre segments were incubated in the presence of 50 uM 2-NBDG and 20 mM extracellular D-glucose for increasing times up to 153 s
using the same protocol as that used for 2-NBDG uptake in the absence of D-glucose (Figure 4). Fluorescence intensity measurements

normalised to a standard 50 um fibre diameter and corrected for extracellular dye carry-over (see Equation (7) in the “Materials and
methods” section) are expressed as Means + SEM of fibre [2-NBDG]. Sample sizes for consecutive timepoints are as follows: Fast- (ll) and
slow-twitch fibres (M) (n = 5 and 7, respectively, for all time points). The rates of 2-NBDG uptake in the presence of 20 mM D-glucose were
slower for both fast- and slow-twitch fibre segments compared to the rates obtained in the absence of extracellular D-glucose (fitted curves
from Figure 4 A are shown for comparison). The data points were fitted by single-phase exponentials (/2-NBDGJ(t) = [2-NBDG], (1 - exp
(-agry 1)) using the mean values of the rate constant ag;, derived from the plots in panel B; see text. B. Semilogarithmic plot of fibre data
from A vs time (Y-axis: Ln (1 - [2-NBDG/(t)/[2-NBDG],), see text). The values of the rate constant o, for fast- and slow-twitch fibres were
obtained from the slopes of the lines that best fitted the data points by linear regression: ag, = 0.0082 + 0.0004 s (5) for fast-twitch fibres
(W) and 0.0056 + 0.0002 s (7) for slow-twitch fibres (M) ; values are significantly different (P <.0005 double-sided T-test)
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0.6-1.0.%> GLUT4 is a symmetrical transporter that plays
the major role in D-glucose uptake during activity (exer-
cise) and/or following Insulin stimulation.>** In skeletal
muscle, GLUT4 is mainly located in intracellular com-
partments and is translocated to the plasma membrane
(predominately in the tubular system) in response to insu-
1in?® and/or muscle contraction.””?® In contrast, GLUT1
concentration in the plasma membrane does not change
remarkably in response to insulin or any other stimuli
associated with skeletal muscle activity.**°The relative
contribution to the overall D-glucose (or D-glucose ana-
logue) uptake by GLUT1 compared with that of GLUT4
can be different from the molar ratio GLUT1:GLUT4 in
the plasma membrane because the rate of uptake is also
proportional to the dissociation rate constant of the D-
glucose, or D-glucose analogue from the external (import)
binding site of the respective transporter and depends
on the actual concentration of the transported molecule
and its dissociation constant from the external binding
site of the transporter. In this context, it is important to
note that the apparent K, for D-glucose uptake via GLUT4
(12.6 mM) is severalfold greater than that through GLUT1
(0.7-3.2 mM).*

One can estimate the ratio of GLUT1 2-NBDG uptake
rate: GLUT4 2-NBDG uptake rate in our study by compar-
ing the results of 2-NBDG uptake by ST and FT fibres in
the presence of 50 uM 2-NBDG before and after treatment
with insulin (20 UL™), with the results of 2-deoxyglucose
(2-DG) uptake obtained by Henriksen et al** on rat soleus
and EDL muscles in the presence of 1 mM 2-DG before
and after treatment with insulin (2 UL?), where the up-
take appears to be predominantly through GLUT4.*
Insulin causes an increase in the GLUT4 concentration
in the plasma membrane, without altering the concen-
tration of GLUT1, such that any increase in D-glucose, or
D-glucose analogue uptake after insulin treatment must
be GLUT4-mediated. The insulin-dependent, GLUT4-
mediated 2-DG uptake in the EDL muscle in the study of
Henriksen et al** was fivefold greater than the predom-
inantly GLUT4-mediated 2-DG uptake without insulin
treatment. Considering that some 2-DG uptake in the
absence of insulin would have also occurred through
GLUT1, it follows that the insulin-dependent, GLUT4-
mediated 2-DG uptake in the EDL muscle in the study
of Henriksen et al** was at least fivefold greater than the
GLUT4-mediated 2-DG uptake without insulin treatment.
Since the insulin-dependent, GLUT4-mediated 2-NBDG
uptake in the (FT) EDL fibres in our study was 23% of 2-
NBDG uptake without insulin treatment (Figure 3A), it
means that the GLUT4-mediated 2-NBDG uptake with-
out insulin treatment in our study was less than 4.6%
(23%/5) of the 2-NBDG uptake without insulin treatment.
Consequently, more than 95.4% of the 2-NBDG uptake
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in FT fibres occurred via GLUT1 and ratio of GLUT1 2-
NBDG uptake: GLUT4 2-NBDG uptake at rest is >20.7
(95.4% : 4.6%).

For the soleus muscle, the insulin-dependent, GLUT4-
mediated 2-DG uptake in the study of Henriksen et al** was
at least sixfold greater than the GLUT4-mediated uptake
in the absence of insulin, while the insulin-dependent,
GLUT4-mediated 2-NBDG uptake in the (ST) fibres in our
study after insulin treatment was effectively the same as
the 2-NBDG uptake before insulin treatment (Figure 3B).
Following the same rationale as for the EDL muscle fibres,
the GLUT4-mediated 2-NBDG uptake in the soleus (ST)
fibres without insulin treatment in our study was <10%
(60%/6) of the 2-NBDG uptake without insulin treatment.
Consequently, more than 90% of the 2-NBDG uptake in
ST fibres occurred via GLUT1 and the ratio of GLUT1 2-
NBDG uptake: GLUT4 2-NBDG uptake in the ST fibres at
rest is >10.0 (90% : 10%).

Understanding that most of the 2-NBDG uptake in our
experiments likely occurs via the GLUT1 isoform offers
the opportunity to derive the kinetic parameters that char-
acterise the transport of 2-NBDG and D-glucose through
GLUT1 across the plasma membrane of FT and ST skel-
etal muscle fibres. GLUT1 is the most intensely studied
GLUT isoform and the fixed asymmetrical site model of
D-glucose transporters is the simplest kinetics model for
D-glucose transport that circumvents fundamental ther-
modynamic inconsistencies associated with the alter-
nating access transport model (see Naftalin, 2018).%! The
main feature of this model is the presence of an interme-
diate pool for D-glucose within a centrally located cavity of
the transporter between the fixed high D-glucose affinity
binding sites on the outside and the fixed low-affinity D-
glucose binding sites on the inside of the GLUT1 molecule
as illustrated in Figure 7. The intermediate pool allows D-
glucose to equilibrate between the two types of fixed bind-
ing sites on the opposite sides of the transporter, such that
the central pool contains a lower D-glucose concentration
during net D-glucose influx than during net D-glucose ef-
flux, when the extracellular and cytosolic concentrations
of D-glucose are reversed. This is because the D-glucose
dissociation rate from the higher affinity sites on the out-
side must be lower than the D-glucose dissociation rate
from the lower affinity sites on the inside, considering that
the D-glucose affinity site on the extracellular site is 10-
fold greater than on the cytosolic site and that the associa-
tion rates of D-glucose to the low and high-affinity sites are
probably diffusion-limited,* and therefore similar. This
asymmetry translates into the observed asymmetric mag-
nitude between net D-glucose influx and D-glucose efflux
when the extracellular and intracellular concentrations
are reversed and explains the much larger maximal rates
of equilibrium exchange for D-glucose than the maximal
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FIGURE 7 Diagram of the fixed asymmetrical site model of a D-glucose transporter (GLUT1). The transporter displays about a 10-fold
greater affinity sites for D-glucose on the extracellular (cis) side (S,) than on the cytosolic (trans) side (S;). An intermediate pool for D-glucose
within a centrally located cavity of the transporter between the fixed high and low-affinity binding sites for D-glucose allows the D-glucose
concentration in the pool (Gy,ep) to equilibrate rapidly to an intermediate value between the D-glucose concentrations inside (G;) and
outside (G,). The rate constants k,; and k, are the dissociation rates of D-glucose from the high affinity and low-affinity sites, respectively,
and k, k., are the binding rates of D-glucose to the high and low-affinity sites respectively. Since k , k_, are similar in value approaching
the D-glucose diffusion-limited binding rate of D-glucose, it follows that k, ~ 10 k;. (Note: the thickness of the arrows represents the relative

magnitude of the rate constants). In its simplest form, the fixed asymmetrical site model considers that the D-glucose binding sites on the

transporter are in faster equilibrium with the D-glucose concentration in solution than with the D-glucose concentration in the intermediate

pool. Since in this diagram G, > G;, there is a net influx of b-glucose

rate of net D-glucose influx.'*** For simplicity, the fixed
site model in Figure 7 also considers that the D-glucose
binding sites on the transporter are in faster equilibrium
with the D-glucose concentration in the “outside” and the
“inside” solution/medium than with the D-glucose con-
centration in the intermediate pool.

The Theory section in Supplemental materials shows
how the fixed site model for 2-NBDG and D-glucose trans-
port through GLUT1 in Figure 7 was used to derive the
kinetic parameters that describe 2-NBDG and D-glucose
transport through GLUT1 at rest shown in Table 2 from
the experimental data in this study. Importantly, the data
in Table 2 show that the dissociation constants of 2-NBDG

and D-glucose from the GLUT1 sites and the Michaelis-
Menten constants are not different in FT and ST fibres, but
that the maximum rates of 2-NBDG and D-glucose uptake
and outflow are significantly greater in FT in ST fibres due
to the higher concentration of functional GLUT1 in FT fi-
bres than in ST fibres.

3 | DISCUSSION

Results obtained in this study provide compelling evidence
that the use of 2-NBDG in conjunction with the new tech-
nique described in this paper can give deeper insights into
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TABLE 2 Kinetic parameters for

Parameter FT fibres ST fibres
2-NBDG and D-glucose transport in
the basal state of FT and ST muscle 2-NBDG dissociation constant of external 10.1 10.1
fibres derived from the experimentally GLUT!1 binding sites (K}, uM) 95% CI:7.7-13.9 95% CI:7.7-13.9
measured data in Table 1* 2-NBDG dissociation constant of internal 101 101
GLUT1 binding sites (K*, = 10 K’;, uM) 95% CI: 77- 139 95% CI: 77- 139
Maximum rate of 2-NBDG uptake (V' .0 3.64° 2.06°
uM s'l) 95% CI: 3.09-4.40 95% CI: 1.64-2.62
Maximum rate of 2-NBDG outflow (V..o 36.4° 20.6°
=10 V> KM 5™ 95% CI: 30.9- 44.0 95% CI: 16.4-26.2
Michaelis-Menten constant 2-NBDG uptake  20.2 20.2
(K’qu =2 K}, uM) 95% CI: 15.4-27.8 95% CI: 15.4-27.8
Michaelis-Menten constant for 2-NBDG 202 202

outflow (Ko =2 K5, pM)

95% CI: 154-278 95% CI: 154-278

D-glucose dissociation constant of external 0.456 0.455

GLUT1 binding sites (K;, mM)

95% CI: 0.31-0.72 95% CI: 0.27-0.90

D-glucose dissociation constant of internal 4.56 4.55

GLUT!1 binding sites (K, = 10 K;, mM)

95% CI: 3.1-7.2 95% CI: 2.7-9.0

Maximum rate of D-glucose uptake (V,..u» 0.213 0.121

mM s™)

95% CI: 0.09-0.53 95% CI: 0.041- 0.40

Maximum rate of D-glucose outflow (V,.x0 2.13 1.21

=10 Ve, MM s ™)

95% CI: 0.78-6.1 95% CI: 0.41- 4.0

Michaelis-Menten constant for D-glucose 0.91 0.91

uptake (K, =2 K;, mM)

95% CI: 0.62 —1.44 95% CI: 0.54 —1.80

Michaelis-Menten constant for D-glucose 9.1 9.1

outflow (K, =2 K,, mM)

95% CI: 6.2 —14.4 95% CI: 5.4 —18.0

“For explanation on how the values and the 95% CI were calculated for Ky, V', .., Kq and V. see
Derivation of the kinetic parameters for 2-NBDG and D-glucose transport across the plasma membrane of
FT and ST fibres at rest jn the Theory section of the Supplemental materials.

Values for FT fibres are significantly different from those for ST fibres (P < .05).

the mechanism of GLUT-dependent D-glucose transport at
single mammalian muscle fibre level. Thus, there is strong
evidence that under our conditions, the 2-NBDG transport
in the resting skeletal muscle fibres occurs predominantly
through the GLUT1 isoform and that the concentration
of GLUT1 is about 75% greater in FT than ST fibres (see
Derivation of the kinetic parameters for 2-NBDG and D-
glucose transport across the plasma membrane of FT and
ST fibres at rest in the Theory section of the Supplemental
materials). An important advantage for using 2-NBDG as
a D-glucose analogue to study D-glucose transport in mus-
cle fibres is that 2-NBDG does not become quickly trapped
inside the fibre after it is transported across the plasma
membrane. This allows unimpeded transport of 2-NBDG
in both directions across the plasma membrane for up to
several minutes and separation of the actual transport
process of free 2-NBDG, which is fast, from latter pro-
cesses that entrap the 2-NBDG molecules following phos-
phorylation at C6. The quantitative analysis of the results
allowed derivation of the kinetic parameters that charac-
terise 2-NBDG and D-glucose transport across the plasma
membrane of FT and ST mammalian muscle fibres at rest
for different sets of conditions.

It is important to point out that the technique described
in this paper can also be used for making measurements
of glucose uptake via GLUT4 after vastly increasing the
GLUT4:GLUT1 ratio in the plasma membrane as we show
following insulin treatment. The difference between 2-
NBDG uptake after insulin treatment and 2-NBDG uptake
before insulin treatment represents 2-NBDG uptake via
GLUT4, as we show in Figure 3.

3.1 | GLUT-mediated transport of D-
glucose analogues is much faster than the
GLUT-mediated accumulation of D-glucose
analogues in muscle fibres

Prior to this study, there are no kinetic data available
on the real-time uptake of D-glucose or D-glucose ana-
logues across the surface membrane of single fast-twitch
and slow-twitch skeletal muscle fibres. All studies so far
measured the accumulation rate of the phosphorylated
form of D-glucose analogues that become trapped intra-
cellularly and cannot be further metabolised. Therefore,
the results obtained in these studies describe the
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FIGURE 8 Calibration of the 2-NBDG fluorescence signal in single intact muscle fibre segments. A. Fluorescence signal from a single
FT fibre segment (65 pm diameter) which had its middle portion incubated for 60 s in a BPS droplet with 50 pM 2-NBDG for 1 min. B. The
fluorescence intensity was measured from the single FT fibre segment in A. before (background), and after loading with 2-NBDG (1 min).

The vertical bar shows the fluorescence signal minus the background signal. C. Fluorescence intensity standard curve measured in 3 single

fibre segments (after subtraction of background, see B) showing the linear relationship between 2-NBDG concentration in the loading
solution and fluorescence intensity in the fibre. Fibre segments were sequentially loaded in a base physiological solution (BPS) with 10,
30, 50, 70 and 100 pM 2-NBDG for 2 minutes and the fluorescence intensity was measured after each loading. The fluorescence intensity
expressed in arbitrary units (a.u.) was measured in each fibre and was then normalised to a standard fibre segment diameter of 50 pm (see

“Materials and methods” section)

combined effect of D-glucose analogue uptake and its
phosphorylation. Among these studies, there is only one
study that measured the rate of deoxyglucose (2-DG) ac-
cumulation in the phosphorylated form (2-DG-6P) in
individual fast-twitch fibres after 1 hour incubation of
the epitrochlearis muscle from the rat in the presence
of tritiated 2-DG (MacKrell and Cartee, 2012).>* The
2-DG molecules that are transported by GLUTSs into the
fibres are widely believed to be rapidly phosphorylated
by hexokinase to 2-DG-6P and remain trapped in this
form intracellularly because the 2-DG-6P molecules
cannot be further metabolised.*® The accumulated 2-
DG-6P after 1 h incubation was measured in individual
fibres that were first isolated by collagenase treatment
and then typed with respect to their fast-twitch myosin
heavy chain (MHC) isoform profile.

In our study, we have directly measured the uptake
of the non-phosphorylated form of 2-NBDG, the fluo-
rescent derivative of 2-DG and D-glucose, in the absence
and presence of 20 mM D-glucose, which allowed us to
measure for the very first time the rate of 2-NBDG trans-
port by GLUT1 in single fast-twitch (type II) and slow-
twitch (type I) fibre segments of the rat EDL and soleus
muscles, respectively, and ascertain for the first time the
kinetic parameters which characterise D-glucose trans-
portatthe level of single muscle fibres of known type (see
below). In comparing our results on single fast-twitch
fibres (type II) with those of MacKrell and Cartee,*” it is
important to note that all fibres in the study of MacKrell

and Cartee® were of FT-type, expressing only FT- MHC
isoforms. In our study, all FT fibres were obtained from
EDL fibres of the Long Evans-hooded rats, which only
express type IIB and IIX (IID) MHCs.** The average rate
of 2-DG-6P accumulation by resting muscle fibres that
expressed type IIB and IIX (IID) MHC isoforms when
incubated for 1 h at 35°C in the presence of 1 mM tri-
tiated 2-DG was between 0.64 and 0.86 nmol (uL fibre
volume)™ hr! in the study of MacKrell and Cartee.* In
contrast, the average rate of 2-NBDG transport in resting
FT fibres incubated for 18 s in the presence of 50 uM
2-NBDG at 23°C was 27 pmol (L fibre volume)™ (18 s)™*
(see Figure 4A), which is equivalent to 5.4 nmol 2-NBDG
(uL fibre volume)™ h™'. This means that the rate of 2-
NBDG transport by the GLUTSs across the plasma mem-
brane measured in the present study in FT muscle fibres
from the rat that express type IIB and IIX (IID) MHC
isoforms, is some 6.3- to 8.4-fold greater than the rate of
2-DG-6P accumulation in same type of fibres reported
in the study of MacKrell and Cartee.*® The discrepancy
between our results and those of MacKrell and Cartee™
is likely even greater if one considers that both the con-
centration of the D-glucose analogue and temperature
was lower in our study (50 uM 2-NBDG and 23-25°C)
than in the study of MacKrell and Cartee (1 mM 2-DG
and 35°C).* From these results one can conclude that
the transport of D-glucose or D-glucose analogues across
the plasma membrane is not a major barrier that limits
their transport into mammalian skeletal muscle in the
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basal (resting) state and that one cannot determine the
rate of transport of D-glucose from the accumulation
rates of D-glucose analogues in phosphorylated forms.
Indeed, the rate of 2-NBDG phosphorylation by endog-
enous hexokinases in muscle fibres in this study was
<0.5 pM/min (0.3 pM/min in FT and 0.4 pM/min in ST;
see “Results” section), which is a very small fraction of
D-glucose phosphorylation rate in muscle, where the in-
tracellular D-glucose concentration is kept low by high
hexokinase activity.*

3.2 | Kinetics of 2-NBDG and D-glucose
transport in basal state of FT and ST
muscle fibres

The data shown in Table 2 indicate that 2-NBDG binds
much more tightly to and dissociates much more slowly
from the D-glucose binding sites on GLUTI1 than D-
glucose in the rat skeletal muscle. Similar conclusions
were reached by Jakoby et al'’ based on uptake meas-
urements of both fluorescent analogues of D-glucose (6-
NBDG and 2-NBDG) and D-glucose by murine astrocytes
that express predominantly GLUT1. The estimated values
of the apparent Michaelis—-Menten constant for D-glucose
uptake (K,iy) in single muscle fibres from this study are
close to 1.0 mM for both ST and FT fibres (see Table 2) and
are in the range of reported K, values for D-glucose up-
take through GLUT1 (0.3-3.2 mM*'; 1.6 mM"). The larger
K., values (5 mM) reported on whole rat muscles (see eg
Nesher et al*®) were based on D-glucose concentrations
applied on the surface of the whole muscle rather than
around the fibres inside the muscle, where the D-glucose
concentration must have been considerably lower because
D-glucose is continuously consumed.

Using parameter values listed in Table 2, one can eval-
uate the basal rate of D-glucose uptake in FT and ST mus-
cle fibres under various resting conditions assuming that
all D-glucose transport across the plasma membrane is
GLUT1-mediated. Based on Equation (S2) and consider-
ing that k,Csrum = Vmaxu (Se€ Equation (S3)), it follows
that the rate of intracellular D-glucose uptake through
GLUT1in FT ((6G,/0t)py) and ST ((0G,/0t)gr) muscle fibres
at rest is defined by the following expressions:

(0G;/0t)pr ~ 213uMs™ (G, — G;) (0.91 MM +0.1G; +G,) " ,and
(n

(0G;/0t)sr ~ 121 pMs™(G, — G;) (0.91 mM+0.1G;+G,) ™"
()
The highest rates of D-glucose uptake occur when the

intracellular D-glucose concentration, G, is low (G; « G,)
due to high hexokinase activity, which phosphorylates
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the D-glucose rapidly, as it enters the muscle fibre. When
G, is in the normal range of D-glucose concentration in
the rat plasma (5.5-6.2 mM”’), the maximum rate of D-
glucose uptake through GLUT1 is about 183-186 uM s
and 104 —106 uM s in FT and ST fibres at rest respec-
tively. These values are more than sufficient to cover the
energy demands of both FT and ST muscle fibres at rest.
Considering that the aerobic degradation of one mole-
cule of D-glucose produces about 26-28 molecules of ATP
(see Butler et al*®), then 183-186 and 104 —106 uM s D-
glucose would produce 4.8-5.2 and 2.7-3.0 mM s ATP re-
spectively. This compares with a rate of ATP utilisation in
mammalian muscles at rest that is <0.01 mM ATP s (see
Butler et al*®).

When hexokinase activity decreases because of re-
duced metabolic activity, or D-glucose uptake capacity
rises because of GLUT4 translocation from intracellular
compartments to the plasma membrane, the value of G;
rises and moves closer to G, until the net rate of D-glucose
uptake, which is proportional to (G,-G,), is balanced by
the rate of D-glucose phosphorylation. A prolonged rise
of G; in the mM range can be detrimental to the muscle
fibre when the G, is large, as it could cause glycation of
myosin39 and other sarcoplasmic proteins, which, in turn,
would negatively impact on muscle function.

In conclusion, this study shows that (i) free D-glucose
transport Kinetics can be derived from free 2-NBDG mea-
surements made in segments of single muscle fibres with
intact surface membrane, (ii) GLUT-mediated transport
of D-glucose analogues is much faster than the GLUT-
mediated accumulation of D-glucose analogues in mus-
cle fibres, (iii) the rate-limiting step in D-glucose uptake
in skeletal muscle is not necessarily the GLUT-mediated
transport of D-glucose, and (iv) D-glucose uptake through
GLUT1 is sufficient to cover the energy demands of both
FT and ST muscle fibres in their basal state.

4 | MATERIALS AND METHODS

4.1 | Animals and muscle dissection

All experiments and procedures used in this study were
approved by the La Trobe University Animal Ethics
committee in accordance with the National Health and
Medical Research Council - Guidelines to promote
the wellbeing of animals used for scientific purposes.
4-8 months old male Long-Evans Hooded rats housed
within the La Trobe University Animal House were
killed by overdose isoflurane (2%, v/v) inhalation and
the extensor digitorum longus (EDL) and soleus mus-
cles on both hind legs of the rat were dissected out after
no visible signs of breathing, movement or pain reflex
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could be seen (= 5 min after exposure to isoflurane).
After dissection, the muscles were blotted dry on filter
paper to remove attached hairs and excess extracellular
fluid and, unless otherwise specified, the muscles were
pinned down with entomological pins, at resting length
on a layer of Sylgard (184; Dow Corning, USA) in a Petri
dish filled with paraffin oil (Ajax chemicals, Sydney,
Australia). The dissection procedure, from the moment
of rat's death to pinning the muscles in the Petri dish
took approximately 10 min to complete. During experi-
ments and when muscles were not in use, muscles were
kept cool (~ 10°C) by placing the Petri dish on an ice
pack. In this way, muscles remain viable for up to 6 h of
experimentation.*’

4.2 | Preparation of single muscle
fibre segments

Single muscle fibre segments were isolated under paraf-
fin oil from the EDL and soleus muscles using a dissecting
microscope at X4-X40 magnification, micro-dissecting
scissors and jewellers’ forceps. Our laboratory has ex-
tensive experience dissecting segments of single skeletal
muscle fibres under oil where the surface membrane is
either left intact,*' or is removed by microdissection.***?
The dissection procedure, preparation of single muscle
fibre segments with intact surface membrane and exper-
imental treatment of the fibre segments are illustrated
in the Supplemental materials (Figure S1). At the end
of an experiment, the fibre segment was split under oil
to intentionally damage the surface barrier and then it
was moved to a droplet of 6 uM [Sr**] solution (SrS, see
Solutions) to determine if the fibre was ST (type I) or FT
(type II). At this [Sr**], FT (type II) fibres fail to develop
any active force and remain relaxed, while ST (type I)
fibres produce near maximum (>90%) force and super-
contract.*** The different sensitivity to Sr*" has been
shown to depend on the troponin C isoform (slow or
fast) expressed in the respective fibre, which in turn, is
tightly correlated to the MHC isoform expressed (MHCI
or MHCII) in the fibre.***>¢ All FT (type II) results in
this study are from EDL fibres and all ST (type I) results
are from soleus fibres. It is also important to note that
the EDL muscles of male Long-Evans hooded rats aged
4-6 months were found to contain 50% type IIB, 30%
type IIB/IIX(IID) and 20% type IIX(IID) fibres based on
the MHC profile.** This means that fibres identified as
FT in this study could be of type IIB, IIX(IID) or I1IB/
ITIX(IID) but not of type ITA, while all the fibres identi-
fied as ST are type I or type I/IIA fibres.

Unless otherwise stated, all experiments were per-
formed at room temperature (23 + 2°C).

4.3 | Solutions

The base external physiological solution (BPS) used in
this study contained (mM): NaCl, 145; KCl, 3, MgCl,,
3.5; EGTA, 2 (to prevent slow contractures during
measurements) and HEPES pH buffer, 10. The pH of
the base solution was adjusted to 7.40 with NaOH and
the osmolality of the base solution, measured with
a Fiske osmometer, was 295 + 5 momol/kg. When D-
glucose was added to the base solution, the concentra-
tion of NaCl was reduced to maintain the osmolality
constant. Variants of BPS with 1.5 mM CaCl, instead
of 2 mM EGTA and containing membrane-permeable
compounds to prevent cross-bridge formation and de-
velopment of slow contractures during measurements
showed that absence of mM Ca*" in BPS did not affect
2-NBDG uptake in either FT or ST fibres (see Figure 5
and related text in the “Results” section).

In some experiments, skinned fibre segments were
used, where the plasma membrane barrier was delib-
erately removed (chemically skinned*’) by placing the
fibre segment in a droplet of intracellular mammalian
relaxing solution (MRS) with 2% Triton X-100 for 5 min
after which the fibre segment was washed in the relax-
ing solution without Triton X-100 and then equilibrated
in a myoplasmic mammalian solution (MMS) that mim-
ics the normal resting myoplasmic milieu. Both solu-
tions (MRS and MMS) are standard in our laboratory
for use with skinned muscle fibres.*>*”** The MRS con-
tained (mM) K*, 126; Na*, 36; Mg**, 1 (Mg, 10.3);
EGTAZ, 50; MgATP, 7 (ATPr,,, 8); creatine phosphatez",
10; HEPES, 90. The MMS contained the same concentra-
tions of K*, Na*, Mg®*, MgATP, creatine phosphate*and
HEPES as the MRS, but instead of 50 mM EGTA?, it
contained 49.95 mM HDTA” (hexamethylene diamine
tetraacetate) and 0.05 mM EGTA?. Both solutions had
the same pH (7.10 + 0.01) and osmolality (295 + 5
momol/kg). The free [Ca**] was <2 nM in MRS and
80 nM in MMS.

The 6 uM [Sr**] strontium solution (SrS) used at the
end of an experiment to determine whether the respec-
tive fibre was fast-twitch (FT, type II) or slow-twitch (ST,
type I) contained (mM) K*, 126; Na*, 36; Mg**, 1 (Mgrpya,
10.0); EGTA”, 44; STEGTA”, 6; MgATP, 7 (ATP,,,,, 8); cre-
atine phosphate®, 10; HEPES, 90 (pH 7.10) and had an
osmolality of 295 + 5 momol/kg.

Unless otherwise indicated, all solutions used were
isotonic with respect to water movement across the fibre
segments and were prepared and used at 23 + 20C.

2-NBDG was obtained from Sigma and was prepared as
a 10 mM stock solution in water and frozen in small ali-
quots. On the day of an experiment, 2-NBDG was added to
a fresh batch of BPS, MRS or MMS solution, as necessary.
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4.4 | Fluorescence intensity
measurements

All fluorescence measurements were made in the dark
using a Zeiss Axiovert 100 inverted epifluorescence mi-
croscope equipped with a Xenon lamp (Orion), an excita-
tion filter (450-480 nm), a dichroic mirror (510 nm) and
an emission filter (510-550 nm). The intensity of the emit-
ted light was measured with a photomultiplier tube (EMI
9582) and the signal was recorded on a Linear chart re-
corder. Using the X10 objective, the illuminated area on
the in-focus object from which the fluorescence signal was
collected, was ~100 pm in diameter as shown in Figure 8A.
The fluorescence measurements were made in the mid-
dle section of the fibre segment within seconds after the
fibre segment was placed under paraffin oil on the cover-
slip at the bottom of the epoxy resin well as described in
Figure S1C. Note that the longitudinal diffusion of dyes
in muscle fibres is very slow and that it would take sev-
eral minutes for the concentration of a dye to significantly
decrease in the middle section of a 0.2-0.3 mm long fibre
segment due to longitudinal diffusion® after the fibre seg-
ment is moved under oil.

Two fluorescent probes were used in this study: the D-
glucose analogue 2-NBDG and the FITC-Dextran (4 kDa).
2-NBDG was employed to measure the kinetic properties
of the D-glucose analogue uptake across the surface of sin-
gle muscle fibre segments, while FITC-Dextran (4 kDa),
which is membrane impermeable, was used to quantify
the amount of extracellular 2-NBDG carried by the mus-
cle fibre segment after a brief wash in the BPS following
exposure to 2-NBDG, as described later in this section.

In all 2-NBDG uptake experiments, we used 50 pM
2-NBDG in the loading solutions. This [2-NBDG] was
sufficient to provide a clear fluorescence intensity signal
from the fibre segments (Figure 8B) that was directly pro-
portional to the concentration of 2-NBDG in the loading
solution (Figure 8C) and yet, was sufficiently low to per-
mit measurement of the GLUT dissociation constants and
allow the development of the theoretical framework (see
Theory section in Supplemental materials) to determine
the key parameters that characterise the transport of 2-
NBDG and D-glucose across plasma membrane.

The 2-NBDG concentration in the fibre segments was
calibrated using a square glass microslide (Vitrodynamics,
Rockaway, NJ, USA) with a cross-section of 50 X 50 pm
filled with the same 2-NBDG containing solution of con-
centration C,, to which the fibre was exposed. The mi-
croslide was placed under oil on the same coverslip next
to the fibre segment using the same beam of light and
microscope and photomultiplier settings for the fluores-
cence intensity measurements. Considering that the mea-
sured fluorescence intensity from a fibre or microslide is
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proportional to the amount of fluorescent dye in the light
path, which in turn is proportional to the cross-sectional
area of these long and narrow structures, the average con-
centration C; of the dye in a fibre segment of diameter
D can be determined using Equation (3), where (F; -B)
is the fluorescence intensity measurement made on the
fibre F; after the background noise B has been subtracted
and (F,, -B) is the fluorescence intensity measurement F,,
made on the square microslide (of cross-sectional area
CSA,, = 2,500 pm?), after the background noise has been
subtracted:

C=Cp (Fy=B) (Fyn—B) ™ (CSA,/(0.252D%)=
Cun (Fi—B) (Fyn—B) " (10,000 um?/(zD?)) ®)

Equation (3) can be recast to express the concentration
of the dye in the fibre (Cy) relative to the concentration of
the dye in the microslide (C,,), which was the same as the
concentration of the dye in the droplet to which the fibre
segment was exposed:

C¢/Cm = ((Ft—B) / (Fy — B)) (3,183 um*/(D?)) (4)

Also, in order to permit comparisons to be made be-
tween fluorescence measurements on fibre segments of
different diameter, the fluorescence intensity measure-
ments (F; - B) made on individual fibre segments of vari-
ous diameters D were converted to fluorescence intensity
for a fibre of standard diameter S = 50 pm (Fs) using
Equation (5) (which takes into consideration that the
amount of fluorescent dye in the light path is proportional
to the fibre cross-sectional area):

Fg=(F;-B) (S/D)* = (F;—B) (50 um/D)* =

(F;—B) (2,500 um*/D?) 5)

Substituting F; - B = Fg (D*/2500 pm?) from
Equation (5) in Equation (4), the ratio between the con-
centration of the fluorescent dye in the fibre segment and
that in the microslide is given by Equation (6):

' =1.27F (F,—B)™' (6)

Ct/Cp = (4/7)Fs (Fyy—B)~

After the middle of a fibre segment is exposed to the
2-NBDG-containing loading solution for a given time,
the part exposed to 2-NBDG was briefly washed in a fresh
droplet of BPS by simply passing the middle of the fibre
through the BPS droplet to rapidly remove most of the
extracellular 2-NBDG from around the fibre before the
fibre was moved into the oil and the fluorescence signal
observed. In order to evaluate the residual amount of ex-
tracellular 2-NBDG carried around the fibre following this
procedure, we used FITC-Dextran (4 kDa) as a marker,
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which is membrane impermeant. Figure 9A shows the re-
sults from a single fibre segment of 50 pm diameter where
its middle section was exposed to a BPS droplet containing
0.25 pM FITC-Dextran for 1 min and then briefly washed
in a fresh BPS droplet by passing the middle of the fibre
through the droplet before the fibre was moved into the
oil and the fluorescence signal measured. The fluores-
cence signal was calibrated against the fluorescence sig-
nal from a microslide filled with 0.25 pM FITC-Dextran in
BPS using Equation (6) (after correction of the signals by
subtracting the background level) and showed a value of
0.096 for the ratio Cy/C,, in the 50 pm diameter fibre. The
average fluorescence signal observed in 6 fibre segments
for the ratio Cy/C,, (using Equation 6 after the results
were standardised for 50 pm diameter) was 0.096 + 0.007
(Figure 9B) after the brief wash, meaning that in fibre
segments that have been briefly washed, 9.6% of the nor-
malised value (C;/C,,) is due to dye that was on the outside
of the fibre. Note that an unstirred extracellular layer of
solution of only 1 pm thickness around a fibre of 50 pm
diameter (25 pm radius) would carry enough fluorescent
dye from the external solution (concentration Cg) to yield
an average value of 8% Cj in the illuminated fibre seg-
ment after a brief wash (n (26%-25%) Cg/(n 25%) = 0.081C).
Therefore, in order to determine the normalised concen-
tration of dye (C;/C,,) that crossed the plasma membrane
(ie entered the fibre segment) at the time when the brief

(A)
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wash was applied, the contribution of the signal repre-
senting the carry-over of external fluorescent dye (0.096)
was subtracted from the overall normalised signal mea-
sured in a fibre segment with Equation (7):

Ci/Cp = 1.27F (Fyy—B) ™" —0.096 (7)

4.5 | Experimental protocol for
measuring 2-NBDG uptake in fibre
segments with intact surface membrane

Typically, from start to finish, experiments on a single
fibre segment with intact surface membrane can last
some 10-20 min as indicated in Figure 1A. After the sin-
gle fibre segment is transferred to the paraffin oil-filled
epoxy resin well, the central 0.2-0.3 mm portion of the
segment (volume of 0.3 mm long segment of 50 um di-
ameter fibre ~ 0.0006 uL) is placed into a small droplet (=
0.1 uL) of freshly injected standard BPS on the bottom of
the well (Figure S1C) by gently manipulating the tether
attached to one end (see Figure 1B and Figure S1C). The
central portion of the fibre segment is kept in this so-
lution for 1 min and then moved back into oil and the
first fluorescence intensity measurement is made from a

(8)
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FIGURE 9 A quantitative assessment of the amount of dye carry-over around the extracellular surface of a fibre segment with intact
surface membrane. A. Representative fluorescence signals were obtained from a single FT fibre segment of 50 uM diameter with intact
surface membrane. From left to right: the first signal shows the fibre background fluorescence after 1 min equilibration in a standard BPS;
the second signal shows fibre fluorescence after 1 min equilibration in a standard BPS containing 0.25 pM FITC Dextran (4 kDa) (which

is membrane impermeable) followed by a quick wash in a fresh droplet of BPS; the third signal shows the fluorescence signal obtained

from a microslide (50 x 50 um) that contained 0.25 pM FITC-Dextran in BPS. The horizontal calibration bar represents the recording time
of the fluorescence intensity signals (2s) and the dotted line represents the level of background fluorescence. B. The mean + SEM data

(9.60 + 0.70%, n = 6) of the FITC-Dextran concentration associated with the fibre after the quick wash, normalized to the dye concentration
in the microslide according to Equation (6) (see “Materials and methods” section). The result expresses the contribution of the dye carried-
over around the fibre, in the extracellular solution (after a quick wash following incubation in the dye-containing solution) to the overall

measured dye concentration in the fibre, as described in the text
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small area of fixed size of about 0.1 mm diameter defined
by the beam of light focused on the fibre in the region in
which the fibre was exposed to the BPS solution droplet
(Figure 1A, first arrow head). The small signal reflects
the background level, B, (which primarily encompasses
the dark noise from the photomultiplier and noise from
the environment). This procedure is then repeated in
which the fibre segment is moved back into another small
droplet of BPS this time containing 50 pM 2-NBDG for a
set time interval (1 min in the case shown in Figure 1A),
after which the fibre is moved back into the oil. Prior to
taking the next fluorescence intensity measurement, F
from the area of fixed size, in the region where the fibre
was exposed to the BPS solution droplet, the middle of
the fibre segment is briefly washed in a fresh droplet of
standard BPS by simply passing it through the droplet.
The average concentration of 2-NBDG that entered the
fibre segment at the time of the brief wash, normalised
to the dye concentration (C,,) in the droplet, is obtained
according to Equation (7) by subtracting 0.096 from the
overall normalised concentration value of 2-NBDG. After
correction, the average normalised concentration of
2-NBDG in the fibre was 45 uM, which corresponds to
90% of the 50 uM 2-NBDG concentration in the droplet
in which the fibre segment was equilibrated for 1 min.
The fibre segment was then moved back into a fresh BPS
droplet for 5 mins to allow removal of any free 2-NBDG
that accumulated within the fibre segment during the
preVious 1 min exposure. When the fluorescence signal
was again recorded (3rd arrow head in Figure 1A), the
signal returned back close to the control “background”
level. Note that when using this procedure, the cut ends
of the fibre segment must not come in direct contact with
the droplets of solution in which the central 0.2-0.3 mm
portion of the fibre is placed.

It is important to emphasize that all fluorescence mea-
surements were made from a small area of fixed size and
therefore, fixed fibre length, within the larger region of
0.2-0.3 mm in the middle of the fibre that was exposed to
the small droplet of solution.

4.6 | Experimental protocol for
measuring 2-NBDG concentration in
skinned fibres

Muscle fibres treated with the non-ionic detergent
Triton-X-100 become chemically skinned because the
detergent removes the plasma membrane and there-
fore, the Triton-X-100-treated fibres can be used as ref-
erence to understand how much 2-NBDG accumulates
in a muscle fibre in the absence of a plasma membrane
and how much slower 2-NBDG is transported across the

ACTA PHYSIOLOGICA Siikaid

plasma membrane of a muscle fibre compared with sim-
ple diffusion.

It is important to point out that Triton X-100 removes
not only the plasma membrane but also the membranes
of intracellular organelles such as the sarcoplasmic re-
ticulum, mitochondria and the nuclei. Moreover, the di-
ameter of the fibres increased by 18.5 + 1% (n = 4) after
the Triton-treatment. Bearing in mind these differences
between intact fibre segments and skinned fibres, the
protocols for measuring the 2-NBDG concentration in
skinned fibres is different from that used for intact fibre
segments. After the dissection of a fibre segment under
paraffin oil, its diameter D is measured and the prepa-
ration is transferred to the paraffin oil-filled epoxy well,
constructed on a glass coverslip, as described before
for the fibre segments with intact surface membrane.
A larger droplet (1 uL) of MRS with 2% Triton X 100 is
injected under oil on the coverslip in which the whole
preparation is placed and kept for 5 minutes. After the
preparation is chemically skinned, it is washed in a 1
uL MMS droplet and then moved under oil, where the
background level, B, is measured. Thereafter, the whole
skinned fibre segment is transferred into a droplet of
MMS with 2-NBDG (concentration, C,,) for a set time
after which it is carefully moved under oil and placed
on the coverslip, where the fluorescence intensity Fg
is measured. The fluorescence intensity of the micro-
slide filled with 2-NBDG (F,,,) at concentration, C,,, is
measured in parallel using the same settings as for the
skinned fibre. Since the diameter of the skinned fibre
increases by 18.5% after the Triton treatment, its diame-
ter Dy, is now 1.185 D (where D is the initial diameter of
the fibre segment, before Triton treatment) and the ratio
between the average dye concentration in the skinned
fibre, Cy, and the 2-NBDG concentration in MMS, C,,, is
given by Equation (4) as applied to skinned fibres:

Ca/Cin=((Fgc—B) / (Fy—B)) (10,000 um® /(xD2)) =
((Fac—B) / (F—B)) (3183 um?*/ (1.185D)* ) = .
((Fg—B) / (F—B)) (2267 um*/D?) ®)

The fluorescence intensity measurements (Fy—B) made
on individual fibres of diameters Dy, = 1.185 D (where D is
the initial diameter) were converted to fluorescence Fg for a
fibre of initial standard diameter S = 50 pm which increases
after the skinning procedure to Sy = 1.185 X 50 pm using
the following equation (which takes into consideration that
the amount of fluorescent dye in the light path is propor-
tional to the fibre cross-sectional area):

Fy=(Fy—B) (S/Dsy)” = (Fy—B) (1.1855/1.185D)>
= (Fg —B) (50um/D)* = (Fy — B) (2,500um?/D?)
)



RUDAYNI ET AL.

BN A\ ~TA PHYSIOLOGICA

Substituting (Fg—- B) = Fs (D*/2500 pmz) from
Equation (9) in Equation (8), it follows:

C/Cm=Fs (Fn—B) ™" (2267 um? /2500 um?) = 10)

0.907Fg (Fy,—B) ™"
4.7 | Statistical analysis
The experimental results are expressed as means =+ stand-
ard error of mean (SEM) and the 95% confidence inter-
vals are also given in Table 1. The values of the derived
parameters shown in Table 2 were calculated based on
the values of the experimental results in Table 1 and the
95% confidence intervals for the derived parameters in
Table 2 were obtained using the 95% confidence inter-
vals of the experimental data. Sample size is indicated
by n, which is the number of fibres. Curve fitting and
statistical analyses were performed using the scien-
tific analysis software package GraphPad Prism ver-
sion 9 (GraphPad Software Inc, San Diego, CA, USA).
Probability level of statistical significance was tested at
P < .05 and all statistical analyses involved the use of
either one-sided or double-sided (paired or unpaired as
appropriate) Student's T-tests.
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