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Kinetics of lactate and pyruvate transport in cultured rat myotubes
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Abstract

Skeletal muscle transport of lactate and pyruvate was studied in primary cultures of rat myotubes, applying the pH-
sensitive fluorescent indicator 2’,7’-bis(carboxyethyl)-5(6)-carboxyfluorescein. The initial rate of decrease in intracellular pH
(pH;) upon lactate or pyruvate incubation was used to determine total transport (carrier mediated and diffusion). Both
lactate and pyruvate transport could be inhibited by a combination of 0.5 mM 4,4’-diisothiocyanostilbene-2,2’-disulfonic
acid, 5 mM mersalyl and 10 mM o-cyano-4-hydroxycinnamate. The kinetic parameters, K, and Vp.x, for carrier-mediated
transport of lactate were 9.9+ 1.1 mM and 0.69 £0.02 mmol 17! s~!, respectively. For pyruvate, Ky and V., were 4.4 %
1.3 mM and 0.30+0.05 mmol 17! s7!, respectively. The diffusion component of the total transport was 0.0040  0.0005[S]
(n=4) and 0.0048 £0.0003[S] (n=4) for lactate and pyruvate, respectively. Furthermore, it was observed that the two
monocarboxylate transporter isoforms present in mature skeletal muscles, MCT1 and MCT4 (formerly called MCT3
(M.C. Wilson, V.N. Jackson, C. Heddle, N.T. Price, H. Pilegaard, C. Juel, A. Bonen, I. Montgomery, O.F. Hutter,
A.P. Halestrap, Lactic acid efflux from white skeletal muscle is catalyzed by the monocarboxylate transporter isoform
MCTS3, J. Biol. Chem. 273 (1998) 15920-15926)), were also expressed in primary culture of myotubes. © 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

During high intensity exercise there is a significant
production of lactate by anaerobic glycolysis in skel-
etal muscle, leading to a cellular lactate accumulation
of up to 50 mM in cell water and a corresponding
acidification of more than 0.5 pH unit [21]. A large
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amount of the lactate formed is released to the blood
and it is generally assumed that a fraction is taken up
by liver and kidney [3] for conversion to glucose.
Another fraction of the lactate is oxidized in resting
muscles, in less active muscles, or in the previously
active muscles during the recovery period [3]. In ad-
dition, it has been debated whether or not a signifi-
cant fraction of the lactate may actually be converted
to glycogen via muscle gluconeogenesis [1].

The sarcolemma forms a barrier for the movement
of lactate out of the cells and into the muscle fibers.
Lactate transport across the plasma membrane has
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been studied in numerous types of mammalian tis-
sues including isolated muscle, and in muscle model
systems [22,34], but there are only few studies of
pyruvate transport [4,37,41]. Lactate and pyruvate
transport has never been studied previously in intact
primary muscle cells in culture.

Lactate and pyruvate cross the sarcolemma via a
family of monocarboxylate transporters (MCT),
which may have differing substrate and inhibitor spe-
cificities [34]. Under various physiologic conditions,
the MCT isoforms are believed to mediate 50-90% of
the total lactate transport [6]. As cultured muscle
cells have a high potential for lactate formation the
culture medium glucose concentration could affect
the medium lactate concentration and, thus, the lac-
tate transporter expression. Therefore, in the present
study the effect of two glucose concentrations (5.05
and 22.7 mM) on the medium lactate concentration
was investigated. Since the lactate transport involves
co-transport of a proton, the uptake into cells will be
accompanied by a slight acidification, which can be
detected by using the pH-sensitive probe 2',7'-bis-
(carboxyethyl)-5(6)-carboxyfluorescein (BCECF).

The aim of the present study was: (1) to measure
the transport kinetic parameters K, and V. and
the diffusion component for lactate and pyruvate;
(2) to evaluate cultured primary skeletal muscle cells
as a model system for transport studies of lactate and
pyruvate using the BCECF technique; (3) to identify
the MCT isoforms present in cultured myotubes.

2. Methods
2.1. Materials

The fluorescent H* indicator BCECF was from
Molecular Probes (Eugene, OR, USA). Culture
dishes (150 mm) and Thermanox coverslip were pur-
chased from Nunc (Denmark). Cell dishes (12 wells)
were obtained from Corning (USA). Dispase II and
DNase I were obtained from Boehringer Mannheim
(Germany). Trypsin was obtained from Gibco BRL
(USA). Matrigel was purchased from Becton Dick-
inson (USA). Horse serum and fetal calf serum were
purchased from Biological Industries (Israel). The
inhibitors and all other chemicals were obtained
from Sigma Chemical (USA). The antibodies against

MCT1 and MCT4 were a gift from Prof. A. Hale-
strap (Bristol, UK).

2.2. Primary cultures of rat myotubes

Myotubes were prepared from 21 day old embryos
of Wistar rats, as described by Kiihl [24] and Daniels
[5] with two modifications: for dissociation of tissue,
0.15% trypsin, 0.1% collagenase type 1 and 0.01%
DNase I was used, and the cells were cultured in
growth medium, DMEM (Dulbecco’s modified Ea-
gle’s medium) containing 20% fetal calf serum. After
tissue digestion and preplating, the cells were seeded
in 150 mm 0.1% gelatine coated culture dishes as
described by Daniels [5]. Between 46 and 50 h after
seeding, the myoblasts were separated from the other
cell types by dispase treatment [5,24]. Myoblasts were
plated directly onto individual coverslips (13 mm),
placed in the wells of a 12 well dish, at a density
of approx. 7.5x10* cells/coverslip in 120 ul of
growth medium. Plating and incubation was at
37°C in 8% CO; + 92% air. Thirty minutes after
plating, the myoblasts were attached to the surface
of the coverslips and an additional 680 pl growth
medium was added to each well.

The coverslips were coated with 120 ul 1% Matri-
gel in DMEM the day before plating and incubated
at 37°C. The Matrigel solution was removed by suc-
tion before plating.

The cells were confluent at day 2 after seeding and
the growth medium was removed. Cell differentiation
(the cells begin to fuse, forming multinucleated my-
otubes) was accelerated by replacing the growth me-
dium with DMEM containing 10% horse serum (fu-
sion medium). Three times per week half of the
fusion medium in each well was replaced with fresh
fusion medium until experiments were carried out.
The cells on coverslips were used for experiments
at days 12-14 after plating.

2.3. Creatine kinase activity, protein determination
and medium lactate analysis

Coverslips prepared from the same cell batch prep-
aration as used for lactate and pyruvate transport
were used for analysis of CK activity and protein
content of the myotubes. The cells were washed three
times with ice-cold phosphate buffer, harvested by
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scraping with a rubber policeman and then dissolved
in 200 ul of glycyl-glycine buffer (5 mM EDTA,
150 mM KCI, 5 mM MgSOy, 25 mM glycyl-glycine,
1 mM dithiothreitol and 0.02% albumin, adjusted to
pH 7.5 with NaOH) [12]. Creatine kinase activity
and protein content were measured on the extracts
by the method of Passonneau and Lowry [32] and
Lowry et al. [25], respectively.

The medium lactate concentration was determined
with a lactate analyzer (Yellow Spring Instrument
model 2700 Select Biochemistry Analyzer, Yellow
Springs).

2.4. Determination of lactate and pyruvate transport

2.4.1. Loading of myotubes with BCECF for
[fluorometric measurements

For the transport experiments 12-14 day old my-
otubes were washed with a HEPES buffer (136 mM
NaCl, 2.6 mM KCI, 1.8 mM CaCl,-2H,0, 1 mM
MgC12‘6H20, 0.36 mM NaH2P04'H20, 5 mM
HEPES, 5.55 mM glucose adjusted to pH 7.4 at
25°C by NaOH) [17] and subsequently exposed to
the acetoxymethyl ester of BCECF (10 uM) dissolved
in the same buffer. The washing procedure ensures
that the internal lactate concentration prior to the
transport experiment is low. The mechanism of load-
ing relies on the fact that the acetomethyl group is
cleaved intracellularly by cytoplasmic esterases, to
produce the membrane-impermeable pH dependent
fluorescent dye BCECF. Cells were incubated at
37°C for 60 min and washed twice in the HEPES
buffer in order to remove any external BCECF,
BCECF-AM and any accumulated lactate and py-
ruvate. The loaded cells were stored protected from
light.

2.4.2. Measurement of monocarboxylate transport

A coverslip with BCECF loaded cells was placed
diagonally in a cuvette with 2 ml HEPES buffer. The
cuvette had magnetic stirring and was temperature
controlled at 25°C. The fluorescence spectrophotom-
eter was a dual wavelength Hitachi F-2000, operating
at the excitation wavelengths 500 and 440 nm with
emission measured at 535 nm for both excitation
wavelengths. In order to convert the observed 500/
440 nm ratio changes to changes in intracellular pH,
a calibration curve was produced by stepwise addi-

tion of HCI or NaOH, which allows the calculation
of pH changes as

ApH = o-Aratio (1)

where o is the slope of the calibration curve. The
calibration was performed in the presence of the pro-
tonophore carbonyl cyanide m-chlorophenylhydra-
zone (CCCP), which ensures H* equilibration across
the membrane, according to the methods described
by James-Kracke [17]. The calibration curve was
found to be linear in the pH interval 6.1-7.4.

Change in pH; was converted to H™ flux by means
of buffer capacity, B, calculated from the pH dis-
placement obtained by addition of 10 mM butyrate
[41].

B = 1/ApH [butyrate] (2)

Butyrate equilibrates rapidly across the membrane
by free diffusion of the undissociated acid, and this
was confirmed by demonstrating that addition of in-
hibitors to block the monocarboxylate transporter
had no effect on the observed change in fluorescence
signal.

The HT flux equals the lactate flux, since the lac-
tate/proton transport ratio is 1:1 [19]. Once the fluo-
rescence signal from the cells had reached a steady
state, usually after 30 s, substrate (lactate or pyru-
vate) was added through a light-sealed port in the
cuvette, and the fluorescence change was monitored.
The change in pHj, which represents carrier-mediated
lactate or pyruvate transport, was determined after
the total pH; change was corrected for diffusion of
the undissociated lactic or pyruvic acid. This free
diffusion could be quantified from the pH; change
in the presence of suitable inhibitors of lactate/pro-
ton transport, i.e. 0.5 mM 4,4'-diisothiocyanostil-
bene-2,2’-disulfonic acid (DIDS), 5 mM mersalyl
and 10 mM a-cyano-4-hydroxycinnamate (CHC).
Only a small fraction of lactate transport in muscles
is mediated by a DIDS-sensitive lactate carrier or via
the inorganic anion exchanger [30], e.g. less than 10%
inhibition with DIDS was observed in mammalian
skeletal muscle [20,36]. Mersalyl is a protein-modify-
ing agent which at 5 mM caused a 70% inhibition of
the lactate transport [36]. CHC is a competitive in-
hibitor causing an inhibition of 63% at a concentra-
tion at 10 mM [36]. Together DIDS, mersalyl and
CHC are expected to block more than 90% of the
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carrier mediated lactate transport at a concentration
of 1 mM lactate [18] and it is assumed that the py-
ruvate transport is similarly inhibited. In the present
study we found that 75% of the pyruvate transport
was blocked with the same inhibitors as for lactate
transport, and this fraction was found to be the max-
imal inhibition with any of the tested combinations
of inhibitors in the present system. There was no
interference of the inhibitors on the pH measure-
ments. The pH; was linear during the first 15 s at
any substrate concentration used. Therefore, the ini-
tial rates of transport were estimated from the linear
pH; change in the first 10 s time period immediately
after lactate or pyruvate had been applied. The K,
and V. values were obtained by fitting the Michae-
lis-Menten equation to the flux data.

The possibility that the Nat*/H" antiport system
had influenced the pH measurements where investi-
gated using the amiloride derivative EIPA (5-(N-eth-
yl-N-isopropyl)amiloride). Two single experiments
(run in 6-duplicate) with or without EIPA demon-
strated no difference in the pH measurements asso-
ciated with lactate incubation (concentrations from 5
to 30 mM lactate).

2.4.3. MCT determination

After washing the cells (13 and 16 days after plat-
ing) three times in an ice-cold phosphate buffer,
the cells were harvested and dissolved in 200 ul gly-
cyl-glycine buffer. Western blotting was carried out

-_‘
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using polyclonal antibodies to MCT1 and MCT4
according to the method described by McCullagh
et al. [27].

3. Results
3.1. Differentiation

3.1.1. Morphology and creatine kinase activity
Myogenic differentiation is associated with a num-
ber of changes such as alterations in total activity
and isoenzyme distribution of several enzyme sys-
tems [16,39] and synthesis of contractile proteins
and isoforms of myosin [31]. The rat primary myo-
blast reached confluence at day 2 after plating, the
cells were aligned and a minor fraction of small my-
otubes was observed. When medium was changed to
fusion medium, most of the myoblasts fused into
multinucleated myotubes. At days 4-5, the first spon-
taneous contractions were observed, and 1 day after,
cross-striations were visible by light microscopy. The
nuclei remained in clusters until about day 9 and
were then gradually laterally displaced in the myo-
tubes, until day 12 (Fig. 1). The specific activity of
creatine kinase, which may be taken as a quantitative
marker of myogenic differentiation, increased when
myoblasts fused into multinucleated myotubes
(0.65%£0.10 U/mg protein, 48 h after seeding, just
before fusion) and reached a maximum at day 10

Fig. 1. Cultured rat myoblasts and myotubes photographed in a phase contrast microscope. (A) 2 day old myoblasts and small myo-

tubes (X 125). (B) 13 day old contracting myotubes (X 400).
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Fig. 2. Medium lactate concentration during differentiation at

low (0) and high (e) medium glucose concentration. Values are

means £ S.E.M. (n=35), each run in duplicate. Error bars not
shown fall within respective symbols.

after seeding. When seeded in high glucose medium
(22.7 mM), the creatine kinase activity progressively
decreased from day 10 to 16 (P<0.05) from
3.5120.10 to 2.29%+0.05 U/mg protein (meanz
S.E.M. (n=4)). When seeded in low glucose medium
(5.05 mM), the creatine kinase activity remained con-
stant: 3.70+0.23 to 3.64%£0.06 U/mg protein. The
cultured myotubes were used for experiments at
days 12-14.

3.1.2. Medium lactate concentration

The lactate concentrations measured immediately
before the daily shift of the culture medium were
dependent on the medium glucose concentration
and reached 6-7 mM with low glucose, but 20-25
mM when high glucose was present in the culture
medium (Fig. 2). For cells seeded with high (22.7
mM) and low (5.05 mM) glucose medium, the initial
rate of medium lactate accumulation was constant at
about 14.5 nmol (mg protein)~! min~!, after which it
decreased. Due to the large formation of lactate with
the high glucose concentration, which could have an

MCT1

o g RS NN W S -

13 16 13 16 13 16 WG RG SO

MCT4
13 16 13 16 13 16 WG RG SO

Fig. 3. Western blotting analysis of cultured rat myotubes. The
myotubes were analyzed for the monocarboxylate isoforms
MCT1 and MCT4 at days 13 and 16. The control groups are
made from rat muscle homogenates with the same amount of
protein per lane. WG, RG and SO indicate white gastrocne-
mius, red gastrocnemius and soleus muscles, respectively. The
molecular mass of the bands detected is approx. 43 kDa.

influence on the lactate transporter expression, me-
dium containing 5.05 mM glucose was used to cul-
ture cells for the transport experiments.

3.1.3. Buffer capacity

Since the calculation of the lactate and pyruvate
transport depends upon the buffer capacity, B, of the
cells, it was necessary to measure this parameter for
the different age of the cells used for the transport
experiments. Table 1 shows that the buffer capacity
increased by approx. 25% from day 12 to 16. Con-
sequently, the transport data were corrected for the
buffer capacity change with age.

3.1.4. MCTI and MCT4 determination

The cultured myotubes were investigated for the
presence of the monocarboxylate transporter iso-
forms, MCT1 and MCT4. The myotubes in culture
were found to express both MCT1 and MCT4 in
approximately the same amount per mg of total
muscle protein as was observed in fully differentiated
muscles, i.e. mature rat muscles (Fig. 3).

Table 1
Buffer capacity in myotubes as function of days in culture
12 days 13 days 14 days 16 days

13.3+0.2 mM/pH unit 13.7+ 1.5 mM/pH unit

16.2+ 1.0 mM/pH unit 17.9 mM/pH unit

Values are means £ S.E.M. (n=6). The medium glucose concentration was 5.05 mM.
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Fig. 4. (A) Lactate uptake into myotubes. Values are means* S.E.M. (n=9). (B) Pyruvate uptake into myotubes. Values are means
+S.E.M. (n=10). Uptake was measured in the presence (0) and absence (@) of 0.5 mM DIDS, 5 mM mersalyl and 10 mM CHC.
The values obtained in the presence of inhibitors were assumed to represent simple diffusion. The simple diffusion, ofS], was deter-
mined as the mean of three separate experiments. The straight lines, in both A and B, are the best linear regression fit to the data.

The filled circles in both A and B represent the total transport vy =

V max [S]
Kn +[8]

+ a[S]. The open circles represent the non-inhibitory

component in both A and B, whereas the dashed lines represent carrier-mediated transport (total transport subtracted simple diffusion
of undissociated acid). The curves depicted are the best Michaelis-Menten fit to the data.

3.1.5. Lactate and pyruvate transport

In order to quantify simple diffusion of the lactate
and pyruvate transport, experiments were carried out
in the presence of three lactate transport inhibitors,
DIDS, mersalyl and CHC. However, as it was im-
possible to inhibit the transport entirely, the meas-
ured non-inhibitory component was split into two
components. The diffusion component of the total
transport (determined as described in Section 2)
must therefore be approximated by a straight line,
with a slope of 0.0040%£0.0005 (n=4) for lactate
and 0.0048 £0.0003 (n=4) for pyruvate (Fig. 4A,
B), whereas the remaining part could be non-
inhibited transport. The diffusion components were
subtracted from the total transport, in order to
quantify the carrier-mediated transport. The carrier-
mediated transport appeared to follow Michaelis-
Menten kinetics with  Kpgactae) =9.9£ 1.1 mM,
Vimax(lactate) = 0.69 £ 0.02 mmol 17! s™!' (Fig. 4A) and
Kinpyruvate) =44 £ 1.3 mM, Viyaypyruvate) = 0.30£0.05
mmol 17! s7! (Fig. 4B).

4. Discussion
4.1. Lactate and pyruvate transport

In the past it was assumed that lactic acid moves
across skeletal muscle sarcolemma solely by simple
diffusion [14]. However, the finding that mercury
compounds inhibited the uptake of lactate suggested
the presence of a facilitated diffusion mechanism for
lactate [8]. Since then the kinetics of lactate transport
have been studied in many model systems. In the
present study primary cultures of myotubes were
used as a model system and were found to have a
K, value of 9.9 mM which is within the range of
values obtained in other studies on lactate transport
in skeletal muscles. Previous reports from tracer
studies have shown a range for K, from 13 to
40 mM in intact skeletal muscle and vesicles isolated
from rat skeletal [18,28,29,36], and 12.5 mM for the
myotubes of the L6 cell line [7]. Furthermore, the K,
for lactate transport in giant vesicles prepared from
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human skeletal muscle is within the same range as
the values obtained in sarcolemmal giant vesicles
from rats [22]. In contrast, the K, value for pyruvate
in rat primary skeletal muscle was in the present
study found to be 4.4 mM, which was markedly low-
er than values previously reported for other skeletal
muscle model systems (> 50 mM [20]).

The maximum velocity (Vpn.x) of the transport
process is determined by the number of carrier mol-
ecules in the membrane, as well as the turnover num-
ber of the individual transporters. The present study
demonstrates that rat muscle cells in culture display a
maximal velocity for lactate and pyruvate transport
of 0.69 mmol I"! s7! and 0.30 mmol I"! s!, respec-
tively. In addition, the diffusion component at 20 mM
of lactate was approx. 20% of the total transport, a
value slightly lower than that of human skeletal
muscle (30% [22]) and similar to that of rat muscle
sarcolemmal vesicles (20% [18]) at the same concen-
tration. The Vpyax value for lactate is of the same
order of magnitude as in human skeletal muscle in
vivo where a maximal release of lactate after exhaus-
tive exercise was found in the range 0.03-0.15 mmol
17! 57! with a gradient of 20-40 mM lactate [2]. As
the K, value lies within the range of 20-40 mM,
Vimax can, however, be estimated to be twofold higher
than the observed lactate release. The V. values
reported for other skeletal muscle model systems
are difficult to compare due to the different units
used. Furthermore, the present analysis of MCT in-
dicates that there are a large amount of transport
molecules in rat myotubes which result in a high
Vmax value.

In the present study, the affinity of lactate trans-
port was approx. 40% of that for pyruvate, which
was markedly lower than the values previously re-
ported by Roth and Brooks [36] and McDermott
and Bonen [29] based on substrate inhibitor experi-
ments for rat skeletal muscle sarcolemmal vesicles.

The present method used for affinity studies of
lactate and pyruvate transport in single heart cells
are similar to those determined with the radiotracer
technique [33,40]. However, the V.« values in single
heart cells measured with the BCECF technique at
23°C are similar to those measured with tracers at
11°C and 0°C for lactate and pyruvate, respectively.
One reason for the discrepancy in Vy,x values could
be that the tracer technique measures both net pro-

ton-linked uptake of lactate and pyruvate and their
exchange with internal lactate and pyruvate, whereas
the BCECF technique only measures the net proton-
linked uptake. Another reason could be that with the
tracer technique, the substrate will be metabolized
before measurements of the transport rate have
been made. Therefore, if kinetic properties of trans-
port systems are to be investigated, it is essential that
initial rates of uptake are measured before significant
metabolism has occurred. The data presented in this
paper demonstrate that the use of BCECF to meas-
ure pH; allows estimates of accurate kinetic data for
proton-linked transport of monocarboxylates into
the muscle cell. The K, values obtained in the
present study, demonstrate that the carriers in pri-
mary rat muscles are similar to those found in other
skeletal muscle cells. Indeed, since fluorescence can
be measured continuously with very high time reso-
lution, the technique provides accurate measure-
ments of transport rates. Furthermore, the technique
can be used for the study of proton-linked transport
of any monocarboxylate, since it is dependent on the
pH changes, and not on the existence of the substrate
in a radioactivity labeled form.

In the range of physiological pH the buffer ca-
pacity is constant, but at a pH higher than 7.3 or
lower than 6.1 the correlation is no longer linear [26].
In our experiments a buffer capacity of 13-17 mM/
pH unit was found, which is of similar magnitude as
that reported by Carpenter and Halestrap [4] for
Ehrlich Lettre cells (13.7 mM/pH unit) and slightly
lower than that reported by Wang et al. [41] for rat
and guinea pig cardiac myocytes (23.0 and 24.3 mM/
pH unit, respectively).

4.2. The cell model

The level of differentiation of the muscle cells used
for transport studies is clearly of importance [7]. In
this study the specific activity of creatine kinase was
used as a quantitative marker of myogenic differen-
tiation. The level of creatine kinase activity obtained
in the present study is higher than previously re-
ported activities [39] measured in muscle cells cul-
tured on a collagen matrix, but similar to activities
measured in cells cultured on Matrigel coated dishes
[9]. The discrepancy may be explained by the finding
that Matrigel enhances myogenic differentiation
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[9,13]. Furthermore, the cell medium may affect the
creatine kinase activity since it has been observed
that the cells cultured in high glucose medium (22.7
mM) have a lower creatine kinase activity than cells
cultured in low glucose medium (5.05 mM).

Another way to characterize the primary culture
cells as a model system for the study of lactate trans-
port is to compare the amount of lactate transporter
isoforms with that obtained in muscle homogenates.
Eight isoforms of the monocarboxylate transporters
have been cloned [10,11,35], of which two, MCT1
and MCT4, are present in mammalian skeletal
muscles.

Rat myotubes express mainly embryonic and neo-
natal fiber types [31] and have capacity for oxidative
ATP production, but when glucose is abundant
anaerobic glycolysis is preferred [15,38]. The MCT1
isoform exists mainly in oxidative fibers (SO and
FOGQG) [27], whereas the MCT4 isoform seems to be
present in all fiber types in mature skeletal muscle
fibers [35]. Both MCT1 and MCT4 were expressed
in the rat myotubes and based on the amount ex-
pressed per mg of total protein it was estimated
that the transporter densities were higher than in
mixed rat muscles. It could be speculated that those
two 1soforms, MCT1 and MCT4, in skeletal muscles
have different kinetics. However, Juel and Pilegaard
[23] found the same K, for red and white muscles in
studies with sarcolemma giant vesicles. Furthermore,
in the present study DIDS incubation of myotubes
from rat skeletal muscles revealed no sign of biphasic
inhibition.

In conclusion, based on the finding of transport
kinetic parameters similar to values in intact muscles
and the finding of an expression of both MCT1 and
MCT4 in rat primary skeletal muscle cells in culture,
we propose that the model system is suitable for the
study of muscle monocarboxylate transport.

Acknowledgements

The MCT1 and MCT4 antibodies were generously
provided by Prof. A. Halestrap (Bristol, UK). Expert
technical assistance from Ida Tennesen and Annelise
Honig is much appreciated. The study was supported
by the Danish National Research Foundation.

References

[1] J. Bangsbo, P.D. Gollnick, T.E. Graham, B. Saltin, Sub-
strates for muscle glycogen synthesis in recovery from in-
tense exercise in humans, J. Physiol. 434 (1991) 423-440.

[2] J. Bangsbo, L. Johansen, T.E. Graham, B. Saltin, Lactate
and H' effluxes from human skeletal muscles during intense,
dynamic exercise, J. Physiol. 462 (1993) 115-133.

[3] S.E. Buchalter, M.R. Crain, R. Kreiberg, Regulation of lac-
tate metabolism in vivo, Diabetes Metab. Rev. 5 (1989) 379-
391.

[4] L. Carpenter, A.P. Halestrap, The kinetics, substrate and
inhibitor specificity of the lactate transporter of Ehrlich-
Lettre tumour cells studied with the intracellular pH indica-
tor BCECF, Biochem. J. 304 (1994) 751-760.

[5] M.P. Daniels, Localization of actin, B-spectrin, 43X 103 M,
and 58X 10° M, proteins to receptor-enriched domains of
newly formed acetylcholine receptor aggregates in isolated
myotube membranes, J. Cell Sci. 97 (1990) 615-627.

[6] B. Deuticke, E. Beyer, B. Forst, Discrimination of three
parallel pathways of lactate transport in the human erythro-
cyte membrane by inhibitors and kinetic properties, Bio-
chim. Biophys. Acta 684 (1982) 96-110.

[7] K. El Abida, A. Duvallet, L. Thieulart, M. Rieu, M. Beau-
dry, Lactate transport during differentiation of skeletal
muscle cells: evidence for a specific carrier in L6 myotubes,
Acta Physiol. Scand. 144 (1992) 469-471.

[8] E.C. Foulkes, C.M. Paine, The uptake of monocarboxylic
acids by rat diaphragm, J. Biol. Chem. 236 (1961) 1019-
1022.

[9] V.L. Funanage, S.M. Smith, M.A. Minnich, Entactin pro-
motes adhesion and long-term maintenance of cultured re-
generated skeletal myotubes, J. Cell. Physiol. 150 (1992)
251-257.

[10] C.K. Garcia, J.L. Goldstein, R.K. Pathak, R.G.W. Ander-
son, M.S. Brown, Molecular characterization of membrane
transporter for lactate, pyruvate and other monocarboxy-
lates: implication for the cori cycle, Cell 76 (1994) 865-873.

[11] C.K. Garcia, X. Li, J. Luna, U. Francke, cDNA cloning of
the human monocarboxylate transporter 1 and chromosomal
localization of the SLC16A1 locus to 1p13.2-p12, Genomics
23 (1994) 500-503.

[12] G. Gomori, in: Ciba-Geigy Scientific Tables, 7nd edn.,
Basel, 1970, p. 280.

[13] I. Guillet-Deniau, A. Leturque, J. Girard, Expression and
cellular localization of glucose transporters (GLUT-1,
GLUT-3 and GLUT-4) during differentiation of myogenic
cells isolated from rat foetuses, J. Cell Sci. 107 (1994) 487-
496.

[14] A.V. Hill, C.N.H. Long, H. Lupton, Muscular exercise, lac-
tic acid and the supply and utilization of oxygen, Proc. R.
Soc. London 96 (1924) 438-475.

[15] A.E.M. Jacobs, A. Oosterhof, J.H. Veerkamp, Palmitate ox-
idation and some enzymes of energy metabolism in human
muscles and cultured cells, Int. J. Biochem. 19 (1987) 1049-
1054.



L. von Grumbckow et al. | Biochimica et Biophysica Acta 1417 (1999) 267-275 275

[16] A.E.M. Jacobs, A.A.G.M. Benders, A. Oosterhof, J.H. Veer-
kamp, Effects of growth medium, electrical stimulation and
paralysis on various enzyme activities in cultured rat muscle
cells. Comparison with activities in rat muscles in vivo, Int.
J. Biochem. 24 (1992) 751-758.

[17] M.R. James-Kracke, Quick and accurate method to convert
BCECF fluorescence to pHj: calibration in three different
types of cell preparation, J. Cell. Physiol. 151 (1992) 596—
603.

[18] C. Juel, Muscle lactate transport studied in sarcolemmal
giant vesicles, Biochim. Biophys. Acta 1065 (1991) 15-20.

[19] C. Juel, Regulation of cellular pH in skeletal muscle fiber
types, studied with sarcolemmal giants vesicles obtained
from rat muscles, Biochim. Biophys. Acta 1265 (1995)
127-132.

[20] C. Juel, Lactate-proton cotransport in skeletal muscle, Phys-
iol. Rev. 77 (1997) 321-358.

[21] C. Juel, J. Bangsbo, T. Graham, B. Saltin, Lactate and po-
tassium fluxes from human skeletal muscle during and after
intense, dynamic, knee extensor exercise, Acta Physiol.
Scand. 140 (1990) 147-159.

[22] C. Juel, S. Kristiansen, H. Pilegaard, J. Wojtaszewski, E.A.
Richter, Kinetics of lactate transport in sarcolemmal giant
vesicles obtained from human skeletal muscle, J. Appl. Phys-
iol. 76 (1994) 1031-1036.

[23] C. Juel, H. Pilegaard, Lactate/H" transport kinetics in rat
skeletal muscle related to fibre type and changes in transport
capacity, Pflug. Arch. Eur. J. Physiol. 436 (1998) 560-564.

[24] U. Kiihl, R. Timpl, R.K. von der Mark, Synthesis of type IV
collagen and laminin in cultures of skeletal muscle cells and
their assembly on the surface of myotubes, Dev. Biol. 93
(1982) 344-354.

[25] O.H. Lowry, N.R. Rosebrough, A.L. Farr, R. Randall, Pro-
tein measurement with the Folin phenol reagent, J. Biol.
Chem. 193 (1951) 265-275.

[26] A.F. Mannion, P.M. Jakeman, P.L.T. Willan, Determina-
tion of human muscle buffer value by homogenate techni-
que: methods of measurements, J. Appl. Physiol. 75, (3)
(1993) 1412-1418.

[27] K.J.A. McCullagh, R.C. Poole, A.P. Halestrap, M. O’Brien,
A. Bonen, Role of the lactate transporter (MCT1) in skeletal
muscle, Am. J. Physiol. 271 (1996) E143-E150.

[28] J.C. McDermott, A. Bonen, Endurance training increases
skeletal muscle lactate transport, Acta Physiol. Scand. 147
(1993) 323-327.

[29] J.C. McDermott, A. Bonen, Lactate transport by skeletal
muscle sarcolemmal vesicles, Moll. Cell. Biochem. 122
(1993) 113-121.

[30] A.S. Nagesser, W.J. van der Laarse, G. Elzinga, Lactate
efflux from fatigued fast-twitch muscle fibres of Xenopus lae-
vis under various extracellular conditions, J. Physiol. 481
(1994) 139-147.

[31] K. Naumann, D. Pette, Effect of chronic stimulation with
different impulse patterns on the expressions of myosin iso-
forms in rat myotube cultures, Differentiation 55 (1994) 203—
211.

[32] J.V. Passonneau, O.H. Lowry, Enzymatic Analysis, Humana
Press, Totowa, 1993, pp. 246-248.

[33] R.C. Poole, A.P. Halestrap, S.J. Price, A.J. Levi, The ki-
netics of transport of lactate and pyruvate into isolated car-
diac myocytes from guinea pig: kinetic evidence for the pres-
ence of a carrier distinct from that in erythrocytes and
hepatocytes, Biochem. J. 264 (1989) 409-418.

[34] R.C. Poole, A.P. Halestrap, Transport of lactate and other
monocarboxylates across mammalian plasma membranes,
Am. J. Physiol. 264 (1993) C761-C782.

[35] N.T. Price, V.N. Jackson, A.P. Halestrap, Cloning and se-
quencing of four new mammalian monocarboxylate trans-
porter (MCT) homologues confirms the existence of a trans-
porter family with an ancient past, Biochem. J. 329 (1997)
321-328.

[36] D.A. Roth, G.A. Brooks, Lactate transport is mediated by
membrane-bound carrier in rat skeletal muscle sarcolemmal
vesicles, Arch. Biochem. Biophys. 279 (1990) 377-385.

[37] D.A. Roth, G.A. Brooks, Lactate and pyruvate transport is
dominated by a pH gradient-sensitive carrier in rat skeletal
muscle sarcolemmal vesicles, Arch. Biochem. Biophys. 279
(1990) 386-394.

[38] N.A. Schroedl, V.L. Funanage, C.R. Bacon, S.M. Smith,
C.R. Hartzell, Hemin increases aerobic capacity of cultured
regenerating skeletal myotubes, Am. J. Physiol. 255 (1988)
C519-C525.

[39] A. Shainberg, G. Yagil, D. Yaffe, Alterations of enzymatic
activities during muscle differentiation in vitro, Dev. Biol. 25
(1971) 1-29.

[40] X.M. Wang, R.C. Poole, A.P. Halestrap, A.J. Levi, Charac-
terization of the inhibition by stilbene disulphonates and
phloretin of lactate and pyruvate transport into rat and
guinea-pig cardiac myocytes suggests the presence of two
kinetically distinct carriers in heart cells, Biochem. J. 290
(1993) 249-258.

[41] X.M. Wang, A.J. Levi, A.P. Halestrap, Kinetics of the sar-
colemmal lactate carrier in single heart cells using BCECF to
measure pH;, Am. J. Physiol. 267 (1994) H1759-H1769.



