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Summary

Environmental stress, such as low temperature,
extracellular acidosis and anoxia, is known to play a key
role in metabolic regulation. The aim of the present
study was to gain insight into the combined
temperature—pH regulation of metabolic rate in frog
muscle, i.e. an anoxia-tolerant tissue. The rate of
exergonic metabolic processes occurring in resting
isolated muscles was determined at 15°C and 25°C as
well as at extracellular pH values higher (7.9), similar
(7.3) and lower (7.0) than the physiological intracellular
pH. 3P and!H nuclear magnetic resonance spectroscopy
high-resolution measurements were carried out at 4.7
in isolated frog (Rana esculentp gastrocnemius muscle
during anoxia to assess, by means of reference
compounds, the concentration of all phosphate
metabolites and lactate. Intra- and extracellular pH was
also determined.

In the range of examined temperatures (15-25°C), the
temperature dependence of anaerobic glycolysis was
found to be higher than that of PCr depletion (Qo=2.3).
High-energy phosphate metabolism was confirmed to be

the initial and preferential energy source. The rate of
phosphocreatine hydrolysis did not appear to be affected
by extracellular pH changes. By contrast, independent of
the intracellular pH value, at the higher temperature
(25°C) a lowering of the extracellular pH from 7.9 to 7.0
caused a depression in lactate accumulation. This
mechanism was ascribed to the transmembrane proton
concentration gradient. This parameter was demonstrated
to regulate glycolysis, probably through a reduced lactate
efflux, depending on the activity of the lactate—H co-
transporter.

The calculated intracellular buffer capacity was related
to intra- and extracellular pH and temperature. At
the experimental extracellular pH of 7.9 and at a
temperature of 15°C and 25°C, calculated intracellular
buffering capacity was 29.5Qumol g-1pH unit-1 and
69.98umol g1 pH unit-1, respectively.

Key words: NMR spectroscopy, temperature, pH, anaerobic

metabolism, frogRana esculentagastrocnemius muscle.

Introduction

Muscle metabolism is susceptible to a variety of stressindepression, thereby saving substrates and reducing deleterious
agents affecting particularly the overall rate of energy turnoveend-product formation.

As is well known, temperature is a key environmental

Ectothermic vertebrates, such as the frog, that normally

determinant of the activity of cellular multienzyme systemsgxperience rapid and large variations in body temperaijre (
such as muscle. In fact, this variable determines the kineti@nd consequent acid—base state changes, based on physico-

and flux throughout biochemical pathways,

particularlychemical adaptations (Boutilier, 2001), appear to tolerate such

metabolic rates. Another key environmental determinant ofhanges with minimal metabolic disturbances. The effects of

cellular multienzyme system activity is intracellular pH. Intemperature variations on acid—base balance

regulation

general, owing to the presence of pH-sensitive ionizing groupsyechanisms have been well documented (Reeves, 1969). The
enzymes are active only over a limited range of pH with ain vivd blood pH of most studied ectothermic species
definite optimum. Moreover, extracellular acidosis has beedecreases as temperature increases with a slope close to
shown to play a key role in metabolic processes (Hood et ak-0.018pH units°C-1 (Malan et al., 1976). It has been
1988). Also, severe hypoxia and anoxia may modulate the AT8uggested tha&tpH/AT changes of such an extent can keep the
demand by the cell (Hochachka, 1986a,b). Skeletal muscle lstidine groups of proteins at an almost constant dissociation

known to be one of the most hypoxia-tolerant tissues and, state (alphastat

hypothesis; Reeves, 1972). Therefore,

O2-limiting conditions, can survive by means of a metabolicectothermic vertebrates offer a suitable model for studying the
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influence of changes in both physical (temperature) anshstrument was not equipped with a field-frequency
chemical (pH) variables on the metabolism. stabilization (lock channel), at the beginning of the experiment
In the present study, the anaerobic condition was chosehe field frequency was set on thex(H frequency. All
because in this simplified experimental model, owing to th@xperiments were carried out with arhn insert, introducing
lack of oxygen, the only active energy-yielding mechanismshe sample in a non-spinning i NMR tube.3P andH
are the hydrolysis of high-energy phosphates, mainlpne-dimensional spectra were record@@. spectra (spectral
phosphocreatine (PCr), and glycogenolysis, the end product wfidth 5000Hz; 4096 data points) were acquired by applying
which is lactate. an excitation hard pulse of 45° (iS) and a recycle time of
Nowadays, nuclear magnetic resonance spectroscopy is tfis, which was long enough to prevent partial saturation
technique of choice for investigating muscle energeticsin O effects. Each spectrum was the mean of 128 transients, thus
deprived preparations. In fact, by means of joint phosphorugquiring approximately 1&in acquisition time. The PCr
(3P) and protonH) NMR spectroscopy techniques, high- peak was used as an internal referedz® p.p.m.). Indeed,
energy phosphates (~P; PCr and ATP), inorganit §Rd  when PCr concentration went below a detectable level, so that
monoester (PME) phosphates and lactate (La) concentratioits signal was lost, alP peaks were referred to PCr absolute
can be monitored, as well as intracellular and extracellular pHrequency resonance. As is well known, the PCr NMR signal
Moreover, transient changes can be assessed (Vezzoli et. ialnot affected by pH in the range of our study owing to its low
1997). pKa (about 4.6). Therefore, its resonance stays at the same
In the present paper, through the analysis of NMRrequency for the duration of the experiment. On the other
spectroscopy data on frog gastrocnemius muscles, quantitatiiand, in order to obtain absolute metabolite concentrations, the
estimates of the metabolites’ kinetics in experimentalse of sealed capillary external references is avoided to
conditions simulating ischemia (no re-circulation, no oxygenkliminate possible susceptibility effects (Gadian, 1982).
have been obtained. The aim of the study was to gain insightA line broadening of 181z was applied before Fourier
into the control of muscle anaerobic metabolism by extratransformationlH spectra (spectral width 228{z; 8192 data
and/or intracellular pH and temperature. In order to investigatgoints) were acquired at regular intervals for monitoring lactate
the mechanisms involved in compensatory reactions as well ascumulation. 100% of the lactate methyl signal was
to identify possible synergic combinations, the effects of theseecovered, and both the overlapping lipid multiplet and the
physico-chemical variables were separately studied. broad water signal were suppressed by means of a zero and
The main results of the present study concerning bottouble quantum filter sequence, the coherences being selected
temperature and pH variables can be summarized as followlsy gradient pulses. The sequence has been described in detail
(1) in the examined range of 15-25°C, the temperaturpreviously (Gussoni et al., 1994b).
dependence of anaerobic glycolysis was found to be higher The lactate methyl chemical shift (1.83.m.), representing
than that of PCr depletion. In addition, high-energy phosphateodium 3-trimethylsilylpropionate (TSP), was used as internal
metabolism was confirmed to be the initial and preferentialeference. Each spectrum was the mean of 128 transients, with
energetic source; (2) the extracellular pH or, more specificallyg recycle time of ¥ and approximately ifiin acquisition
the transmembrane proton concentration gradient was fouritne. A line broadening of Blz was applied before Fourier
to regulate the lactate accumulation rate in isolated muscleansformation. The areas under the phosphate and lactate
Moreover, the influence of extracellular pH on glycolysis wagpeaks were calculated using a numerical integration routine on
demonstrated to be the local regulatory mechanism, capaltlee Bruker spectrometer. Na €orrection factor was applied
of maintaining the cellular acid—base equilibrium during arto calculate the metabolite concentrations.
anoxic period. In fact, anoxia induces downregulation of ion
channels and main energy-consuming processes (active Muscle preparation
processes, e.g. ion exchange). This mechanism has beerAll experiments were carried out on froBaha esculenta
established to be independent of the intracellular pH value.L.) gastrocnemius muscles. The frogs were acclimatized at
25°C in tap water, fed with mealworms over 8lgtks and
) then sacrificed. The experiments were carried out during the
Materials and methods spring season. Each muscle, after dissection, was reoxygenated
NMR spectroscopy apparatus and measuring procedure in Ringer solution (79nmoll-1 NaCl, 25mmoll-1 NaHCGQ;,
High-resolution NMR spectroscopy measurements weré.1mmoll-1 KCI, 2.3mmoll-1 CaCb, 1.6mmoll-1 MgCl,
carried out on a 4.7 Bruker AM WB spectrometer equilibrated with 2% C®in Oy) at the temperature chosen for
(Karlsruhe, Germany), with @n vertical bore, equipped with the experimental desigii£15°C or 25°C) and at pH=7.7.
a microimaging unit. This accessory includes a gradient driveinder these conditions, the restoration of the basal metabolite
unit and a double tuneable probe head at3tRe (81MHz) levels and the spontaneous equilibration of intracellular pH
and 1H- (200.13MHz) NMR spectroscopy resonance (pHi), which is known to b& dependent, were achieved. Then,
frequencies. Three orthogonal self-shielded gradient coilthe sample was carefully introduced into anid NMR tube
capable of achieving gradient strength up toGx@m! are  and soaked in 1.8 of a2H20/H20 (4:1 v/v) Ringer solution,
built into the probe head. Since, in this configuration, theontaining Smmoll-1 TSP. The deoxygenated incubation
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medium in the sample NMR tube was previously equilibrated Results

to the chosen experimental temperature, and its pH wasFigsl and 2 show changes in the absolute concentrations
alternately set to 7.0, 7.3 and 7.9. The sample tube was thGmmol g-1 wetmass) of PCr (Fig$A, 2A), Pi (FigslB, 2B),
inserted into the spectrometer at the chosen thermostattdd P (FigslC, 2C), PME (FigdD, 2D) and lactate (Figs-,
temperature, and all sets of NMR spectroscopy measuremer®B) as well as pHi values (Fid&, 2E) as a function of time
were performedH and3lP spectra were recorded alternately(h) in anoxic frog gastrocnemii at 15°C and 25°C, respectively.
at 3Cmin intervals, until the ATP peak could be clearly The data were collected at pHe of 7.9 (black symbols), 7.3

distinguished. (white symbols) and 7.0 (grey symbols).
_ _ At all investigated temperatures and pHe levels, the initial
Experimental design PCr (FigslA, 2A) and lactate (FigsF, 2F) concentrations

In ‘ex vivo experiments performed on whole isolated were not significantly different: 29.35+1 40l g1 wet mass
muscles, the pHi level will depend upon the temperature aand 1.54+0.90mol g-lwetmass, respectively. During the
well as upon the pH value of the perifusion mediumanaerobic incubation, the PCr concentration value fell
[extracellular pH (pHe)]. The aim of the present study was t@xponentially, with a concomitant increase jrcéhcentration
compare the temperature dependence of the anaerolfi€igs1B, 2B) that could be described by a power function. The
metabolic rate of muscles exposed to different initial pHeinetics of PCr hydrolysis and the correspondent P
values, while the pHi level was spontaneously determined bgccumulation were independent of pHe in the investigated
temperature. range (7.0-7.9).

The experiments were carried out on 12 frog gastrocnemii At all examined experimental conditions, no significant
(muscle wet mass, 0.356+0.0gRat the imposed constafit  changes in ATP concentration (5.91+Ciiffol g~1 wet mass)
values of 15°C and 25°C, while the pH of the deoxygenatediere observed (FighC, 2C) until the PCr concentration fell
perifusion Ringer solution (pHe) was alternatively set to 7.0below ~10% of its initial level.

7.3 and 7.9, thus simulating a positive, null and negative At all pHe levels tested aI=15°C, the concentration of
intracellular—extracellular ~ gradient, respectively. EachPME remained nearly constant atp®ol g~ wetmass
experimental condition was tested on two different muscléFig. 1D). By contrast, at 25°C, PME accumulated at a constant
preparations. Since the difference between the repetitions weste, which increased according to the decrease of pHe
not statistically significantR>0.10), the data were reported as (Fig. 2D).

a single preparation. At all experimental conditions, before the anaerobic

In order to analyze the combined role of pHe and pHi, aglycolysis became noticeable a net alkalinization was detected,
additional set of experiments was carried out at 25°C on twthe amplitude of which seemed to be dependent on both pHe
different preparations (wet mass, 0.368+0.9B4As before, andT (FigslE, 2E). The further acidification down to different
the transmembrane proton gradient was varied, but, in contrgsitli levels depended on the experimefitaHowever, in spite
to the procedure previously described, the initial pHi level wasf different extracellular pH, no difference was detectable
the variable parameter. For both muscle sample preparatiorssnong the three different conditions.
an initial pHe value of 7.9 was adopted whereas the initial pHi La concentration increased almost linearly. Independent of
was variable. pHe, at 15°C the rate of lactate accumulation was

0.14+0.01umol g~1 h-1 (Fig. 1F). By contrast, at 25°C, La
Quantitative calibration accumulation was found to be related to pHe. In fact,

In order to calculate absolute phosphate concentrations (PQagctate accumulation rate decreased from 6l g-1h-1
ATP, R and PME), at the beginning of the experiment a knowrto 0.8Cumol g1 h-1 (Fig. 2F) as pHe decreased from 7.9 to
amount (10mmoll-1) of sodium phenylphosphonate (PPA) 7.0.
was added as a reference to the perifusion solution. The By comparing the corresponding data shown in Eigsad
addition of PPA, a3lP-NMR spectroscopy-detectable pH 2, it was possible to understand the effects of temperature on
sensitive marker, to the perifusion solution also allowedhe kinetics of all the examined metabolites. As expected, the
measurement of pHe over time (Meyer et al.,, 1985). Irexhaustion of the PCr stores and the rate of the glycolytic
addition, 3IP-NMR spectroscopy is known to be a reliableprocess were found to bedependent. A pHe value of 7.9
method for determining the pHi in intact muscles, based on theorresponded to the highest rate of lactate accumulation. The
chemical shift of the jPresonance from a titration curve, temperature dependence, calculated as temperature coefficient
obtained in appropriate conditions. In the present study, th@i0and TDu), for PCr hydrolysis and La accumulation in the
pHi values were calculated using the calibration curvesange where the rate of the processes kept constant (i.e. within
previously determined on model solutions at the experimentsihe first 5h for PCr hydrolysis and 2@ for lactate
temperatures (Vezzoli et al., 1997). accumulation) was 2.3 and 14.4, respectively. As is well

By means of the quantitative method, which has been widelynown, Qo value {R2/Ry)1%T2-T1)] whereR1l andR2 are
described previously (Gussoni et al., 1994a), lactateeaction rates at temperaturé€$ and T2, respectively, and
concentrations were calculated, also taking into account thHE2>T1} defines only reaction rates, so it would probably be
lactate diffusion from the muscle to the perifusion solution. incorrect to calculate {g values for biological processes, such
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as glycolysis, that assemble a lot of reactions. However, wenaerobic glycolysis became insufficient to cope with the
think that the use of a parameter similar t@ ®@ould help in  energy demand.
the interpretation of biological messages on thermal During this final part of the experiments, differences could
dependence of metabolic processes. Therefore, analogousb® observed in the kinetics of Rvels obtained at 15°C
Q1o, the thermal dependence term 1p0s defined here: (Fig.1B) and 25°C (Fig2B). At 15°C, R concentration
TD10=(P2/P1)[10/(T2=T1)] whereP; andP; are rate processes at reached a plateau at a molar level nearly corresponding to the
temperature31 andT2, respectively, and@2>T1. amount of PCr hydrolysed from the beginning of the
According to the metabolic request, which is related to thexperiment. On the contrary, at 25°C no plateau was reached.
experimental temperature, a decrease in ATP concentratidrhis phenomenon may be attributed to the simultaneous
was observed only at 25°C, when PCr concentration fell belo&TP drop: in fact, P concentration seems to roughly
10% of its initial level (see Fi@A,C). From this level correspond to the sum of two components (PCr and ATP
onwards, the energy re-generated by PCr hydrolysis and hdrolysed).
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Fig. 3, obtained from the data collected on the two differenset of experiments where the initial pHe value was 7.9 and pHi

muscle preparations aff=25°C,
changes of PCr and La concentration (Bify) and pHi and

shows time-dependent was at either a high (filled symbols) or a low level (open
symbols). In Fig3B, the brackets indicate the corresponding

pHe (Fig.3B). All the data were obtained from the additionalpHi and pHe values. It can be observed that, according to a

ATP (umol gt wet mass) PCr (umol gt wet mass)

pHi

Fig. 2. Concentratiorversustime plots of (A) phosphocreatine (PCr), (B)
(C) adenosine triphosphate (ATP),
phosphomonoesters (PME) and (F) lactate (La) at the experiment
Concentrations
umol g~ musclewetmass. (E) Intracellular pH (pHi)ersustime plots are

data corresponding to the different experimental
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temperature
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higher proton gradient (FigB), La accumulation in
preparation 2 was much more extensive (BA).

Buffer capacity

According to the well-known creatine kinase

equilibrium:
[PCr] + [ADP] + [H"] « [ATP] + [C1], 1)

at the onset of experiments carried out on muscles in
anaerobic condition an imbalance between ATP supply
and demand causes PCr concentration to decrease. This
PCr depletion results in an *Honsuming reaction,
which determines the initial alkalinization (see Flgs

2E). In this phase, the plot of the cumulative changes in
pH (ApH) against the cumulative consumption of protons
(AP), resulting from changes in [PCr], would be a straight
line passing through the origin with a slope equal t§ -1/
(assuming the buffer capacitf§, to be independent of
pH; Kemp et al., 1993). Fig. showsAP andApH, both
measured with respect to the starting point of the
experiment (time=0), determined at 15°C (H4§) and
25°C (Fig.4B) and for all pHe levels. For the
experimentalT of 15°C and 25°C, the values @
calculated at pHe 7.9, were 29&®0l g1 pH unit-1and
69.98umol g1 pH unit-1, respectively.

Discussion

Thermal dependence of the metabolic processes
utilizing anaerobic (alactic and lactic) energy sources

From our data, it is evident that wh&was low the
energy for the anaerobic metabolism came essentially
from PCr splitting. By contrast, the higher temperature
was characterized by an enhancement of glycolysis. A
possible explanation of this phenomenon could be found
in the slow rise of Hevels as a consequence of the slow
PCr splitting observed at the lowErIn fact, Ris known
to regulate the activity of the phosphofructokinase
enzyme (Trivedi and Danforth, 1966) and, through it, the
flow rate of glycolysis.

However, in a recent study on human quadricep
muscles (Starkie et al., 1999), by adopting a protocol that
involved heating one leg and cooling the other, an
augmented rate of glycogen use, according to muscle
temperature, but no differences in high-energy

hosphagen metabolism were observed. Therefore, the
gpthors suggested that temperatoee semight play a

ikegulatory role in intramuscular glycolytic utilization.

Proton loading and efflux

extracellular pH (black, 7.9; white, 7.3; grey, 7.0) are shown. Time zero Intracellular pH is known to be kept at its set-point,

corresponds to the beginning of anaerobiosis.

near to the pKa of the intracellular buffers but far



3048 A. Vezzoli and others

35 8.0

. . A ® PCr (preparaion 1 B v pHi (preparaton 1
Fig.3.  Time-dependent A La (é?epegraton 1) ) . gl-le((grzgaraion 1))
changes of PCr (circles) 30 O  PCr (preparaton 2) Lo v pHi (preparaton 2)
and La (squares) 0 A La(preparaion?2) o & pHe (preparaton 2)
concentrations (A) and pHi ?QT r’::

(inverted triangles) and & 25 —:o A ®,

pHe (diamonds) values (B) & (% anle 757 Yy %%

are shown. All the data are « L AMAA Yy 0&
from the additional set of & 20" :o v & o%

experiments performed at £ o AAM A A4 "y v ""<><> R

25°C where initial pHe \? 5L 8o A A by VW < ’““m
value was 7.9 and the S e°® o AL Vo v. *
muscle pHi initial values & < Aans 7.0 | Vg o000
were varied: high (filed § 10 - at W ey 0000
symbols; preparation 1) § .AQ% AL Wers Yy v, ©
and low (open symbols; © A W vy M A4
preparation 2). The 5 'A AA Vvv
brackets in B indicate the A :685 NAAY%
corresponding pHi and pHe oA = ! ° .80.50&'000 65 ! ! v.
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removed from transcellular electrochemical equilibrium, by thédrom the balance between the rate ¢friemoval and the rate
mechanisms that remove’ iftom the cytosol. The constancy at which H (1) enters the cell down its electrochemical
of pHi, when the tissue is in a physiological steady state, comegadient and (2) is intracellularly produced by metabolism.
In all tissues, the maintenance of ion gradients across cell
membranes constitutes an important fraction of the cellular

0.2 energy consumption. Energy supply, under anaerobic
conditions, is provided by both PCr hydrolysis and anaerobic
0.1+ glycolysis, the latter resulting in lactate acidosis. In isolated
muscle, the external acidosis has been shown to decrease, and
0+ alkalosis to increase, the net lactic acid production (Hood et
al., 1988). These findings have been mainly ascribed to the pHi
01+ dependence of the phosphofructokinase enzyme (Trivedi and
.o ‘% o Danforth, 1966). Actually, the data in FRJ- for 5-10h after
- —02+ ':)%)O ° Bﬂg‘z;g the onset of the experiment show thatTa25°C, a decrease
[* el 00 o pHe=7:0 in the extracellular pH induces a depression of anaerobic
'E -034 &O glycolysis. However, in our case, pHi can be excluded as the
g 04 O regulatory signal causing the metabolic depression. In fact, at
S '_30 _275 _2‘0 _1‘5 _1‘0 _‘5 0 : f'i|| the_z examined pHe in the pha_se_c_qrrespondlng to the
© induction of the lactate metabolic inhibition (i.e. k5see
= 02 Fig. 2F), pHi values are similar.
E B In Fig.5, obtained from the data collected from the first set
3 014 of experiments af=25°C, both pH gradient (Fi®$A) and
lactate concentration (Fi§B) are plotted as a function of time.
0 Indeed, the effects of the proton gradient are emphasized. In
fact, by the comparative analysis of the two panels the direct
014
®
024 ;OO o e pHe=7.9 Fig. 4. Cumulative changes in pHAgH) and in proton loadAP)
o’ o pﬂ(’-‘:;-g due to changes in [PCr] (expressedpimol gt wet mass) at (A)
_03. e 9 ° © phe=/. 15°C and (B) 25°C. The data are related to the different experimental
' oo ° pHe (black, 7.9; white, 7.3; grey, 7.0). Point zero (the origin of the
QC%O axis) corresponds to the values registered at the beginning of the
—04 .= y T T T experiments. The diagonal lines through the origin, calculated in the
-30 25 20 15 10 -5 0 5

range where the change in pH was due solely to changes in [PCr],
Cumulative poton load from PCr (umol g-1 wet mass) have a slope equal to Bl{see text).
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correlation between transmembrane gradient and lactatensport is stimulated not only by a lowering of the pH on
production is evident. the side where lactate is produced but also by a raising of the
By analysing the time-dependent concentration values giH on the opposite side of the membrane (Juel, 1996).
phosphomonoesters, reported in 20, it can be observed Previously, Juel (1995) observed that lactate—Eb-
that PME accumulated at a constant rate that was higher aansporter activity is mainly driven by the lactate gradient. It
lower pHe levels. It is well known that PME concentrationis only slightly sensitive to internal pH but is strongly
increases as a consequence of the blockade of glycolysiependent on the external pH. Some authors have observed
(Argov et al., 1987a,b; Duboc et al., 1987), which results in athat alkalosis enhances (Hirche et al., 1975) and acidosis
accumulation of the glycolytic intermediates upstream of thénhibits (Hirche et al., 1975; Spriet et al., 1985) the rate of
inhibition. The reduced lactate production by inhibitedlactate exit from the cell.
glycolysis might be ascribed to an impaired lactate transport Analysis of the data in Figd and 5, both obtained at
out of the muscle. The lactate output is influenced by boti=25°C, shows that when the proton gradient was higher, La
lactate generation and extrusion rate. accumulation was much more extensive. This demonstrates
Lactic acid efflux can occur by two main mechanismsthat lactic acid production is influenced by the intracellular—
diffusion and specific transport (Juel, 1997). Undissociateéxtracellular proton gradient, almost independently from pHi
lactic acid can easily diffuse across biological membranegnd pHe absolute levels. In fact, when the proton gradient was
but, owing to its low pKa (3.86), most of this metabolite wasdepressed by pHe (Fif) as well as by pHi (Fig) changes,
present in the dissociated form, i.e. as lactate and hydrogéme lactate output decreased by an amount proportional to the
ions, at the experimental pH examined here. Lactate transpatadient itself. Thus, we suggest that an unfavourable proton
mostly occursia a specific lactate—Hco-transporter system. gradient across the cell membrane could decrease the activity
In fact, experiments on model systems have shown thaif the lactate—Fco-transporter. In fact, the intermediate form
carrier-mediated transport accounts for 50-90% of lactatef the carrier, when only His bound, keeps immobile or
transport, depending on both lactate concentration and pté¢orients slowly. At the same time, a high €bncentration
level (Juel, 1991; Juel et al., 1994; McDermott and Bonemn the outside of the muscle membrane favours the formation
1993; Roth and Brooks, 1990). This transport mechanismaf the immobile protonated carrier (Juel, 1997). The
involves an ordered sequential process, whereby a proton fidépression of lactate release results in an inhibition of the
binds to the transporter and then to the lactate anion. This stglycolytic enzyme activity through a feedback mechanism,
is followed by the translocation of the transporter with bothwhich increases the concentration of the glycolytic
lactate and proton across the membrane and the sequentigkrmediates, thus causing a decrease in overall lactate
release of the lactate and proton on the other side of thproduction. In the present experiments, the rate-limiting
membrane. The process is freely reversible. The rate-limitingnzymes are probably hexokinase and/or
step for net lactic acid flux appears to be the return of the frgghosphofructokinase. In fact, in a typic8lP spectrum
carrier across the membrane, which is required to completebtained 2(h from the onset of data acquisition at pHe 7.0
the translocation cycle. In the pH range of ~6-8, lactatand 25°C (Fig6), no peaks are visible at p3.m. (i.e. where
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level under the experimental conditions characterized by a
lower proton gradient.

P The wrong result might be ascribed to the presence of a
misleading proton uptake. In fact, under certain conditions (e.g.
when the muscle is exposed to an acidic solution), the proton
exchange regulating systems seem to operate in reverse,
mediating a fall in pHi.

PEA Buffer capacity

Lactate formation depends on the physicochemical buffering
capacity of the myoplasm. PCr breakdown (see equajiand
proteins seem to assume a most important role in determining
intracellular buffer capacity.

PCr ATP The calculate@ values are related to pHi afigd since both
// \ pH (Curtin, 1986) and temperature affect the equilibrium
constants of the buffer reactions. Higher valugsadrrespond
Y a B to higherT and lower pHi values. Similar results were obtained
by other authors (Kemp et al., 1993).
The physicochemical buffering, obtained by dynamic
, = : ° - ; , i measure (Kemp et al., 1993), adopted in the present study is
s 05 B e influenced by variations of ion concentrations depending on
_ a1 _ _ metabolism as well as by fluxes of the ions across the
Fig. 6. 'P-NMR spectrum of an isolated gastrocnemius muscle g nhrane n our calculation, no additional generation or flux

T=25°C and an initial pHe of 7.0 registered athfrom the rotons was assumed. However, the slope of the relationshi
beginning of the experiment. Peak assignment: phenylphosphona%p ) ’ P P

(PPA): phosphomonoesters (PME): inorganic phosphatd; (P AP/ApH depends only on these parameters, with the exception

phosphocreatine (PC; a and@ ATP groups. of proton consumption by PCr hydrolysis and passive
buffering. As a consequence of a change in intracellular—

extracellular pH gradient, where pHe is lower than pHi, the
phosphoenolpyruvate and phosphodiesters are expecteftge energy of the proton gradient becomes more favourable to
whereas a large peak due to phosphomonoesters (i.e. glucgseton influx: this overestimates tiievalue, giving a higher
1-phosphate, glucose 6-phosphate and fructose 6-phosphatesult. In fact, the presence of a proton influx would shift the
grouped as PME) is observed. In conclusion, our findingselationship to the left (shallower slope, thus a hig)esince
support the assumption that a change in lactate output m&pP values would underestimate the total proton load to the
induce a difference in muscle lactic acid generation by anytosol by an amount equal to the proton intake (seetRig.
inhibition of the first part of the glycolytic chain. On the contrary, the presence of a proton efflux would shift the
Incidentally, Fig.3 demonstrates that changes in pHi shouldelationship to the right (steeper slope, thus a Iyesince
not necessarily be considered as an index of lactic aciélP would overestimate the proton load by an amount equal to
production by the muscle. In fact, paradoxically, a higigi  the protons extruded.
[0.73 pH units (preparation 3)s0.61pH units (preparation 2)] This phenomenon was not so evident Tat25°C (see
corresponds to a lower lactate accumulation ratdig.4B), probably because of a more relevant buffering effect
[1.22pmolgthl (preparation 1) vs 1.75umolgthl  of the PCr breakdown.
(preparation 2)].
It is well known that estimated lactate production rates, Conclusions
based on changes in pHi, are complicated by the dependencdn conclusion, by means of the non-invasive NMR
on many factors (e.g. creatine kinase reaction rate, muschpectroscopy technique, we performed, on isolated muscle,
protein buffering of protons, bicarbonate concentration, lactateimultaneous measurements of pHi, pHe and all metabolite
efflux and increase in metabolites characterized by acitbvels under anaerobic conditions, assessing the effects of
dissociation constant values within the physiological range). lchanges inT and pHe. The results mainly showed that PCr
particular, we would point out that by using the formulasplitting is the principal and primary metabolic process
generally adopted for the assessment of net lactamontributing to the energy supply in anaerobic conditions as
accumulation: well as its temperature dependence. In fact, phosphagens are
. rapidly available energy reserves that will buffer any drastic
Lactate accumulation B{ApH) + ¢APCr, 2) change in energy demand. By contrast, the shift towards
wheref is the buffer capacity anl is the number of protons increased glycolytic utilization seems to be driven by heat
consumed per mole of PCr hydrolysed, starting from datatress.
shown in Fig3, we would overestimate the La accumulation In addition, muscle PCr splitting is virtually unaffected by

PME
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pHe levels. At higheil, a dominant direct effect of pHe on Juel, 1997). The expression of MCT-4, the transporter
lactate production can be detected whereas a reduction of pspecialized in the extrusion of lactate out of the muscle, is
plays minor importance. In particular, proton gradient acrossxduced by anaerobic stress (Bonen, 2001). Alterations in the
the cellular membrane plays an important direct or indirect rolaumber of MCT-4 transporters may potentially explain the
in regulating metabolic processes. adaptive change occurring during a long acclimatization

Lower muscle lactate concentrations, observed when thgeriod. This might be in accordance with the observation (Itoh
proton gradient was negative or low, could not be explainedt al., 1990) in rat muscles exposed to simulated altitude
by a decrease in glycolytic flux rates but rather by an inhibitiof400Cm) for a long period (1@eeks), of a significant increase
of the process. This fact is evident in Rigwhere a decrease in the percentage of type Il fibres, the only ones able to express
in the rate of La accumulation (FigF) is associated with a MCT-4 in mammals (Bonen, 2001; Fishbein et al., 2002).
complementary increase in the rate of PME accumulation However, the exact mechanisms explaining the changes in
(Fig. 2D). The inhibition operates through a feedback controthe blood lactate level during hypoxic exercise must still be a
mechanism on phosphofructokinase, recognized as the rataatter for further investigation. The results of the present work
limiting enzyme of glycolysis. The regulating signal might bemight contribute to examining the problem from a point of
ascribed to impaired lactate transport out of the muscle, owingew that, up until now, has not, to our knowledge, been
to an unfavourable proton gradient across the cell membras¢éressed enough.
that could decrease the activity of the lactate—tb-
transporter. This work was supported by Italian MURST grant (1998-

The process might be one of the mechanisms underlying tg9).
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