
Biochimica et Biophysica Acta, 944 0988) 213-222 213 
Elsevier 

BBA 74131 

L( -4-).Lactate transport in peffused rat skeletal muscle: 

kinetic characteristics and sensitivity to pH and transport inhibitors 

Peter W. Watt, Peter A. MacLennan *, Harinder S. Hundal, Christy M. Kuret 
and Michael J. R.ennie 

Department of Physiology, University of Dundee, Dundee (U. K.) 

(Received 9 May 1988) 

Key words: Lactate transport; pH dependence; Transport inhibitor; (Rat skeletal muscle) 

We have examined lactate uptake (as the rate of net muscle lactate accumulation) and unidirectional inward 
transport (measured by a paired-tracer dilution method) in muscle of the pedused skinned rat hindlimb. 
Inhibition of tracer influx (fractional uptake at I mM L(+)-Iactate, 43.3 4- 3.1% but only 32.9 4- 1.8% at 50 
mM lactate) suggested some competition between tracer and native forms of the carboxylate for transport 
D(-)-Iactate (50 raM) did not inhibit uptake o| tracer L(+)-Iactate. Pyruvate (25 raM), but none of five 
other monncarboxylates, inhibited uptake ,~! tracer lactate, by 22% (P < 0.01). Altering pedusate pH from 
7.4 to 6.8 c~med a 36% increase (P <0.001) in the unidirectional L(+)-Iactate transport at 1 mM 
l.(+).!_~_~ate, whereas increasing pH to 7.7 reduced transport by 18% (P < 0.01). Tracer lactate influx was 
inhibited by 500 laM 4-acetamido-4'o!sotl'dc, tyaaosfd~ne (SITS) (19,,~I, 5 ram a.cyanoo4ohydroxyeinnamle 
acid (ON) (20-30%), 1 mM araiioride (27%) and by a thiul group reagent p-chloromereuribenzenesulphonie 
acid (pCMBS) (26%). Overall the results indicate that at least two processes are involved in the transfer of 
lacta:c: one, gaturable, with a Vmn of 0.84/~mol" ndn-t, g - i  and an apparent K m of 21 mM was sensitive 
t~ SITS, CIN, and a thiol group reagent; the other was non.saturable and insensitive to SITS and CIN with 
an apparent rate constant of 0.1 min- t. 

Introduction 

L( + )-Lactate may be produced by glycolysis in 
skeletal muscle whenever the rate of ATP provi- 
sion by oxidative metabolism falls below the re- 
quirement of the tissue. This may occur during 
contractile ac!i~ty or ,:t re3t if oxygen supply is 
limiting. It has been demonstrated that muscle, 
especially resting cardiac and fast red muscle [1,2], 
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can take up lactate for oxidation and produce 
glycogen from lactate. Lactate produced in excess 
of the capacity for oxidation via the gsebs cycle 
or taken up for glycogen synthesis could be ex- 
changed across the sarcolemmal membrane via 
one or both of two possible routes: diffusion 
through the lipid membrane surface (either di- 
rectly or possibly through a channel) or via a 
specific carrier molecule. 

There are a number of advantages to rapid 
transfer of lactate across muscle cell membranes. 
For example, accumulation of protons assodated 
with lactic acid production may h~,,e a number of 
deleterious effects on the contractile function of 
muscle, since the Ca 2÷ activation of actomyosin 
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ATPase is pH-dependent [3] and a fall in intracell- 
ular pH could decrease the activity of the phos- 
phofructok;nase step in glycolysis [41 and thereby 
reduce the capacit.2/for ATP provision. There are 
also circumstances in which rapid lactate uptake 
by muscle, liver and heart would be an advantage, 
e.g., during replacement of whole body glycogen 
stores after exercise, especially during fasting. 

A simple diffusive pathway has been demon- 
strated to be present in several cell types; in the 
human erythrocyte diffusion accounts for only 55[ 
of the total lactate flux [5,6], but in toadfish 
hepatocytes it accounts for all the transfer of 
lactic acid [7]. However, in rat hepatocytes, simple 
diffusion accounts for only 205[ of lactate flux [8], 
with most of the transport occurring by a facili- 
tated, carrier-mediated process for lactic acid 
and/or lactate. 

With intense physical exercise, skeletal muscle 
lactate concentrations may rise to 50 mM. Re- 
moval by transport and metabolism must, there- 
fore, be smaller than production. As the rate of 
metabolism of lactate (conversion to glycogen and 
oxidation) in skeletal muscle is low, such observa- 
tions may be indicative of a saturable transport 
process ~ d  this has indeed been suggested [9,10]. 
However, the presence of such a saturable process 
has not been demonstrated for skdetal muscle. 
Facilitated transport processes have often been 
indirectly implicated in tissue lactate transport by 
the results of application of specific hdaibitor com- 
pounds [5,11,12] but, again, direct demonstration 
of a process with the characteristics of a facili- 
tated, saturable carrier-mediated process are not 
available for rat skeletal muscle. 

The extent of the possible variety of mecha- 
nisms for lactate movement and their relative con- 
tributions in skeletal muscle are not, however, well 
understood. 

Although Mainwooci et at. [131 were able to 
provide several systems that could be responsible 
f6, the flux, i.e., lactate/proton symport, lactate 
ion/anion exchange, diffusion of the undissoci- 
ated acid and diffusion of the ionic species, they 
were unable to ascertain the importance of each in 
the movement of lactate across the skeletal muscle 
membrane. 

The objectives of the present work were to 
examine the kinetic characteristics of rapid inward 

unidirectional lactate transfer across the sarco- 
lemma of a mixed mammalian skeletal muscle 
preparation and to attempt to discriminate be- 
tween the extent of passive diffusion and facili- 
tated transport of lactate b2~ carrier.mediated or 
channd processes. 

Materials and Methods 

Female Wistar rats (200 g) were used 
throughout (Bantin & Kingman, Hull, U.K.). The 
preparation of the skinned rat hindlimb for vascu- 
lar perfusion and the conditions used have been 
described elsewhere [14]. The perfusions were car- 
ried out in thermostatically controlled cabinets at 
37 o C. The perfusate consisted of Krebs.Hensdeit 
bicarbonate buffer [151 containing 65[ (w/v) 
bovine serum albumin (BSA; Miles Pentex), and 
o-glucose (5 raM). The perfusate was equilibrated 
with 957o Oz/5~o CO 2 by pumping through a 
thin-walled silastic tubing 'lung' exposed to the 
gas mixture. 

In six preparations, in which the net accumula- 
tion of lactate into muscle was measured, the 
hindlimb was initially perfused with a medium 
containing no lactate. Following an equilibration 
period (20 rain) the perfusate lactate concentra- 
tion was increased to 50 mM. Gastrocnemius and 
soleus muscle samples were freeze-clamped at in- 
tervals up to 60 rain after the onset of lactate 
perfusion. The frozen muscle was prepared for 
analysis by grinding with a pestle in a mortar 
cooled with liquid N 2. Protein was precipitated 
from weighed aliquots of muscle powder with 0.2 
M perchlofic acid (5, v/w) and separated by 
centrdugation. I,( + )-Lactate was assayed en- 
zymatically in the neutralised supematant [16]. 

Unidirectional uptake of lactate was measured 
by the paired-tracer dilution method [17]. 
[3H]Mannitol was used as an extracellular space 
marker (New England Nuclear Radiochemciais, 
Dreiech, D.D.R.). t(-t-)-[14C]Lactie acid and DL- 
[l*C]lactic acid (1:1) were obtained from 
Amersham International PLC (Amersham, U.K.). 
Tracers were mixed in the dpm ratio of 5:1 
(3H/14C); N 2 dried tracers were reconstituted to 
! ~  ~.! ':Ath perfusate. Samples of venous effluent 
from the single hindlimb perfusions were collected 
for 2 rain, after the pulse injection of tracer~ in a 
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drop-wise fashion (4 drops/vial, approx. 120/tl) 
directly into scintillation vials. Tc these samples 3 
ml of scintillation cocktail (Beckman EP) were 
added I:rffore counting in a Beckman 1800 liquid 
scintillation counter using a dual-channel (3H and 
t4C) program with automatic quench correction, 
external standard channel ratio and the Beckman 
H-number procedure. Data output from the scin- 
tillation counter was collected and processed on- 
line by an Apple lie microcomputer. 

L( + )-Lactic acid (Sigma) was added to the 
perfusate at steady concentrations between 0.5 
and 50 mM to investigate the possibility of com- 
petition for transport between unlabelled and 
labelled tracer lactate. In a separate experiment 
the effect of the presence of 50 mM extra NaCI in 
the per|usate on lactate (1 raM) upt~:e was also 
investigated. 

In order to char,~cterise the process of lactate 
transfer further, in particular experiments the fol- 
lowing were added to the perfusate: various sub- 
stituted monocarboxylic acids (25 mM) (see Table 
I for details), 5 mM a-cyano-4-hydroxycinnamic 
acid (CIN), 500 ~M 4-acetamido-4'-iso- 
thiocyanostilbene (SITS) and the thiol group re- 
agent p-chloromercuribenzenesulphonic acid 
(pCMBS) (200 ftM). The effect on lactate influx of 
putative inhibition of Na+/H + exchange by 
amiloride (1 raM) was also investigated. The 
hindlimb was perfused with buffer containing each 
added chemical for at least 6 rain before injection 
of the tracers. 

Since it has been reported that CIN is able to 
bind to serum proteins [18], we attempted to 
ascertain the fraction of CIN or lactate bound to 
the 6'g BSA present in the perfusate by CIN-de- 
termination after equilibrium dialysis of 6~ BSA 
in gaebs-Henseleit buffer against Krebs-Henseleit 
buffer containing different concentrations of CIN 
or lactate. Dialysis continued at 4°C for 24 h with 
gentle stirring. The dialysis tubing (Scientific In- 
struments Ltd.) had a molecular weight cut-off of 
12000-14000. The amounts of bound and free 
CIN were determined from the absorbance of 
equilibrium samples at 340 nm (given a molar 
absorption coefficient of 4480). 

The olive oil/water partition coefficient for 
L( +)-lactate was determined from the distribution 
of radiolabelled L(+).[t4CIlactate between olive 

TABLE I 

THE EFFECT OF MONOCARBOXYLIC ACIDS ON THE 
UNIDIRECTIONAL INFLUX OF L(+)- and DL- 
[t4C]LACTATE (pH "/.4) 

The compounds were added to perfusate contait~ing 1 mM 
L(+)-lactate. Influx was calculated as: Um~ :~perfusate 
[lactate] × flow rate/perfused tissue weight. Urn~ was L~.e max- 
imal uptake (U) of lactate relative to the extracelhlar space 
marker mannitol ( U = 1 - Claret e/Cmmtol, where Citrate and 
Cmm~o. are the tractional recoveries,, of the radiolabelled 
tracers). Values arc mean.4- SD. of a! least three observations. 
Comparisons were made with I mM ~ +).lactate influx. * * P 
< 0.001, * P < 0.05, n.s. not significantly different. 

Compound Lactate influx 
(/tmol.min-t.g -l)  

L( + ).Lactate (1 r a M )  0.144:1:0,009 
vL-Lactate (1 r aM)  0.107:t:0.012 * 
L(+ )-Lactale (5 raM) 0.653 -1-0.039 * * 
L(+)-Lactate (25 raM) 3.042+0.236 ** 
L(+).Lactate (50 mM) 5.569+0.231 ** 
D(-)-Lactate (50 r aM)  0.149+0.005 n.s. 
~ruvate (25 r aM)  0.113+0.018 * 
Formate (25 r aM)  0.136+0.016 n.s. 
Acetate (25 r aM)  0.1434-0.015 n.s. 
Propionate (25 mM) 0,135 +0,015 n.s. 
2-Hydroxybutyrate (25 raM) 0.151~0.011 n.L 
3-Hydroxybutyrate (25 raM) 0,140:1:0.017 ..s. 

oil and water after 12 h equilibration at pH 7.4. 
Samples of the aqueous and oil phases were re- 
moved and processed for liquid scintillation 
counting with external standard and automatic 
quench correction. 

Chemicals, except for radiochemicals, were 
purchased from either Sigma Chemicals or BDH, 
both of Peele, Dorset, U.K. 

Statistical analysis of the data by finear regres- 
sion, exponential curve analysis (single and dou- 
ble), Student's t-test and paired.sample t-test for 
significance of difference was applied to data using 
software commercially available for the Apple lle 
computer [19]. Results were taken to be signifi- 
cantly different at P < 0.05. 

Results 

Accumulation of lactate (Flg. 1) 

Data for the net accumulation of lactate into 
muscle, soleus and gastrocnemius, were corrected 
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Fig. 1. Accumulation of L(+)-lactate into perfumed hindlimb 
muscle. Rat hindquarters were perfused with 50 mM t(+)- 
lactate (pH 7.4) and samples ot gastroenemius and soleus 
muscle were taken al different time points for analysis of total 
lae:ate eoncentraticJn. Plot of In maximal muscle [lactate] minus 
mu~!~ !h~ate] against time. Soleus (O) tl/2 = 27.9+5.6 rain, 
k - 0.025+0.005 nun -l. Gastrocneraius (m) h/z = 41.3+9.7 

rain, k = 0.017 +0.~ rain -1. 

~or the presence of extraceihlar lactate by sub- 
traction of the extraeellular compartment from 
total lactate (assunting that the extracelluiar space 
accounted for 275g of the tota~l fluid space [20]) 
and fitted to single- and double-exponential curves. 
There were no significant improvements in the 
correlation coefficients for the results from the 
soleus and gastroenemius when fitted with a dou- 
ble rather than a single exponent. The rate of 
accumulation of lactate for soleus (k = 0.025 + 
0.005 rain -I, h/2=27.9+5.6 mill) was not sig- 
nificantly faster than that for gastrocnemius (k = 
0.017 ± 0.004 rain -t, h/2 ffi 41.3 + 9.7 rain) (P > 
0.05). 

Surface area and permeability coefficients 

The possibility that the movement of lactate 
could be due either to simple diffusion or some 
faster, possibly carrier.mediated, process was ex- 
amined by calculating a theoretical value for the 
permeability surface area product (PS) of hind 
limb muscle and comparing this to experimentally 
obtained values, determined from the following 
formula [21]: 

PS ffi - f In(1 - U ) 

where P = permeability coefficient; S =- surface 
area available for exchange, F =  flow rate through 
the vascular bed, and U= fractional uptake of 
lactate (see Table I). 

The total surface area for sareolemma and the 
T-tubde system in rat muscle has been estimated 
as 0.21 m 2. g- 1 [22-24]. The surface of the sarco- 
lemma would be expected to be the 'Aimiting area 
for exchange in these transport studies beeanse the 
extracellular marker, [3H]mannitol, is able to 
traverse eapil!ary pores freely [25]. The permeabil- 
ity of lipid to lactic acid may be estimated from 
the partition coefficient of its distribution between 
water and olive oil, since the two parameters are 
clo~;ely correlated for many organic substances 
[26]. We found the partition coefficient of lactate 
between water and olive oil to be (0.88 + 0.08). 
10 -3 (n = 10) at 22°C, 5 mM lactate, From the 
correlation between log P and log partition coeffi- 
cient [26], P was calculated as 2.93.10-Tcm • s -l. 
With this value and the flow used in this experi- 
ment (33 ml. 100 g - t .  rain-t) the expected up- 
take of tracer lactate would be 10.6 + 0,9~, assum- 
ing that the sareolemmal and T-tubular surface 
was the exchanging membrane and that the entire 
surface behaved as lipid. The observed uptake of 5 
raM lactate in the peffused hindlimb was 38.6 + 
4% (n = 7) at pH 7.4. From the above calculations 
it appears that passive diffusive processes could 
explain some of the observed uptake into muscle, 
but the exact proportion is difficult to define a 
priori. 

Characteristics of unidirectional lactate transport 

Organic acid competition for [14C]lactate uptake 
into muscle 

The isotope dilution curves of lactate and man. 
nitol tracers and the unidirectional lactate uptake 
calculated from them are shown in Fig. 2. There 
are no differences in the shapes of the dilution 
profiles, particularly in their time to peak, for the 
two tracers, but there were differences in their 
fractional recoveries, indicating that lactate was 
taken up into the perfused mt~scle. The uptake of 
tracer lactate at 1 mM perf~sate lactate (pH 7.4) 
was 43.3 + 3.1~, and was unaffected by the ad- 
dition of 50 mM NaCI to the perfusate, but at 
increased concentrations of t( + ).lactate the frac- 
tional uptake of lactate decreased to 34 + 5~ at 25 
mM and 33 + 2~ at 50 raM, suggesting competi- 
tion by the unlabelled lactate for some transport 
process. Furthermore, 50 mM D(-)-lactate had no 
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Fig. 2, (a) Venous effluent isotope dilution curve for [14C]lactate 
(e) and [3H]mannitol (m) at I mM perfusate lactate ¢oncentra. 
tion. A single hindfimb was perfumed with buffer containing 1 
mM t(+)-Iaetate. A single rapid injection of the isotopes in 
100 ~1 of buffer was followui by the collection of consecutive 
venous effluent samples. (b) Uptake cuwes derived from iso- 
tope dilution curves. Uptake (U) is calculated from the isotope 
dilution curves as: U=I-(~, recovered lactate/$ recovered 

mannitol) × 100. (e) I mM lactate, (o) 50 mM lactate. 

suggesting either rapid re-export of most of the 
lactate initially transported, or its metabolism to 
another compound. The rate of export (efflux) of 
the lactate can be calculated from knowledge of 
the influx and net accumulation rates of lactate; 
i.e., accumulation -- influx - efflux. Using the val. 
ues for influx and accumulation obtained in this 
study an efflux rate of 0.092 rain -t x:'as calcu- 
lated. 

The addition of substituted carboxylates,as 
possible competing agents, had little effect on the 
measured uptake of lactate (Table I), The presence 
of 25 mM formate, acetate and propionate had no 
significant effect on the measured influx, but the 
dehydro kcto-acid of lactate, i.e. pyruvate, at 25 
mM inhibited the influx by 22%. Hydroxy ana- 
logues of lactate (2- or 3-hydroxybutyrate) at 25 
mM had no significant effect. 

effect on the unidirectional uptake of L( + )-lactate, 
suggesting stereospecificity of the competition ef- 
fect. The uptake of DL-[t4C]lactate was signifi- 
cantly lower (26~) than the uptake of L(+)- 
[14C]lactate (Table I). Over the range of lactate 
concentrations (0.5-50 mM) used in this experi- 
ment the observed unidirectional influx was ap- 
proximately linear both at pH 7.4 and pH 7.7 
(Fig. 3), with substantial deviation (an apparent 
fall) from linearity only at pH 6.8 with 50 mM 
lactate. 

As the greatest inhibition of [t4C]lactate uptake 
by unlabelled lactate, in these experiments, was 
limited to 24~ (50 mM lactate), the relationship 
between unidirectional transport of lactate and 
perfusate conoentration was effectively linear for 
the concentration range 0.5-50 ram lactate, pH 
7.4. The approximate inward transport rate, 
calculated by finear regression analysis, was 0.111 
± 0.002 rain -t (pH 7.4). 

Assuming that the hindlimb is composed of 
approx. 80~ fast type fibres and 20~ slow-type 
fibres [27] and that the soleus and gastro~aemi,~s 
are good representative muscles of the two fibre 
types, we can compare the unidirectional influx 
results with the average rate of net lactate accumu- 
lation. The average rate constant calculated for 
the whole hindlimb at pH 7.4 should be 0.019 
min -t. This value is much lower than the ap- 
proximate influx rate constant of 0.111 rain -1, 

Effect of perfusate pH 
Alteration of perfusate pH had significant ef- 

fects on the unidirectional uptake rate. A reduc- 
tion from pH 7.4 to 6.8 stimulated the tracer 
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Fig. ~, The effect of peffusate pH on L(+)-laetat= ~fi:,x. 
Lactate influx was determin~ from tl,e maximal upt~e of 
radiolabelled lactate at each cou~tration (see Table I for 
calculation). (e) pH 6.8; (m) pH 7.4; (A) pH 7.7. V,,lu~ arc 
mean:t:S.D, of at let ;t three meas@rem~ts, Vertical bars rep. 

r~,~ ent 1 gD. of the mean. 



Lactate influx Percent 
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^ 0.~ T 

' C  

O4 
g 
g 

£ 0.2 

. .2 

03 mM L(+).lactate 0.0744-0.007 
0.5 mM L(+)-laetate+ 

5 mM CIN 0.052:1:0.007 - 30 
I mM t(+)-lactat¢ 0.144.4-0.009 
1 taM L(+)-lactate+ 

5 mM CIN 0.112 +0.016 - 22 
I mM L(~ )-l~ctate+ 

CIN * pCMB~ 9.075 (n ~. 2) -48 

I mM I.(+ )-leo'.~'~ 4- 
I mM amiloride 0.097 4.0.008 - 33 
fair, L( + )-lactate 0.6534.0.039 

5 mM L(+)-lactate+ 
0.5 mM S I T S  0.5304-0.050 - 19 

l mM L(+)-lactate+ 
DL tracer 0.107 +0.012 - 26 

I mM I.( +)-lactate + 
DL tracer+pCMBS 0.0854.0.014 -21 

I mm q+)-lacLate+ 
DL tracer + arailoride 0.074(n = 2) -31 

influx by 30% at 1 mM lactate but only by 12~ at 
50 mM (Fig. 3). At pH 6.g the apparent rate 
constant, for the concentration range 1-25 raM, 
was 0.16 + 0.01 min -[. Increasing perfusate pH 
from 7.4 to 7.7 reduced the influx by approx. 20~ 
at both 1 mM and 50 mM lactate. The apparent 
rate constant (1-50 mM) fell significantly to 0.086 
± 0.004 mix -t (P < 0.001). 

CIN 
The competRive inhibitor of mitochondrial 

lactate/pyruvate transport, CIN [18] (5 mM), in- 
hibited the uptake by 30~ at 0.5 mM lactate and 
by 22~ at 1 mM lactate (Table II). Exclusion 
dialysis of CIN against the perfusate normally 
used in the tracer uptake experiments showed 
haF-maximal binding at 166 gM CIN and thus, 
although CIN does bind to albumin, the free 
perfusate CIN concentration in a 5 mM solution 
(approx. 4 raM) was still likely to be in excess of 
the observed K i for other lactate transport sys- 

tems, e.g., mitochondrial transport (50 ~M) [18] 
and Ehrlich ascites tumour cells (500 ~M) [28]. 
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3 
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Fig. 4. Rate of lactate influx plotted against concentration to 
show ON-sensitive lactate flux. Line gives best fit to single 
Michaelis-Memen type kinetics. K m = 21 ±4 mM, Vro ~ = 0.84 

±0.0! ;~mo!-~:.,~- Lg-  1. 

The maximal inhibition of tracer lactate influx 
by CIN was 30~ (0.5 mM lactate) (Table II). If 
the remaining influx is assumed to be non-satura- 
ble, i,e., the CIN has inhibited all of the 
ca, tier-mediated influx, then an approximation of 
the conlribution by a saturable process can be 
obtained. From such calculations the non-satura- 
ble component would have a rate constant of 0.1 
min -I and, assutrdng Michadis-Mentcn kinetics, 
the carrier-mediated influx appears to have a Km 
of 21 + 4 mM and a Vm~ of 0.84:1:0.01 #tool. 
min-I, g-S (Fig. 4). 

11M . . . . .  I _  _ 
~a~. u,~ external pH was decreased in the 

presence of CIN, inhibition of tracer lactate influx 
was still present. Plots of unidirectional lactate 
influx (at 1 mM lactate) against perfusate pH 

2~C 

I t  l i t  

I"K 
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TABLE II 

INHIBITION OF TRACER LACTATE INFLUX BY 
CHEMICAL AGENTS 

Values are mean+ S.D., n at least 3 unless indicated otherwise. 

pH 

Fig, 5. Effect of CIN and pH en 1 mM t(  + )-lactate influx. (e) 
+5 mM CIN; (tt) no CIN. Each point represents the measure- 

ment in an individual experiment. 
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show a significant correlation with or without CIN 
(Fig. 5). There is no significant difference in the 
slopes of the two lines. Intercepts on the abscissa 
suggest complete inhibition at pH 8.8 (no CIN) 
and pH 8.4 (with CIN). 

pCMBS 
The presence of pCMBS significantly reduced 

the tracer uptake of the D/.-lactate tracer by 21~, 
at I mM L(+)..!actate, but only had a signific~t 
effect on the uptake of L( + )-lactate tracer (1 mM 
t( + )-lactate) when 5 mM CIN was also present. 
In the presence of CIN and pCMBS there was a 
48~ inhibition of tracer uptake (Table II), 26~ 

Arniloride and SITS 
The presence of 1 raM amiloride in the perfu- 

sion mixture inlfibited the uptake of both t(+)- 
and DL-lactate tracer uptake, at 1 mM L(+)- 
lactate, by 33% and 31%, respectively (Table II). 

The presence of 500 ~M SITS in the perfusate 
irdlibited lactate influx (5 raM) by 19~ (Table II). 

Discussion 

The major findings from the present investiga- 
tion are that the transport of lactate across the 
sarcolerama occurs via two major pathways and is 
pH-dependent. The largest proportion of lactate 
flux is via a non-saturable (up to 50 raM) process, 
and could account for at least 70% of lactate 
movement at rest. The second major route 
(accounting for the remainder) appears to be 
saturable, is competed for by pyruvate and in- 
hibited by CIN, SITS and pCMBS. This saturable 
component becomes less important at higher 
lactate concentrations, accounting for only 10~ of 
the flux at 50 raM. 

The rate of lactate accumulation into the gas- 
trocnemius (rate constant 0.017 rain -1, t~/2 41.3 
rain) appears to be much lower than previously 
cited rates of efflux of lactate from lactate-loaded 
rat diaphragm (k=0.077 rain -:, tl/2 =9 rain) 
[29]. If the net uptake is subtracted from the likely 
influx, obtained from the tracer studies, efflux can 
be calculated. This gives an efflux for the hind- 
limb preparation of 0.094 rain -1, a value closer to 
that from rat diaphragm [29]. This value is also 

quite close to the influx rate constant, possibly 
indicating that the processes responsible for 2nflux 
and efflux are similar. 

In the perfused preparation used to examine 
the influx of tracer lactate the site of transport 
may be expected to be beyond the capillary and at 
the blood-facing sarcolemma. The basis for this 
expectation is that we used, as a reference for 
lactate uptake, the extracellular space marker 
mannitol, and molecules of !his size (!aerate, M~ 
89; mannitol, Mr 182) are not restricted by the 
capillary wall [25], This view is supported by the 
venous effluent isotope dilution profiles (Fig. 2), 
which show no significant difference in the time to 
y ~  v l  ~ t . v J a  • * 

two tracers (Fig. 2). 
Lactate influx by simple diffusion theoretically, 

according to calculations based on its lipid 
perraeability and the sarcolemmal surface area, 
court acceunt for some of the observed uptake of 
tracer lactate. However, there remains some uncer- 
tainty because it may be that olive oil/water 
partition cf lactate is different from skeletal muscle 
membrane lipid/plasma partitioning due to the 
presence of complex hydrophobie substances in 
the lipid membrane, e.g., cholesterol. A value for 
the permeability coefficient (P) of lactic acid 
through a black lipid membrane has also been 
measured by Wolosin and Ginsburg [30] as 5.10-5 
cm. s-t. If that value is used then the expected 
fractional extraction of lactate should be 99.9%. In 
the same paper they observed that estimates of P 
made from such black lipid membranes were 
higher than those observed for biological 
membranes, by at least 10-fold. Even this error, 
i.e., an overestimate of P by a factor of 10, would 
lead to expected uptakes of 88%, still much higher 
than we observed. Clearly the permeability co-effi- 
cient for lactate to skeletal muscle membrane is 
greater than 5.10 -5 era. s -1. 

Bean et al. [31] have shown not only that the 
permeability for acids through an artificial lipid 
membrane was a function of the lipid membrane 
composition but that it could also be influenced 
by pH, being increased by increases in the propor. 
tion of the undissociated species. However, the 
permeability was always lower than predicted from 
the expected increase of undissociated acid. 

If simple diffusion were a major route for lactic 
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acid transport, lowered pH, and thus an increase 
in the proportion of undissociated lactic acid, 
would be expected to affect the rate of influx and 
efflux by a similar proportion. The importance of 
such pH effects may be assessed on the basis that 
if influx was in the: form of lactic acid then the 
unidirectional upt~e should be approximately 
10-fold greater at pH 6.8 than at pH 7.7. In fact 
the observed increase in influx was only 1.6-fold 
(Fig. 3), indicating either that the muscle mem- 
brane is more impermeable than predicted or that 
the surface area is an overestimate. In fact it is 
difficult to see how the possible identifiable errors 
might combine sufficiently to account for the 10- 

well make only a small contribution towards the 
difference, especially as we ha.re assumed in our a 
priori calculation that the whole surface of the 
muscle acts as lipid. It would appear, therefore, 
that simple diffusion as lactic acid is unlikely to 
be a major route for tracer influx. 

Another possibility resulting in increased influx 
at low pH is that lactate ions are the major species 
permeating the membrane. Lactate ions could he 
gaining entry via channels on which the observed 
pH effects occur directly, alterhtg the charge of 
amino acid groups or conformation of the channel 
or pore molecule to allow increased lactate ion 
permeation. Efflux of lactate has been shown te 
be dependent on pH [32,33]. Assuming that trans- 
port in and out is affected similarly by pH, these 
findings can be reco~aciled by recognition that the 
transfer rate, in either direction, is likely to be 
modulated by the pH prevailing at the transport- 
ing surface. Thus, since net movement is the re- 
sultant of influx and efflux, low external pH will 
increase the uptake and re-uptake of lactate and 
reduce net efflux; high external pH will act in an 
opposite fashion to increase net efflux. 

Although it appears that a large proportion of 
the lactate flux may be non-saturable, we were 
still able to show up to 24% inhibition of tracer 
lactate influx by competing perfusate concentra- 
tions of unlabel!ed L(+)-lactate (50 raM). T~s 
provides sufficient evidence to suggest that there 
may also be a carrier or specific, channel in the 
sarcolemma for lactate. 

Further evidence is pro'tided from hahibition of 
tracer uptake by agents other than L( + )-lactate. 

Pyruvate (25 raM) caused 21% inhibition of tracer 
lactate influx, suggesting competition for a limited 
number of carders or channels recognlsing lactate 
and pyruvate. Rat skeletal muscle appears to differ 
quantitatively from rat cardiac muscle in this re- 
spect, as the influx of lactate into perfused heart 
could be inlfibited by 70% in the presence of only 
10 mM L( + )-lactate or pyruvate [34]. 

The transport mechanisms for lactate in heart 
and Ehrlich ascites cells are known to be carriers 
of pymvate. In the present study inhibition of 
lactate influx by pyrnvate may be due to competi- 
tion for the sarcolemmal carrier, which either can- 
not recognise organic acids other than pyruvate or 
lactate or has a lower affimty for them. 

The apparent K~ of a saturable (CIN-scnsi- 
tive) skeletal muscle lactate transport (21 raM) 
appears to be similar to that in cardiac musd+ (19 
raM) [34] and Ehrlich ascites tumour cells (20 
mM) [28]. However, the maximal capacity for the 
transport process in skeletal muscle (Vma x 0.8 
#tool- rain -1. g-l) is only t0,~ of that in cardiac 
muscle (Vm~ 8.4/~mol. rain -1. g-l). 

More evidence of the existence of a saturable 
membrane transport process comes from the ex- 
periments involving the D( - )-lactate and the 
racemic DL tracer mix. At least part of the lactate 
influx appears to be stereospecific, indicated by 
the inhibitory effect of the t form but not the D 
form of lactate on tracer L(+)-Iactate uptake and 
a significantly lower tracer uptake of DE-lactate. 

A further criterion for the involvement of car- 
tier-mediated processes [35] is also fulfilled, that 
of inhibition of transport by protein reagents and 
substances not directly chemically related to 
lactate. Lactate influx into skeletal muscle was 
found to be inhibited by several agents, e.g., CIN, 
CIN + pCMBS, amiloride and SITS. Their use to 
investigate lactate transport has been described 
for many preparations, e.g., haman erythtocytes 
[5,6], Ehrlich ascites cells [28l, rat liver [36] and tat 
heart [34]. In toadfish hepatocytes [7] lactate up+ 
take was, apparently, entirely diffusive and inhibi- 
tors, such as CiN, SITS and pCMB$, had no 
effect on lactate uptake. This was not the case for 
the present study where all of these agents had 
some inhibitory effect on tracer lactate influx. The 
extent of CIN inhibition on lactate influx, approx. 
30% at 0.5 mM lactate, indicates that at least this 
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proportion is probably carrier-mediated and the 
remaining 70~ is via some other mechanism. The 
parallel relationship between lactate reflux and 
pH, in the presence and absence of CIN (Fig. 5), 
indicates that a constant proportion of the lactate 
influx at any pH is inhibited by CIN. 

The maximal CIN inhibition seen in the pre- 
sent results, at pH 7.4, from perfused rat muscle, 
30~ at 0.5 mM lactate and 5 mM CIN, is lower 
than the effect of CIN in inhibiting intramuscular 
pH change due to lactate influx into frog skeletal 
muscle [37]. This may be due to differences in the 
relative contribution of the muscle lactic acid 
transporter in the different species, i.e., more of 
the tran~membrane flux being carrier-mediated in 
the frog. 

Further evidence of a lactate transporter in rat 
skeletal muscle came from the application of 
pCMBS in combination with CIN. This combina- 
tion was found to inhibit the influx of tracer 
lactate by 50~. The effect of pCMBS was also to 
slightly reduce the tracer uptake of D[-lactate but 
pCMBS was found only to have a significant 
effect on [(+)-lactate influx in the presence of 
CIN. The finding that pCMBS with CIN was 
more effective at inhibithlg lactate influx may 
have been due to a synergistic effect, perhaps 
increasing the concentration of free pCMBS. 

Other agents, not related to lactate, e.g., SITS 
and amiloride, were also found to inhibit the 
influx of tracer lactate. If SITS is inhibiting an 
inorganic anion exchanger then the observed ef- 
fect, of reduced influx, could arise from locally 
increased pH at the outside surface of the muscle 
membrane. The inhibition of influx may also arise 
from direct inhibition of a lactate transporter, as 
dihydro-DIDS, chemically related to SITS, has 
been shown to inhibit lactate transport in rabbit 
erythrocytes in a specific manner [39]. 

The inhibition of lactate influx by amiloride 
may also be due to an alteration of the local pH 
conditions at the muscle exchanging surface, be- 
cause amiloride at this concentration appears to 
inliibit Na+/H + exchmlge [40] and has been shown 
to affect the efflux of lactate from mouse skeletal 
muscle [41]. Thus SITS and amiloride may be 
affecting the anionic (HCO~'/CI-) and proton 
fluxes and either directly affecting the transport 
mechanism for lactate or altering the local propor- 

tions of the protonated/ionic forms, thus effect- 
ing transfer. 

The transport of lactate in skeletal muscle ap- 
pears to resemble, qualitatively, the transport pro- 
cess for lactate in Ehrlich ascites cells [28], 
erythrocytes [5,6], aorta [42] and liver [36], being 
increasecii by lowered pH and inhibited by the 
same eh~:mical agents. Effects of pH on the uptake 
of lactate into rat aorta [4] and ascites turnout 
cells [28i has been reported to be of the same type 
found i,  the present study, i.e., an increase with 
pH drop. The major difference between skeletal 
muscle and these other tissues appears to be in the 
proportions travelling via various routes. In this 
respect tl:,e results presented here are different to 
:hose ot Koch et al. [43]. who showed that 75,~ of 
the rapid lactate uptake into mouse diaphragm 
was vi~: a mediated transport mechanism. This 
cannot be the case for the perfused rat hindlimb 
in which the presence of greater saturation of the 
tracer transport at high lactate concentrations 
would be apparent. 

From our influx results it appears that mixed 
mammalian skeletal muscle is capable of exchang- 
ing about 10%. rain -~ of prevailing lactate over 
the physiological concentration range (0.5-50 raM) 
in skeletal muscle with little interference by 
saturation of any carrier-mediated mechanism. The 
effect of a physiological pH drop on the flux of 
lactate ought to be functionally significant be- 
cause at the lower concentrations (1-10 mM) 
lactate flux showed increases of 30-35~ with a 
fall of 0.6 pH units, the pH change observed as a 
result of strenuous exercise [44]. The dependence 
of the transport process on the prevailing pH 
ought to assist in the redistribution of metaboli. 
cally accumulated lactate, Thus a decreased in- 
tracellular muscle pH, due to strenuous exercise, 
would increase the rate of lactate efflux. Con- 
versely, the lowering of blood pH would also 
assist in removing lactate from the blood into liver 
[11,36] and into muscle not involved in the ex- 
ercise [2,29]. In conclusion, it appears from our 
results that lactate transport in skeletal muscle 
may be explained by a combination of a finear 
process and a carrier-mediated process, both of 
which may be modulated by physiological factors 
in a way which is of advantage for the metabolic 
control of muscle fuel economy. 
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