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Abstract. Lactate transport was investigated in newbornintroduction
rat muscle cells in culture. The aim was to study the

lactate transport function at two stages of cell differen-r,o transport of lactate and monocarboxylic acids such
tiation in culture: (i) during the proliferative phase char- oo pyruvate is of major physiological importance in all

acterized by myoblasts and myotubes (MyB/MyT2) ob- 3 mmalian cells [4, 22]. Cells and tissues that use gly-
tained after 2-3 seedings, (i) when myotubes (MyT1).qysis to produce ATP, such as erythrocytes and white
grow old in culture after 8-9 seedings. In bpth devel,Op’muscles, or cells that are experiencing epinephrine
mental stages MyB/MyT2, lactate was carried following gimjation export lactate. Once borne by blood, lactate
a saturable and sigmoidal velocity curve: the Hill and the;q transported to gluconeogenic tissues (liver and kidney)

Scatchard plot analyses confirmed an allosteric or mulz, conversion into glucose or to heart and red muscles
tisite mechanism of lactate transport with two classes ot consumption as a respiratory fuel [4, 5, 24, 26].

carriers: one of low and one of high affinity i.e.,, 8.6 and  \yhether |actate is imported or exported, membranes
0.95 mm, respectively, which are associated with high tom parriers to its transport. Previously, diffusion of the

and low transport capacitie¥ () i.e., 9.1 and 0.67W  qgissociated acid was thought to be the only mecha-
min/mg, respectively. With MyT1, the velocity curve of nigm of |actate transmembrane flux. Now it is well rec-
lactate transport presented a hyperbolic profile, and theyyi7eq that in most mammalian cells the transport of

Hill plot analysis gave a Hill number near one suggestingia ctate across the plasma membrane occurs via facilitated
that for cell aging in culture the decrease in cooperativity it sion involving a family of specific proton-linked

shows that lactate transport essentially occurs througiyciate transport proteins [6, 8, 11, 13, 17, 24, 27, 29].

the low affinity transport system. Inhibitor effects also Thege transporters are stereospecific, vary in sensitivity
contributed to evidence for at least two systems of trans;, innibitors (e.g..a-cyanohydroxycinnamates, disulfo-

port. Results obta_ined from primary cells give evidence,ates and organomercurial thiol reagents) [12, 14, 29]
for the early activity o_f lactate .transp(_)rt system.at t_heaccording to the tissue [14, 15, 20, 28] . In previous
Myb/MyT2 stage and its evolution during cell aging in gy neriments, lactate transport was realized in L6 muscle
culture (MyT1). Sarcolemmal lactate transport in pri- cejis We demonstrated that lactate was transported by
mary culturgs of myocytes is accomplished by mult|plesimp|e diffusion in myoblasts [1] and by a specific pro-
carriers, neither of which are MCT1 or MCT2 as €ON- (ginic carrier in myotubes [7]. Kinetic analysis indicated
firmed by immunoblots. that lactate was transported by a multicarrier system with
onset related to myogenic differentiation [2, 3, 18].
Subsequently, kinetic analysis of lactate transport in
sarcolemmal membranes confirmed the presence of a
multicarrier system [3]. Moreover, the low sensitivity of
- lactate transport to DIDS provided evidence that muscle
Correspondence toM. Beaudry cells express distinct forms of the erythrocyte monocar-
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10 3 seedings while MyTI myotubes were obtained after 16 days of culture
W/O INHIBITOR and 8 seedings.

TRANSPORT STUDIES

Subconfluent monolayer cultures were harvested by trypsin treatment
(trypsin 0.25%, 10 min, 37°C) and seeded in 22ctissue culture
multiwell plates until myoblasts, MyT2 and MyT1 myotubes stages
were reached.

Transport experiments were performed as previously described
[3]. Specific inhibitors of lactate transport such ascyano-4-
hydroxycinnamicacid (CIN), parachloromercuribenzenesulfonic acid

0 | | | ] (pCMBS), 4,4-diisothiocyanostilbenedisulfonic acid (DIDS) were
0 5 10 15 20 25 used at 2.5 m, 3 mm and 10um, respectively (maximal inhibiting
mM LACTATE concentrations previously determined [1, 7]) in PBS Dulbecco contain-

) ) ) ) ing 15 mv HEPES pH 6.8. All chemicals were purchased from Sigma.
Fig. 1. Velocity curve of lactate transport in MyB/MyT2 with and  jptake was stopped after 10 sec of incubation as determined by time
without inhibitors. Values are meansst of measurements performed o rse experimentsi6t showi. It has been previously demonstrated
in triplicate from four separate experiments. that L-lactate is not metabolized during the first 10 sec [26] and
in our laboratory by thin layer chromatography on cellulosenin
butanol:acetic acid:water (12:3:5).

boxylate carrier. In view of previous results suggesting

developmental influences on expression of sarcolemmasarcoLEMMAL VESICLES AND IMMUNOBLOTTING

lactate transporters in myocytes, the aim of the present _

investigation was to confirm the original results Concern_Sarcolemmal V(_esmles from newborn rat cultured muscle_cells were
isolated according to [19]. The pellet was resuspended in 160 m

ing the lactate transport mechanism obtained with IM-2Cl. 1% NP40, 1 m CaCl, 0.1% SDS, 2 m pMSF, 0.5 mg/ml

mortgllzed L6 muscle cells and to precisely analyze thqeupeptin, 50 mu Tris-HCI, pH 7.4 for 15 min at 4°C. Proteins were
kinetic parameters of each transport system and the efeparated by SDS-PAGE and transferred to nitrocellulose (Amersham).
fect of inhibitors. Kinetic analysis of the lactate trans- The nitrocellulose was then blocked in 5% nonfat dry milk in TBST
port system was performed in neonatal cultured satellitdTBS Tween 20 at 0.1%). Primary antibodies were used at a dilution of
muscle cells. These experiments were undertaken witR/1,000 for both antibodies against rat MCT1 and MCT2 (generous gift
hindlimb muscle satellite cells from newborn rats. Thesefrom Dr. A. Halestrap). Immunoreactivity of the antibodies with poly-

cells that differentiate in culture provide a tool for study- peptides in sarcolemmal vesicles was detected with horseradish-
P Yy peroxidase goat anti-rabbit antibody conjugates (Biosys, France), fol-

ing lactate transport in a mature cell system. lowed by ECL (Amersham, UK) detection. Controls were performed
Even if MCT1 is represented in muscle [9, 16, 30] on both rat erythrocytes and liver membrane extracts for antibodies

and in primary muscle cells [25], these data confirm ouragainst rat MCT1 and MCT2, respectively.

previous results with L6 muscle cells, showing that in

cultured skeletal cells, lactate is transported by a multi-aoggreviaTIONS

carrier system whose forms present specific sensitivities

to inhibitors that are different from MCT1 and MCT2 The gbbreviations used are: MyB: Mypblasts; MyT2: Myotubes (3rd

[14, 15] as demonstrated by immunodetection in this>ccdings) MyT1: Myotubes (8th seedings); CiNcyano-4-hydroxy-

: . . . cinnamic acid; pCMBS: parachloromercuri-benzylsulfonic acid; DIDS:
work. The cell model used kmetlca”y makes it pOSS|bIe4,4’-diisothiocyanostilbene-Zﬁaiisquonic acid; MCT: Monocarbox-
to characterize each family of transporters. ylate transporter.

Materials and Methods Results

LACTATE TRANSPORT INMYOBLASTS AND
CeLL CULTURE MYT2 MYOTUBES

Satellite cells were obtained from leg muscles of newborn (5 days)T he rate of lactate uptake varied sigmoidally with in-
white Wistar rats as previously described [7]. After 3-4 days of culturecreasing extracellular lactate concentrations (Fig. 1).
the proliferative phase is over and myoblasts begin to fuse and differ{nitial transport velocities were unchanged at saturation
entiate into myotubes. After 10 days of culture, myotubes can contracthetween 15 and 25 msuggesting the absence of sig-
These cultures have a definite lifespan and cannot be seeded Molificant lactate-free diffusion. The apparah obtained

thaq 10 times. Erom the first to the thlrd_ subculture, ceI_Is actlve_ly by V = f(Iactate) plOt was 8.5 nmoles/mg prot/min.
proliferate and differentiate, from then until the 10th seeding, prolif- . . .
eration and differentiation slow down and eventually stop. The SlngIdal shape of the curve and saturation can

The transport experiments have been performed on myoblasts anthdicate a protein transport system showing an allosteric
myotubes. MyT2 myotubes were obtained after 7 days of culture anddr multisite carrier mechanism. The sigmoidal shape



M. Beaudry et al.: Lactate Transporters and Muscle Cell Maturation 91

Table 1. Kinetic parameters of lactate transport in MyB/MyT2 60T
| [“without inhibitor I

Inhibitor K V.*

SITE 1 w/o 0.95+0.08 0.67 £0.05
CIN 150+0.12 0.62+0.05
DIDS 1.34+0.15 0.51+0.04
pCMBS 1.48+0.11 0.70£0.07

SITE 2 w/o 8.60+0.7 9.10+0.8
CIN 11.30+0.9 8.85+0.7
DIDS 8.50+0.7 3.85+0.3
pCMBS 10.20+0.6 553+04

)2

o+ DIDS

ATE

Kiapp (MM) represents the apparent dissociation constant of lactate
transport.V,,, (nmol/min/mg Prot) is the maximal velocity of lactate
transport.

* Statistical values are the meansse of measurements performed in
triplicate from four separate experiments. j

N

was confirmed by the Hill plotr{ot showh with a mean =~
value of nH = 2 (Hill number), showing a nonlinear =
regression indicating a negative cooperativity of lactate
uptake.

The Scatchard ploV/L vs. Vwas represented to
determine the kinetic parameters of lactate transport in
MyB/MyT2. A parabolic curve was obtained for the rep-
resentation of these data.

The mathematical regression analysis of the biphasic
lactate uptake curves gave the asymptotes of each com-
ponent and their kinetic parameters were reported in 1
Table 1. This result indicated at least two systems im-
plicated in lactate transport: one with high affiniti) 0 25 5 75 10

and low transport capacityv() and another with low . -
affinity and high transport capacity, subsequently re- V nmol/ min.mg. prot 1

ferred to as sites 1 and 2. Fig. 2a—c. Scatchard Plov/(Lactate§. 1072 vs. Vin MyB/MyT2 ob-
Lactate transport in myoblasts and MyT2 myotubesiained from the data of Fig. 1 without and with inhibitor.

was investigated using specific inhibitors: CIN (2.5

pCMBS (3 mv) and DIDS (10um). These inhibitors did

not modify the sigmoidal shape of the velocity curves It was observed (Table 1) that the three inhibitors

and the inhibition was effective both at low and high applied did not have the same effect on the two families

extracellular lactate concentrations (Fig. 1). of transport sites. The apparent affinity of lactate for the
In MyB/MyT2 18, 51, and 59% of lactate transport first site was decreased by the three inhibitors without

velocities were respectively inhibited at high lactate con-modification of the apparent maximal capacity of trans-

centration by CIN, pCMBS and DIDS (Fig. 1). port Viyapp @s for a competitive inhibition, whereas for
The Hill plots (hot show obtained with inhibitors  the second site, the inhibitors showed a weak effect on

were nonlinear and similar to those obtained withoutthe apparent lactate affinity but DIDS and pCMBS

inhibitors, giving a Hill number of 2 and showing that the namely modified the apparent,, of lactate transport as

negative cooperativity of lactate transport was not modifor noncompetitive inhibitors.

fied by inhibitors. Scatchard plots of lactate transport  The kinetic parameters are reported in Table 1.

showed two families of lactate carriers with high and low

affinities for extracellular lactate (Fig.a2c).

LACTATE TRANSPORT INMyT1 MYOTUBES

1 The Scatchard plot of vs.[Lactatef vs. V,should give a linear curve The hyperbolic shape of the VelOCity curve in MyT1
rap L - v.shoudg myotubes (Fig. 3 inset) indicated that saturable lactate

for a cooperative or allosteric system and a Hill number of 2, however, .

in each case, a biphasic curve was observed to fit these data (Fig. zSFanSpOft occurred macrOSCOp|Cally by mOStly one trans-

This representation confirmed the negative cooperativity observed of?0rt System. This was confirmed by the linear regression
the Hill plot [22]. of the Hill plot (not show with a nH nearly 1 and the
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Scatchard plotv/IL = f(V) (Fig. 3) showing a linear
regression for one lactate transport system with low af-
finity for external lactate i.e.Kyyapy = 1.4 Mv and
Vinapp = 17.5 nmol/mi_n/mg prote_in.

To characterize this mechanism further, CIN (2.5
mm), pPCMBS (3 mv) and DIDS (10um) were tested on
lactate uptake.

On Fig. 3 inset with CIN, the hyperbolic shape of the
velocity curve is transformed into a sigmoidal one as
observed in MyB and MyT2 (with or without inhibitor).
The sigmoidal shape of the velocity curve seemed to
show that lactate transport is mainly inhibited in a low
range of lactate concentrations i.e., 0—1&.nThis was
confirmed by the Hill plot which presented a nonlinear
regression and a medium value dfi» 1 (not showi.

The Scatchard Plot (Fig. 3) confirmed these results and
presented a biphasic curve whose asymptotes (obtained
by mathematical regression) could be related to two
transport systems. These parameters reported in Table 2
showed that a high affinity and low transport capacity
family of sites are implied in a low range of lactate
concentrations and another one with a very low affinity
(Km@pp = 230 mm) and high lactate transport capacity.

DIDS inhibited lactate transport at high external lac-
tate concentrations (Fig. 4 inset). Thus, it appeared that
DIDS had mostly an inhibitor effect on lactate transport
sites with low affinity for lactate. In the presence of
DIDS, lactate transport presented an apparent hyperbolic
velocity curve. This was confirmed by the Scatchard
plot (Fig. 4) which presented a linear regression related
to one type of transport site. The kinetic parameters of
lactate transport in the presence of DIDS were reported
in Table 2. The remaining transport was attributed to the
first family of sites, since the affinityK,pp 5.2 MY)
was in a three times higher range of values afd
(Vinapp 5-3 nmol/min/mg prot) was lower, compared to
the range of values expressed for the second family of
sites in absence of inhibitors.

In the presence of pPCMBS, the lactate velocity curve
was hyperbolic for all the external lactate concentrations
applied (Fig. 5 inset). The biphasic Scatchard plot analy-
sis gave evidence for a multiple lactate transport system
(Fig. 5). Both asymptotes of these biphasic curves indi-
cated the apparent kinetic parameters of two transport
sites and are reported in Table 2.

IMMUNODETECTION OF MCT1 AND MCT2 IN NEONATAL
SARCOLEMMAL VESICLES

The above results suggest that there are at least two
families of lactate carriers. To test if these carriers pre-
sent any analogy with MCT1 and MCT2, immunodetec-
tion was carried out using specific antibodies against
these transporters. The presence of MCT1 and MCT2

measurements performed in triplicate from four separate experimentg;orresponding polypeptides under reducing and nonre-
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ducing conditions, was not detectable in blotting experi-Table 2. Kinetic parameters of lactate transport in MyT1
ments performed with lysates of sarcolemmal vesicles

obtained from neonatal cultured muscle, while the anti- Inhibitor K Vi
bodies recog_nlzed polypeptides of 40 kDa in rat eryth-q1¢ ¢ wio 0 0
rocytes and liver membrane extracti{a not showh CIN 0.98 + 0.09 1.76 +0.2
DIDS 5.2+0.4 5.3+0.4
_ _ pCMBS 0.97 +0.08 0.91 +0.07
Discussion SITE 2 w/o 14+1.2 175+15
CIN 230+ 27 13+1.1
Kinetic analysis of lactate transport in myoblasts and DIDS 0 0
pCMBS 37.1+4 11.7+1

myotubes obtained in primary culture from newborn rat
hindlimb muscles have shown that the mechanism o&
transport is carried out by several pathways.

m@pp (MM) represents the apparent dissociation constant of lactate
transport.V,,, (nmol/min/mg Prot) is the maximal velocity of lactate
transport.

* Statistical values are the meanssg of measurements performed in

LACTATE TRANSPORT INMYOBLASTS AND triplicate from four separate experiments.

MyT2 MYOTUBES

It has been observed that the lactate transport presenlts Cle works as a E:r%mpet|ctj|¥_e |n_h|b|t<?rk1:or 2?“.1 fami-
similar kinetic characteristics in myoblasts and MyT2 Ies of transporters. The modification of the affinity con-

myotubes i.e., time course, sigmoidal shape of the veStant is more important for site 1 (high affinity) than for

locity curve, kinetic parameters. Thus, in contrast to theS'te I (low affinity) (inhibition of 50 and 30%, respec-

: - tive
case of L6 myoblasts [3], it appears that primary myo- . . . .
blasts have the advantage of presenting lactate-specific PCMBS.'S cfomp.etltg/e{_/\r/]hen applied TO site 1 and
carriers on their plasma membranes. Myogenic differen'ONcoOmpetitive for site 2. Thus, our results are incon-

- < sistent with those previously established for MCT1 or
tiation from myoblasts to myotubes does not occur withS'S .
modifications of kinetic characteristics of transport, al- MCT2._M(_)n_ocarboxyIate transport by M‘FU IS com-
ready obtained at the myoblastic stage. pletely inhibited for 0.3 ma PCMBS and no inhibition is

The extensive analysis of lactate transport in myo_observed in the case of MCT2. These results are in

blasts and myotubes have shown a multicarrier systerﬁ",‘greement with the conclusion of Jackson [9] consider-
as previously described for L6 cells [3]. The Hill plot Ing that the monocarboxylate isoforms of lactate trans-

(not showd obtained from the velocity curve gives evi- portlijnlgsuscledt_:f(_)uld Ee diffff_er_ent ];“l)m MC-If-l ar;]d M.CTi'
dence for at least two independent lactate transport sys- )> MOodines L ea _||_1|ty of lactate for t. e site
tems. This is confirmed by the Scatchard pMft:? vs. V gnd\(m is weakly and S|gn|f|car_1tly Iowe.re_d (mixed type
which presents a concave curve. Two major component@h'b't'on_): On the contrar)_/, site 2 affinity consta_lr)t IS
seem to be involved in lactate transport: two transportnOt sensitive to DIDS, but, is lowered (noncompetitive

sites, one with high affinity and low capacity and anotherglpDeSinhigitihon) Shﬁwigg tfhat the interaction (kj)_eﬁfween
one with low affinity and high capacity. The kinetic pa- and the two kincs of transport sites are dilierent.

rameters are reported in Table 1. The catalytic efficiency {,/K,) was determined

Such a diversity of parameters related to clonedin. order to analyze activity of these two sites (Fig. 6).

MCT, has already been observed in the case of MCT '|rstly, we pbserve that the catalytic (or transport) effi-
and MCT2 [10, 14]; although MCT1 and MCT2 proteins Ci€NcY is higher on the site 2 than on the site 1. Sec-
were not detected on these newborn cultured rat muscl@r_‘dly' we observe that the inhibition rates for the site 1
cells using anti-MCT1 and MCT2 antibodies, this doesWith CIN and DIDS are the same (41.3 and 43%

not mean that MCT1 and MCT2 do not exist but are On|ycontrol, respectively); with PCMBS the inhibition rate is
slightly expressed in this system. 32.9%. The sensitivity of CIN on the site 2 is lower than

on the site 1 (25%s. control), with DIDS and PCMBS
the inhibition rate is higher on the site 2 than on the site
EFFECT OFINHIBITORS ON LACTATE TRANSPORT IN 1 (52.7 and 48.7%s. control, respectively).
MYOBLASTS AND MYT2 MYOTUBES

LACTATE TRANSPORT INMyT1
The three inhibitors applied do not modify the sigmoidal
shape of the velocity curve. That means these inhibitor§he analysis of lactate transport in myotubes obtained
have macroscopically the same effect for the differentafter 8—-10 subcultures has been performed to study the
lactate concentrations applied. Nevertheless, the analystability of the kinetic characteristics of lactate transport.
sis of the kinetic parameters (Table 1) shows a variatiomAt the MyT1 stage of slow proliferation of the cells, the
in the sensitivity of each family of transporters. velocity curve of lactate transport has lost its sigmoidal
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Mb/MyT2 MyT1

3 2,00 e o e e . 2,00 _—
% - @sime | )| 180 BSITE1[ ]|
s WMSITE2} | 140 |{MSITE 2}
% 12 —
& 0,80
3 0,60
g 0,40
2 0.20
© 0,00 =

wio CIN DIDS pCMBS CIN DIDS pCMBS

Fig. 6. Catalytic efficiency V,/K,,) is represented for MyB/MT2 and MyT1, with or without inhibitors. 100% of efficiency are obtained without
inhibitors. Kinetic parametersd/(, andK,,) are reported in Tables 1 and 2.

shape to become hyperbolic. The Hill plot and theinhibitor's effects. Moreover, these results validate the
Scatchard plo¥/L vs. Vconfirm this finding and show velocity curves obtained using myotubes from [3] and
only one transport system with low affinity and high demonstrate that the sigmoidal shape of the velocity
capacity of lactate transport. curves is not an experimental artefact.

But when CIN is applied, the sigmoidal shape of the This study gives evidence for several lactate carriers
velocity curve is restored and the inhibition of lactate of which two families seem to have common kinetic
transport is high for 0-12 mn lactate. The nonlinear parameters. The kinetics of lactate transport in cultured
shape of the Hill plot and the biphasic Scatchard plotmuscle cells that we observed are not comparable to
VIL? vs. V obtained with CIN give evidence for two those reported by Garcia [14, 15] for MCT1 or MCT2,
mechanisms of transport. McCullagh [16] and Von Grumbbowck [25]. So there

The results reported in Table 2 give evidence for aappears to be a restricted functional analogy between the
lactate transport system with high affinity whose param-muscular lactate carriers and MCT1-MCT2. The sensi-
eters are similar to those observed in the case of MyBtivity to pCMBS observed in cultured muscle cells does
MyT2 and another with low affinity K app = 14 Mu, not correspond to those obtained for MCT1 and MCT2.
Vin@pp = 17.5 mm). If compared to MyB/MyT2 sys- We make the hypothesis that MCT1 is undetectable
tem, CIN inhibits essentially the transporter with low in L6 muscle cell line as well as in satellite cells when
affinity in MyT1, showing that the hyperbolic shape of they are subcultured.
the velocity curve hides the existence of two families of Moreover, this study gives evidence for a multisite
carriers. Kpapp = 8.6 Mv increases tK,p = 14  transport system in MyT2 that can shift into a one ap-
mm). parent transport site system in MyT1.

The action of pPCMBS on myotubes MyT1 confirms In conclusion, this model of cultured cells from neo-
the existence of two families of transport sites and itsnatal rat muscle validates and completes our previous
major effect occurs on transport site 2; moreover thesevork using cells from the L6 line [3]. Each family is
results give evidence for the existence of a second familyprobably implied in a specific physiological role, con-
of carriers which appears only when this inhibitor is cerning cell bioenergetics and regulation.
applied. These results demonstrate firstly that kinetic trans-

If we consider the rati®/, /K, (which characterizes port analysis using specific inhibitors remain a good tool
the catalytic efficiency of the lactate carrier system) weto characterize the efficiency and/or the recruitment of
observe (Fig. 6) that the site | presents similar sensitivi-carrier isoforms. Secondly, this study using neonatal
ties compared to those of myoblasts and MyT2 and anuscle subcultures at different stages of maturation com-
higher catalytic efficiency with inhibitors. But the sec- pletes our previous work using cells from the L6 line [3],
ond site appears to be very sensitive to CIN (ratio ofand shows that we dispose of interesting tools at different
0.06) and to pPCMBS. DIDS effect shows that only onestages of differentiation. These models are used to ana-
family of the transport site is still functional and could be lyze the biogenesis of transporters and the changes of
attributable to the first or to the second carrier site. their functions. Myoblasts from the L6 line and from

This kinetic analysis demonstrates that even ifsubcultures of satellite cells do not present the same level
MyT1 presents a hyperbolic velocity curve, lactate isof function. Myotubes obtained after several seedings
transported by a multicarrier system as confirmed by theseem to lose the multisite carrier system. The regulation
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transporter synthesis will be studied using these mod-

els, nucleic probes and specific antibodies from the al-

ready characterized isoforms.
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