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Abstract ' ’_

. The addition of propionate to the extracéllular so]utiqn has
been shown fo Eause deérea;es in int}ace]]u]ar pH in a large varigty
of tissues (Marranng§ et él.. ]9?9; De Hemptinne and Marrannes, 1979;
Sharp and Thomas, 1981).

. . The substitution of ch]oridé jons with 20 mM propionate in a

26 m, MOPS Ringer's solution-at pH 6.80 was found in the present
experiments to decrease tHe‘intra;el}u]ar pH of’resting.f%og sartorius
muscles 0.2 pH units. Intracellular pH was determined using the
“distribution ratio'qf‘the weak acid DMO. Under similar conditions
propionate was taken up by the muscle fibers fesu]ting'in an
intracellular concentration of 10.5 £ 0.6 mM (SEM) after 60 minutes

of equilibration.

-

~ In 1ight of'these results the following research questions
were proposed; 1) .What is the effect of externally administered
bropionate on lactate efflux from isolated frog sartorius muscles?,
and 2) What model of lactate efflux‘is consistent with the effect
of extérna11y'administered propionate on lactate efflux from isolated
frogAsartorius ﬁhscles?

Propionate §dded to the extracellular fluid bathing isolated
frog sartorius muscles duting recovery from electrical stimulation
increased whole muscle lactate efflux. The magnitude of this increase
was found to be buffer concentration dependent within the MOPS buffer

concentrations 1 to 25 mM. The portion of the effect not attributed

BN



to an extracellular pH change was determ1ned by extrapolating the

resu]ts to an infinite buffer concentration. At th1s buffer

concentratio? propionate increased Qhole muscle lactate efflux 1.8
, times control efflux values while estimated ffber efflux increa;ed
2.] times control va]des; The pekmeabi]fty coefficient for lactic
‘acid, estimated from the-estimated fiber efffux:data was found to* -

1
compare favorably with the value reported by Wolosin and G1nsburg

1

.(1975) for artificial €1p1d membranes .

The results from the post ekperiment‘tissue lactate enalysie
;evea]ed that tissues exposed to extra;ef]u]ar solutions cpﬁtaining
propionate had a significantly 1owee 1actaﬁe 1eve]'tdae did tissues ’
exposed to control solutions. These results are consistenf with the
increase in lactate efflux obseryed after the substitution of ch]oridez

- ,I
with propionate in the extiraceliular solution.

' On the basje of these results and the work ‘of Mainwood and
Worsley-Brown (1975) it is suggested that lactate crosses the
sarcolemma of frog sartordus muscles in associatiod with hydrogen
ions, most 11ke]y as lactic acid The magnitude of this.effect

™~

is transmembrane pH dependent % o S



Introduction h

Lactic Acid: A Brief Introduction

Arak%§(1891a,b) was one of the first physiologists to cohduct
experiments into the mechanisms of lactate formation after Berzelius
in 1841 reported finding lactic acid in the muscles of exhaust‘ed
game (du Bois-Reymond, 1877). Araki found increases in 1actig acid
in biood. and urine of ﬁanj“animq]s exposed to hypoxic conditions. .

Fletcher and Hopkiﬁs (1907) defined in greater detail the
effects of hypoxia and étimu]ation on lactate accumulation in muscle
and demonstrated the removal of lactate from frog skeletal muscle
when tissues were exposed to high oxygen tensions.

Hastings (1921) suggested that oxygen insufficiency may play .
2 key role in lactate appearance in blood after brief bouts of intense
exercise. .Due to the fact that lactate levels in the blood were not

elevated after moderately intense exercise, hypoxia“ due to circulation

insufficiencies at higher work loads was thought to be the cause.

Groag and Schwarz {1927) further implicated the circulatory
system \n lactate accumulation when they showed that human subjects
suffering from cardiac failure had higher blood lactate levels at a
given submaximal work load than did healthy subjeqts.
Collazo and Lewicki {1925) presented data which failed to
,//-/ fit.the theory of hypoxia being Fhe cause of lactate )
formation in the body. It was found that normal gupjects given

100 g of sucrose orally developed elevated blood lactate levels.

= .



In addition high carbohydrate d1ets were fbund to have the.same effect.
At about the same time, Meyerhof and Lohman (1926) working
with fatigued amphibian musc?e and Furasawa and‘Kerr1dge {1927) working
with fatiqued mammalian. muscles, showed a reduction in pH.of water
extracts. This strongly suggests that it is lactic acid which is
prgauced in active muscle. _ .
: The appqugnce of 19ctate ions nfﬁﬁbod and surrounding fluidg
as’reported,.strong1y suggests that the musclie fiber membrane is
perﬁeabﬁe eithér to the lactate ion or the lactic acid molecyle.
Kftér more than 50 years the permeable species and 1;5 method of -
cr&ssing thé membrane is still debated in the Viterature.

Accumulation of Lactate in Muscle and Blood

Two conditions that lead to increases in intracellular lactate
~in muscle tissue are electrical stimulation and anoxia. These
experimental techniques have enabled researchers to study the normal
and elevated lactate levels in musc1e.and blood.
Sacks and Morton (1956) found.that tetanic contraction induced
by electrical gtimulation of isolated cat gastrocnemius muscle increased
lactic acid and pyruvic acid Ieﬁels. Tissue lactate values went from
1.7 umo1-g'] at rest to 24.9 umo1-gf] after 30 seconds of tetanic stimul-
ation. Repeated single twitches continued Tong enough to produce a steady
state, resulted in tissue lactate levels rising to 17.6 uToI g;1. -
Corsi et al, (1969) using an isolated dog hindl+tmb preparation
" electrically stimulated with tetanic pulses, found thaf after 2 minutes

of stimulation, muscle lactate reached a maximum of 20.] umo1-g-'I and



"then slowly declined. Resting control values of 1.5 umol-g'] were

reported.

Karlsson et;a]. (1972b) used an isolated dog gracilis preparation
and reported intraée]Tu]ar }actate levels in excess of 25 umcﬂ-g;l
in some preparatjo;s. Resting values ranged’ from 0.7 to 3.9 umol g'f.

Hirche and his co-workers (1973) fbdnd high levels of.lactate
%n isolated dog gastrocnemius muscles after the onset-of electrical
stimulation. Within 2 minutes of the onset of tetanic contractions
the mean tissue lactate level rose from 3.5 umo]og'] at rest to _
17.5 umo]-g']. In accordance with the findings of Corsi et al. (1969) the
intracellular lactate levels dec]ingd after 2 minutes of stimulation.
Similar results were reported by Hirche et al. iﬁ 1975,

Similarly, high tissue lactate levels have been reported in
experiments with human subjec€§l Diamant et al. (1968) have

reported mean tissue lactate values of 19.] umo]-g'] (range 11.2 ta;/ﬁ

24.6 umo]-g_1) in biopsy samples taken from the M. quadriceps femoris

“after an exhauStive 3 mY ute work bout. Mean resting values were

t
reported to be 3.9 umo]-g'] (range 1.8 to 5.2).

Bergstrom and his research associates (1971) reported values

of 12 pmol-g~]

fat free tissue in human biopsy samples obtained after
17 to 20 min of bicycte ergometer exercise at 1,000 kpm-min—l. Mean
resting values of 0.8 umo]-g"] fat free tissue were reported. In
addition, a decline in tissue lactate was evident 17 to 20 min after -

the onset of exercise. This decline is in agreement with the results

of Corsi et atl. (]969)'andﬂﬁrthe et al. (1973, 1975), both of whom



found similar dec]jnes after the 2 minute exercise peak of muscle
- lactate in.dogs.' . .

Karlsson (1971a) and a research group 1ed‘by Karisson (1975),
as well as Hermansen and Vaage (1977) have reported human skeletal muscle
lactate values in excess of 25 umol-g']. Similarly, high values
were also reported by Linnar;son et al. (1974). A large variation in
muscle ]actafg values after maximal exercise has been reported
however, even within the same research group. Between 1970 and 1975
Karlsson had reported peak human muscle lactate levels between 14.8
and 25 umo]-g']. The variation is thought to be due to both subject
variations and the mode and intensity of the exhaustive exercise
employed (Karlsson and Saltin, 1970, 1971; Karlsson, 1971a,b,c;

Karlsson et al., 1971, 1972a). Mean peak values appear, however, to

be more of the order of 20 to 25 umo]-g'] at a work load téxing

100% of-maxjmum Oxygen consumption or 100% maximal voluntary contraction

(Karlsson et al., 1972a; Edwards et é]., 1972). . (j?
| Mean resting values .are of the order of 1.0 to 2.0 umo]-g'] /

with the increasing 1acta§e levels being a nonlinear function of the

work load (Karlsson, 1972a). |

Similarly, high va]ué’ have been reported in frog skeletal
muscle as well. Mainwood et al. (1972, 1975) have reported peak
levels between 20 and 25 umol-g'] in iso]ated,e1ectric5ﬁ]y stimulated
sartorius muscles. Fitts and Holloszy {1976) found peak values of
approximately 17 umo]-g'] and resting values of 3.5 umo]-g'}. As

with other species, it appears that the magnitude of the accumulation



)

of tissue lactate is a function of the stimulus parameters employed.

It Qould appear. however, that the reported peak tissue lactate
level -in many spec;es is very similar, with 20 to 25 umol-g'1 being
a reasonable estimate of the mean peak value. A value of between
1.0 and 4.0 uh'r}o]-g-1 is a reasonable estimate of resting tissue lactate
Tevels. . .

Concomitant with this increase in intracellular lactate has .
been the observation ¢of an increase in plasmar1aétate (Sacks and Morton,
1956; Diamant et al., 1968; Bergstrom et al., 1971; Karlsson et al.,
1972a, 1972b, 1975;-Hirche et al., 1973, 1975; Jorfeldt et al., 1978).
On the basis of the change in plasma lactate concentration, many

investigative groups have calculated muscle lactate efflux rates.

Lactate Efflux From Muscle Tisgue

As effqu rates are a function of intrace]luiak lactate levels,
the stimulation rate_of experimental tissues and the length of the
stimulation interval play a key role in the rates of efflux observed
in the literature. Due to the large variation in experimental models
and‘protoco1s it is difficult ta obtain agreement as to a maximum
lactate efflux rate.

Hollanders {1968) repérted efflux fates from electrically
stimulated, perfused rat diaphragms of 1. umcﬂ.g'].min'1 (tetanic
contracfions). This is considerably higher than the mean value
of 0.4 umol-g™'.min"' reported by di Prampero et al. (1970) for perfused

dog gastrocnemius muscles (1 tetanus every 3 seconds). Graham et al.
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(1976),using'an isometric dog gastrocnemius preparation, reported

]-min'] when the nerve

a mean max{mum efflux value of 0.48 umol-q
ending was stimulated at a frequency of 5 twitches per second.
‘Hirche et al. (1975) have reported efflux values in excess of 3.0
umol-g']°min'] in isotonically working,perfuse& dog gastrocnemius
‘muscle Etimu1atéd at a rate of 86 tetani per minute. Mainﬁood and
Worsley-Brown {1975) have reported some efflux rates from isolated
-frog sartoriu§ muscles in excess of 0.75 umo]-g']-min“1 when the
tissues.were exposed to alkaline solutions. Mean values are more
in the range of 0.1 to 0.25 umol-g']-miﬁ‘] und%r physiological
condftions of buffer concentration and pH.

| Jorfe]df and his co-workers (1978) have reported a mean
max}mum efflux rate of iactate from the leg of exercising huméh
subjects of 4.5 wmol-midJ. This is in agreement with the earlier
work by Wahren EE al. (1974) who found that most human subjects
tested using a similar protocol had a maximum release rate of Eefween
4 and 5 mmol-min'l. These values would be reduced considerably if
normalized per gram of metabolising tissue.

In addition to tﬁe release rate of 4.5 mmo]-min'] reported by
Jorfeldt et al., another important fact was evident. The release
rate of lactate from the muscles of the leg rose approximately
linearly with the muécle 1a;fate concentration up to the value of
<4.5 mmoLdeTT,afterwhich no further increase in efflux was evident

despite a further increase in muscle lactate. The authors suggested

that a translocation h%ndrance existed within the muscle as blood

’



flow and oxygen consumption in the leg continued to increase with
Subsequent ﬁbrk]oads. The authors were unable to pinpoint the location
of the hindrance.. The hindrance may be in the cell membrane

i;. a carrier procesﬁ, or extracellular je. inadequate diffusion

or changes in the extracellular medium,

Karlsson et al. (1972b) used an isolated dog gracilis prepération
and reported intracellular lactate Tevels in excess. of 25 ;:mo]-g-‘1 Qet wt.
Although a marked concentration gradient for lactate existed between
muscle and blood, it was clear that venous lactate concentratiﬁns were
not linearly related to muscle lactate when muscle levels exceeded.5 to
10 umo1-g-1wet wt. This report suggests that the release of lactate from
skeletal muscle was not entirely a function of the lactate gradient but
may be dependent upon the interactive effects of other factors.

Karpatkin et al. (1964) suggested that a saturation type of

—~

- ]
efflux mechanism may be operating in the lactate efflux process from . <<//”—-
i /
A

frog sartorius muscles. The authors reported a Vmax value of 0.8 ymol.ml~
of intracellular H20 -min-‘I . Yubler et al. (1966f.have postulated that an
active transport system might be involved in cardiac tissue.

Lactate efflux will be linearly related to the internal lactate
ion concentration only if the ion{c species jis responsible for the
measured efflux and the membrane potential and external lactate ign

concentration are constant, With a pk of 3.7 (Lockwood et al.,1965),

approximately 99,97 of the total intracellular lactate will be in the



ionic form. If, however, the small remaining fraction of .lactate’
in the undissociated acid form is responsible for the measured efflux

then the efflux will be linearly related to the total lactate

Pt

gradient only if intracellular and extracellular pH are constant.
This is cleér]y-not the case during muséular contraction. This
argument does not den} the existence of a carrier facilitated mechanism
for lactate transport but suggests rather, that simultaneous drops
%n pH can produce "saturafion-like“ efflux kinetics if lactic acid
can diffuse across the membrane rapidly.
" It has also been suggested that the limited Jactate efflux
may be a function of changes in lactate diffusion through the
extracellular space. Recall that lactate release from skeletal
muscle is'a two step process. Step one involves the passage through
the membrane, while step two involves diffusion through the
extracellular space. One of the earliest mechanisms proposed to
explain the 1imited lactate efflux after fatigue in frog sartorius
muscles was a swelling of the fibérs. This was postulated to )
interfere with the diffusion of lactate through the extracellular
space (Eggleton et al., 1928). )
If however, step one of the lactate effiux process is rate
limiting, then determination of the mechanism will rely heavily
on knowltedge of the species of lactate (ionic,ﬁ%ﬁﬁonic) crossing the

membrane.



The Movement of Lactate'AcFoss Cellular Membranes .

The study of monocarboxylate movements across cellular membranes
has been the focgl point of investigation for many résearch Qroups
since the early seventies. Two monocarboxylates of major interest
have been lactate and pyruvate. Thg existenge of .a possible carrier
-system for the anionic transfer of these compounds has received much
interest due to the successful identification and characteriiation
of the transport protein mediating chloride-bicarbanate exchange
in eryéhrocytes. The role played by this anion exchange system
-;n lactate efflux fas been defermined by the use of specific inhibitory
agents such as stilbenedisulfonate compounds (DIDS-4,4'-diisothiocyano-
2,2'-stibenedisulfonic acid; DNDS-4,4'-dinitro-2,2"' st¥ibenedisulfonic
acid) (Lepke et al., 1976; Cabantchik et al., 1978). vSH-group
modifying mercyrials (PCMBS-p-ch1oromercuripheny]5u1phonic acid;

' PCME -p-chloromercuribenzoate; ng+) and dithiol éompounds (DTNB-5,
5'-dithio—tis(2-nitr6benzoate); DTDP-4,Q'-dithiodjﬁyridine; several
analogues) block that component of monocarboﬁylate transfer'that is
insensitive to stilbenedisulphonates while npt affecting, with the
exception of DTDP, the anion exchange system (Deuticke et al., 1982;
Deuticke et a].,'1978). This inhibitory pattern can be used té
discriminate carrier pathways which mediate monocarboxylate and in
our case lactate transfer.- |

ﬂa]estfap and Denton in 1374 were the first to reveal that
pyruvate transport into rat liver cells and human erythrecytes could

. be substantially inhibited. Lactate uptake was also inhibited in
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the eryt?rocyte experiments..ﬁalestrap €1976) later partitioned out

two carrier'mechanisms for lactate aqd pyruvate in human érythrocytes

using more specific inhibition. Mofe recently, the wprk of DeutickeA

‘Beyer and Forst (1982) has resulted in a cle;rer gﬁderstanding of

the mechanisms active in lactate transport in human e}ythrocytes.
Deuticke et al. (1982) have shown that inhibition of the anion

exchange system in érythrocytes can Ieduce lactate efflux. While

the transfer of sulphate and oxalate was completely reduced in the

presence of anion exchange inhibitors, thé transfer of both lactéte

and g]ycéT;te was on]f partially inhibited.A As well, the addition

of mercurial compounds could further decrease lactate efflux. - This

further décrease in lactgté eff1ux was found to be in?epéndent of

chloride levels extracé]]ular]y. This provided more evidence for

a second independent mechanism capable of transferring lactate.

The clue to the nature of this spécific monocarboxylate (versus anion)

transfer systém was to come from the work of Dubinsky and Racker A

(1978) and Spencer and Lehninger (1976). Dubinsky and Racker reporfed

synchronous movements of H+ (or OH™) and lactate across the human

erythrqcyte mémbrane. Spencer and Lehninger working with Ehrlich

ascites-tumour cells found similar results. In addition Deuticke

and his co-workers (J982) studied the. influence of extraée]lular

pH modifications on the SH dependent efflux of lactate in efythfocyteé

‘and found -that this transport mechanism reacted in a manné} consistent

with ]actaté/H+ cotransport or lactate/OH™ exchange.
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A small residual lactate efflux, ie. that remaining after

both transport systéms were inhibited was found to exist after .

maximum inhibitory agents were applied . Deuticke et-.al. (1982} "
suggested that a good candidate for the remaining inhibitor
insensitive component 'of the lactate transfer may be nonionic )

diffusion of -lactate via the lipid portion of the cellular membrane.
This agsumption was born out in that the bH:ﬁependency of the |
inhibitory insensitive lactate efflux was qﬁite in agreement

with nonionic diffusion of lactate through the ]ipid domain of'

the erythrocyte membrane. This was_ further born out by the

increase in inhibitor insensitive 1ac§9te efflux in the presence

of hexanol which has Beeﬁ shown to accelerate nonéeleétrolyte diffusion
in membranes while inhibiting protein-mediated transport

(Deuticke, 1977). The possibility of nonionic diffusion- of weak

acids 1s not a new issue, however.

It has long been suspected that nonionic diffusion of the
undissociated acid through the lipid phase of the membrane may
acFount for lactate diffusion. Overton (1897) observed the influx
of the weak acids, lactic and acetic acids into frog muscle.

The author used osmotic swelling as an index of entry and found
that the swelling was more pronounced in lactic acid and acetic

acid solutions than in solutions of stronger acids. These results

were explained by assuming membrane permeability to only the undissociated

s
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molecuie. Marrannes and De Hemptinne (1978) studied the effects of acid
solutions on transient chgnggs in conduction velocity in isolated cardiac
fibers. The smaller the pK value of the anion, the smaller were the
observed changes: The changes ;;re absent when the fibers wgre'p1;%ed )
in solutions of methanesulfonate or a-Ketoglutarate whose concentrationC::?‘
of undissociated acid is neglibible. In addition, Marrannes and
his co-worker found that between acids of approximately similar pK
values, a relationshiﬁ-between the magnitude of the velocity changes
‘and the lipid/water partition ratio of the organic acid existed.
This suggests that the changes depend on the penetration of the .
undissociated form of the acid thréugh the cell membrane. Work by
De Hemptinne and Marrannes (1979) and Marrannes et al. {1979)
has shown that rat soleus muscles and isolated heart fibers exhibit
a drop in intracellular pH apd a transient increase in extracellular
surface pH when.exposed to propifnate; .These findings are.coﬁsistenf
with the concept of nonionic diffusion of propionic acid across
the membrane. ' ..

It wouid‘appear then, that thrée'methodé_of transport{ng or
removing lactate from erythrocytes exists. They are nonionic
diffusion, anion exchange (inhibited by stilbenedisulphonates) and
é specific monocarboxylate transportf nhibited by SH-group’
modifying mercurials and dithiol compounds). The specifié ' . ~
monocarboxylate transport system is coupled to intracellular acid
base regulation and 1ike monionic diffusion of lactate, fs ol

-~
- .
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transmembrane pH dependent. At present it is uncIéar as to whether

: Specifdc monocarbbxy1ate‘:ransport exists in skefétal muscle. Although
an anion exchange system.has been found in skeletal muscle (Rickin

and Thomas, 1977), tth;o]e it may play in lactate transpdrt is not
known, ' \ ~ ’;

It is %PQ::,P*E{ plasma lactate levels increase during intense
exercise and that plasma bicarbonate levels decline. The question that
arises is the degree Bf coup{ing of hydrogen ion release with lactate
retease frem ske1éta1 muscle. Many research groups have, however, .
studied,the reiative eff]hx rates of lactate ‘and hydrogen ions from
ske]gtal muscle in an effort to understand the species of Iaétate
crossing skeletal muscle membranes and the method of release. As
cited earlier, the wgrk.gf Overton (1897}, Marrannes and De Hemptinne
(1978), Marrannes et al. (1979) and De Hémptinne and Marrannes (1979}
suggests that weak organic acids such as lactic acid and propionic
acid, cross the skeletal muscle membrane in the nonionized form
o;,'in unison'with net H' movements. It should be noted that

differentiation of nonionic diffusion of compounds from carrier
mediated OH™ exchange or Thd cot;ansport is difficult. Both
systems are transmembrane'pH dependent, therefore pH dependency
will ﬁot distinguish thé transport systems_from.noﬁionic diffusion,
Carrier.inhibition is clearly the easiest method éf separation.
Hi1l and His co-workers (1924) and Bock and hi§ co-workers

(1927} observed an extensive shift of the CO2 di§sociatjon curve of

human blood in intense exercise. Hill concluded that lactate ions
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reached the blood as Iactic acfd'and Henderson, an originél member
of Bock's research group, conclyded the same in 1928.

Much more recently, Roos (1975) conc1uqed thpt it was
predqpinant]y the undissociated lactic a;id mo]ecu{e rather than \\
the much more numerous lactate ions which permeated the fiber membrane
of rat diaphragm. fhis was detenminea on the basis that the steadyl
state 1actate'&istribution ratio was correlated with the_trapsmembraﬁe
pH éradient rather tha; the membrane‘potentia1. Correlation with the
membfane potential would éuggest fonic movement of lactate. Roos
used the distribution of the weak acid 5,5~dimethy1—2,4-0xaza1igjne
dione (DMO) to compute the intracellular pH of the diaphragm fibgkg;
Hinke and Menard (1976) have §iqce'reported comparison results ofbf
intréﬁe]]u]aq pH measured with DMO and microelectrodes. The error A
in intracellular gH estimates }rom.DMO\studies ﬁre such that the

conclusions of Roos with respect to the role of pH in the steady L
~

state distribution of lactate may be incorrect. N

) Steinhagen_et al. (1976) working with isolated, dog
gastkocnemius muscles showed ‘an undetermined 14vel of synchronous
release of lactate and h;drogen ion in that reductions in interstitial
hydrogen ion were mir(??ed by reductions in lactate re1ea§e.-

The work of He{gler‘(1972) on ‘isolated rat diabhragm muscles
stimulated in hypoxia revealed a somewth different pattern. The
efflux of hydrogen ions was much. faster tha; that of lactate. The

\equi1ibratioh half time was less than 1 minute for hydrogen ions

and approximately 6 minutes for lactate. Similar results were found by

Q



<15,

.

Benade and Heisler in 1978, with isolated rat diaphragms and frog sartorius

exceeded that of lactate ions by factors of about 14 and 50 in the case
of diaphragm énd sartorius muscle respectively., It is impofta;t to
remember that the release of compounds from musc1g tissue involves
both the passage through the membrane and the diffusion through the’
interstitial space to the blood or bulk phase. The diffusion characteristics
of lactate, hydrogen ion and the buffer species binding the proton may
in fact Eé very different. This would result in different efflux kiﬁetics
through the interstitial space despite the fact that the proton may have
crossed the membrane in conjunction with the‘1actate ion. In addition

"~ ®ne must not neglect the possible mechanisqs of hydrogen ion release
which are independenE of lactate release. Included in these systems
are fhe CT‘/HCO} exchange and Na+/H+ exchange both of which have been
found to exist in mammalian skeletal muscle (Aicken and Thomas, 1977},

The work of Mainwood and Worsley-Brawn in 1975 clearly adds

to the apparent controversy surrounding the release of hydrogen ion
and lactate from skeletal musc]e; In these experiments with isolated
frog sartorius muscles, net hydrogen‘}on and net lactate release from
electrically stimulated muscles was determined. At a low buffer
concentration and dn external pH of 8.0 appreciably more lactate .
entered the bathing medium thén did hydrogen ion. While at a high

. buffer concentration and a similar external pH, larger amounts of

hydrogen ions were released from the muscle, the ratio never became
L

muscles. The results showed that the rate of efflux of hyd}ogen jons T

¥
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one. The finding of a greater release of lactate than hydrogen.ian
is in direct opposition to the findings of Meisler (1972) and Benade
and Heisler (1978)(cited earlfer). These authors found that hydrogen
ion release was greater than lactate re}ease. More direct evidence for
the independent mov;ment of lactate ions comes from the effect of,
0_En‘.embr'ane depolarization on lactate efflux. Mainwood and Horé]fy-Brown'
(1975) found that frog sartorius membrane depo]arization with potassium
su1pha£e at a high Bufker concéntration (25 mM) and an external pH of
"~ 8.0 resulted‘in little if any decrease in lactate efflux. Similar
éxperiments with the contralateral muscle bathed in a weakly buffered
solution {1 mM) at‘the same external pH resulted in a 50% reduction
in efflux. These results are consistent with 80-90% of the measured
efflux in weakly buffered'solutions being due to ionic movements of
Tactate. At high buffer concentrations, less than 10% of the total
lactate efflux appears to be due to ionic movement of lactate as

membrane potential has very Tittle effect on the measured efflux

The Effect of_Extracellular oH and Buffer Concentration on Lactate

Efflux in Skeletal Muscle .

Macleod and Hoover (1917) have reported gn increa%e in blood
lactic acid foT]owin; intravenous injections of sodium carbonate.
MacLeod and Knapp (1918) found that alkaline venous injections of
sodium carbonate resulted.in considerab1e.jncreases in urjne lactic
actd. Similar results with bicarbonate injections were obtained in

artificial respiration experiments by Gesell et al. (1930).

-



Eggleton and Evans (1930) found that under-ventilation or hydroch]oric
acid 1n3ect1ons lowered L1ood 1actate whereas over-ventilation or
sod1um bicarbonate 1n3ect10ns augmented blood lactate levels. These -
flnd1ngs Ted thg authors to state that "the important factor -is not
- ..hhe bicarboﬁate congentration but the H* ion concentration or what
amounts to th? same thﬁng; the acid-base ratio". The're]qtio;ship
does not appear to be consistent across all stimuli, however.
Johnston and Ni]Sdn (1936) found.-an increase in blood lactic acid
associated with -increased acidity after hemorrhage in normal
unanesthetiZed dogs. Gesell et.al. (1932) found increases in blood
- lactic acid following sodium cyanide induced acidity; Bode et al.
(1932) showed that blood lactic acid levels in man is related to more
than simp]!?hydrogen ion shifts. AlKalosis induced by ingestion of
sodium bicarbénate and acidosis produced by ammonium chloride had no
effect on the lactate concentration of blood.

| Ihterpretaéion of this type of work is diff{cultl Although
it appears that blood pH may play a role in the ability of lactate. to
be released from tissdes. the efflects of increased production of
lactate on biood concentratioﬁs cannot be determined. An‘increase
in intracellular pH due to bicarbonate movements can result in an
accé1eratibn'of glycolysis dug to the pH sensitivity of the rate
limiting phosphofructokinase (PFK) reaction (Mansour, 1963; Danforth
1965; Trivedi and Danforth, 1966). In addition, hypox1a due to cyanide

or impaired blood flow is also a factor that may st1mu]ate glycolysis.

This glycolytic hccq]eration could result in increased intracellular
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lactate production and ultimately increased blood lactate levels.
Whether the change§ in blood concentrations are a function‘of pH-
induced increases in production or release, or a combination of the
two mechanisms, is unclear. Haldi (1933)_has shown an increase in
blood lactate following intravenous injections of sodium bicarbonate.
Concomitant with this finding was the finding of parallel increases in
tissue lactate. ‘

These types of findings certainly confuse the interpretation
of the role of extracellular pH in regulating lactate efflux
(recall that efflux is computed on the'basis of the rate of change
of concehtration). .

~

-Much more recently Mainwood et al. {1972) have found that

isolated frog sartorius muscles fatigued and allowed td recover in
a 25 mM bicarbonate solution showed a much greater loss of lactate
than did husc1es allowed to recover in a 1 mM solution. No
differences in intracellular lactate were found immediate;; after
the fatigue stimulation., This clearly showed that the influence
of the'bicarbonate concentration was not on production, but réther
on release. This type of finding suggested to the authors that
external bicarbonate 1imits the efflux of lactate from frog muscle.
Hirche et al. {1975) studied the efflux of lactate from %he
isolated working gastrocnemius of dogs during metabolic alkalosis
and acidosis. Metabolic alkalosis was induced by sodium b{carbonate
(-

or tris hydroxymethyl aminomethane {THAM) infusion‘while acido%is

was induced by hydrochloric acid -infusion. Tt was reported that in .

’
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alkalosis (pH = 7.5) the efflux rate of lactate was nearly three
times higher than in the acidotic condition {pH = 7.0 - 7.1) hespite
. the fact that intrace]1uiar lactate concentrations were initially
similar. The authors concluded that 1dctate efflux rates across
muscle cell membranes is increased by high extracellular bicarbonate
values in combination with low hydrogen ion activity and vice versa.

Steinhagen et al. (1976) working with an isolated -working,
blood perfused dog gastrocnemius muscle found that sodium bicarbonate
induced a]ka]osis-increased Yactate efflux rates while L-arginine-
hydro¢chloride induced acidosis suppressed eff{ux. Ingracel1u1ar lactate
Tevels wer® not reported, however. Th%s makes the interpretation
somewhat difficult as the changes in efflux rates of lactate may have
been mediated directly through the blood pH change or via modifications
in intrécel]u]ar lactate due to the extracellular pH inf]uence‘on
intracellular metabolic procesges as suggested previously.

Spriet et al. (1983) and Heigenhauser et al. (1983) have
presented results in agreement with the work of Hirche and his
co-workers (1975)., Using a perfused rat hindquarter preparation,
Spriet found that perfusate acidosis (decreased bicarbonate or
increased PCOZ) reduced lactate efflux from the electrically
stimulated muscle groups (stimulated for 20 min). Decreases in pH
induced by bicarbonate decreases resulted in consistently lower
effluxes over.ZO minutes. Decreases in pH induced by increased
PCO2 suppressed effluxes only initially. Héigenhauser (same

laboratory) found that after 5 minutes the intracellular lactate

-
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concentrations of some muscle groups of the hindlimb preparation

_ per%us;d wéth acfdic sb]utiohs (decreased bicarbonates) were lower
than control values. After 20 minutes, however, no significant
difference in intracellular lactate were reported. It would appear
that the reduction in lactate efflux after 20 minutes seen by Spriet
under acidic conditions induced by bicarbonate decreases are not

due to lower intracellular concentrations of lactate ({é. reduced
gradient). . ' T

A major question which arises from fhe papers imp]icatiés
bicarbonate in lactate efflux is determination of the origin of the
effect. Is it a direct bicarbonate effect on lactate efflux or is
it an extracellular or intrace]lu];r pH effect?

In 1975 Mainwood and Norsley-Béown examined the effects of
extracellular pH and buffer concentration on the efflux of lactate
frof in vitro frog sartorius muscles. Effluxes were computed using
a superfusion téchgique and the efflux curves were followed after
raising the iptracel]ular Tactaée Tevels by repetitive electrical
stimulation for 200 seconds: IncFeasing the external. pH from 7.0
to 8.0 resulted in a two- to three-fold increase in the peak efflux
rate. The effect was found to be independent of the buffer system
used. Similar results were found when buffer species with limited
membrane permeability were used. This clearly suégests that the
modulation of lactate efflux from frog skeletal musc]e is not a
specific bicarbonate effect nor an intracellular effect due to buffer

diffusion altering intracellular pH. A reasonab]e alternative which



fits the data,is extracellular pH, be it directly or indirectly
through buffer capacity (ie. low buffér capacity will result in pH
shifts in the face of moderate acid loads). In agreement w%th this
finding Sutton et al. (1981) on the basis of data obtained from

human subjects suggested that the rate-of lactate removal from muscle
is impaired during acidosis. This is cleagly in agreement with the

data obtained from ervthrocvtes and supports the notion that lactate

may be released by nonionic diffusion, hydrogen cotransport, or hydroxyl

exchange (transmembrane pH dependent). This, however, is in disagreement

with the finding that a membrane potential component of lactate efflux
exists at low buffer concentrations (Mainwood and Worsley-Brown,
'1975). One may easily suggest'that lactate leaves skeletal muscle
tissue in more than one form (ie. a membrane potential componeqp

and perhaps a pH dependent component) (Roos, 1975).

Models to Explain the Role of Extracellular pH in Lactate Efflux

from Skeletal Muscle

On the basis df the effect of extrace]fu]ar pH on lactate
efflux, five models will be ﬁropo;ed to explain the role of
extracellular pH. A rudimentary separation of the models into two
groups may be made on the basis of whether hydrogen fon is rem@ved
from the intracellular space in conjunction with the lactate ion.

The Movement of Lactate Independent of Hydrogen lon Movements

Model A - Anion Channel:

Hutter and Warner (1967a, b) and NPOdbury and Miles (1973)

have shown results which indicate that a re]ationéhip exists between
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extracellular pH and anion conductance. Hutter and Warner found that
alkaline external solutions (pH 9.8) increased C1~ efflux from frog
skeletal muscle while acidic‘solutioni\(pH 5.0} reduced the efflux.
Boyle and Conway {1941) regarded the anionic diameter as a ¢ritical
factor in diffusion through tﬁe membrane and favoured the view of a
molecular pore or channel. It can be suggested that hydrogen ion
binding to the inner membrane of the channel may be responsible for
impeding anionic movements through the Channel. Although it is
possib]e that a channel may exist which allows lactate ions to pass
throqgh and that it may be interfered with by hydrogen ions\\the
work of Harris (1960) suggests that membrane permeability to anions
larger than chloride is very low.

Ito et al. (1962) have suggested that the hydrated ion diameter
of lactate is more than twice that of chloride. ‘As reported earlier
ﬁowever, Mainwood and Worsley-Brown (1975) found‘a membrane potentfa]
component of efflux at Tow buffer concentrations suggésting uncoupled
ionic movements of Tactate.

Model B - Anion Exchange:

An alternative explanation for tﬁgléxtrace11u1ar pH influence
on chloride fluxes arises out of the discovery of an anion exchange
system as discussed earlier. The possjbi]ity of a large number of”
monocarboxyiqte compounds crossing the membrane via this mechaﬁism
has been fully discussed. It is not unreasonable to suggest that .
the protein moiety of the carrier may be sensitive to extracellular

pH changes resulting in conformational changes due to neutralization



k.

. | : 23

of fixed charges by bound hydrogen ion. The conformational changes may

result in a loss of binding sites, thereby reducing lactate efflux.

Movement of Lactate in Conjunction with Net Hydrogen Ion Loss

Model C - Nonionic Diffusion:

I1f the undissociated lactic acid is the dominant spgcies crossing
the ske1epal muscle membrane then extracellular pH would play an active
role in regu]atiné lactate efflux. For lactic acid to cross the membrane
it {s necessary to maintain the diffusion gradient for this species. Anm
alkaline change in éxterna1 pH would shift the Tactate/lactic acid -
equilibrium towards lactate ion formation thereby reducing the ¢gncentration

of lTactic acid and increasing the transmembrane lactic acid gradient. A.

shift towards more acidic external so1ﬁtion$ would create the opposite effect.

In quantitative terms this is given by the Hendérson-Hasselbalch eguation:
1-a |
a

pH = pK + log (where o = undissociated fraction)

rearranging: _ ‘
o #1701 + 10PH-PKy
It is important to note that a pH change of 0.3 pH units is all-that is

-required to double or halve the concentration of the undissociated lactic

S

acid species in solution.

Model D - Cotransport of Hydrogen Ion and lonic lactate:

Figure 1 outlines the basic characteristics of this carrier
cotransport model for lactate. Extréce11u1ar alkalinization would favor
the formation of the deprotonated carrier; _C+ (-C+, a carrier with a
lactate and protpn bindiné position) which is able to re—ofient'in the

membrane. This would facilitate the return of the carrier to the

v

inner surface.
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Figures 1 and 2 taken from Deuticke et al., 1982,
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Model E - Lactate/Hydroxide Exchange:

Figure 2 outlines the basic characteristics of this cafrier
‘exchange model for lactate transport. The stimulating effect of
extr¥€81lular alkalinization arises from the increasing concentration of an
extracellular eichange'partner for intracellular lactate. This would
facilitate a carrier, mediating a lactate/hydroxide exchange to
return to the inside of the fiber membrane at a higher rate.

Evidence kor modehirC, D, or £, suggesting the movement of
lactate in conjunction with a net hydrogep ion loss has been obtained in
human-erythrocytes and asciteé-tumour ce1&s és discussed previously,

This was achieved by showing that lactate efflux was influenced by
intracellular pH changes in a manner.cbnsistent with the models. In
addition preliminary work by Mainwood and Worsley-Brown (1975) in frog
sartorius muscles showed that intracellular acidification due to increased
external PCO2 at fairly constant extracellular pH resulted in

increased efflux rates of Iact?te. This is consistent with a
transmembrane pH dependency of lactate efflux as sdggested by mpdels

C, D and E. More work is required to partitionlbut the extracellular

pH effect on lactate efflux from the intracellular effect, as the

movement of an acid from the extracellular solution to the intracellular
space will not only acidify the intracellular space but will .

cause extracellular alkalinization. Whether the increase in lactate
efflux due to CO2 ﬁovements has its origin in the intracellular

or extracellular pH change remains unclear. In addition, a less volatile

acfdifying agent might be more appropriate, as CO2 produces bicarbonate,

a possible Tactate exchange partner via the classic anion exdhange
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mechanism. Knowledge of the effect of intracellular pH changes at
constant extracellular pH values will felp us determine whether
1ac£§te efflux in skeletal musc]e is transmembrane pH dependent
(ie, is lactate released in conjunction with a hydrogen ion loss).
The key to answering this question lies in finding a suitable intra-
cellular acidifying agent.

The Effect of Externally Administered Compounds on Intracellular

pH and Their Proposed Mode .of Action

A large number of ¢hemical compounds added to the external
splution bathing cells of various types have been implicated in
intracellular pH modifications.

In 1871 deVries reported that the only substance he found
that readily penetrated the cells of red bee£§ was ammonia. Entrance
of the ammonia was verified by means of the co]of change that
occurred in the plants cell pigmengs. 'fhe-same change was observed
when ammonia was added to a solutioﬁ of the pigment material.

Overton, in 1897 demonstrated the entry of ammonia, primary,
seéondary and tertiary amines and vérioug a1ka1oid§ into plant
cells by observing the- formation of intracellular precipitates '
caused by the interaction of these bases w}th intracellular tannin,
In addition, it was observed that no precipitation was formed when
the concentration of the uncharged spectes was reduced by
ahfdification of the bathing solutions. Overton concluded that
it is only the free, uncharged form of the base which can penetrate

the membrane.

l.\

A
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Warburg in 1910 dyea_sea urchin eggs with a neutral red
indicator and observed their intracellylar alkalinization upon
exposure to an ammonium chloride so]upion. It was also observed
that no color change was evident when these cells we;e exposed to
solutions contdining strong bases.

Similar experiments were Eun by Harvey in 1911 using plant
cells, animal cells and marine eqgs. Exposure tb ammonia and various
amines once again resulted in intracellular alka]inity'as measured
by the neutral red dye color change.

In 1920, Jacobs demonstrated the permeability of the cell
wall of the flower pé£a1 (Symphytum peregrinum) to molecular co,.
The petals of this flower con;ain a natural indicator dye. The blue
petal quickiy turned red (ie.'more acid) not only when immersed in
water gassed with ]bO? C02. but even in a HCO3-CO2 mixture at pH ~ 7.4.
In‘addition, it was found that the red petals of the rhododendron
hybrid turﬁed bright blue (ie. alkaline) not only when immersed in .
an a]ka]ine\NHdoH solution, but even in an acid (pH‘6.2) solution
of (NH4)2304 {Jacobs, 1922). This last result strongly suggests
+
4
The cell membrane preference for uncharged molecular species

]
cell membrane permeability to NH3 rather than NH

was found to hold for dye uptake as well. Harvey (1911) found that
plant and animal cells take up basic dyes when dissolved in alkaline
solutions but not in acidic solutions. The reverse was found to be

‘

the case for acid dyes.
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It has also been shown that the rate of accumulation and final
concentration of cresyl blue dye in the vacuole of (Nitella) is
roughly proportional to the external concentration of the undissocfatéd;
species of the dye {Irwin, 1926). _

Osterhout and Dorcas (1925) working with marine algae, found that
the steady-state vacﬁo1aF concentrations of CO2 and HZS are approximately
the same as those of the undisééciated form: Cooper and Osterhout
. (1930) directly measured ;he pH of the vacuolar fluid and found that
.

4 ~—
By the early 1920's it was generally understood that CO2 and

it becomes alkaline when the cells are exposed to NH

NH3 penetratéd the cell’on account of their lipid solubility, -and

changed intracellular pH by giving off protons in the case of CO2 v

(after Hydratio;) or by taking:up protons in the case of NH3.
™~ Many years were to pass before it was shown that pH sénsitive
micrde]ectrgdes could.be used éb measure pH in muscle cells (Caldwell,

195{; Kostyuk & Sorckina, 1961). Caldwell {1958) used glass micro-
electrédes to study the intracellular pH of squid giant axons exposed

to IUO%ICOZ. A prompt large sustained acidification was reported. No y//////’

lower CO2 concentrations or C02/HC0; mixture were employed, however.' )
Much more recently, Thomas (1974) used microelectrodes of his

own design to observe CO2 and NH3 induced intracellular pH changes

in snail neurones. In addition to NH3, the metabolic inhibitors

1

aﬁdxia, sodium azide and 2,4 dinitrophenol (DNP},all caused a slow fall

in internal pH. As well the removal of externaflggyiym had a slow , 3

: .
. . Y -
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and some;hat variable influencé on intracellular pH. Sodium was
fater found to play a major role in intracellular pH regulation in
mouse soleus muscles {Aicken and Thomas, 1977). The influence of .
external CO2 on intracellular pH is further supported by Thomas'
1976 work, in which C02 was used in part to measure the intracellular
.buffering power of snail neurones. -

In addition, Boron (1977) using Hinke type .microelectrodes
found that intracellular. pH increased dramatically (= 0.5 pH units)
when giant barnacle muscle fibers were exposed to solutions

containing NH461. The intracellular pH'change was found to be
/ '

-

related to the éxtrapellu]ar NH concentration. In addition,
increased CO2 1evelsdcaused intracellular acidification. De Weer
{1978) and Boron et al. (1979) found éimi]ér intracellular results
using similar techniques in snail neurones and barnacle muscle
fibers. .

Hinke and Menard {(1976) measured the intracellular pH of

barnacle muscle fibers by the DMO and microelectrode methods durin

-

exposure to CO2 or (NH4)2504. Once more it was reported that 002
caused intracellular pH to drob while (NH4)250q caused intracellular
pH to rise. In addition it was suggested that the weak acid
distribution method of ﬁeasu%ing intracellular pH compared favourably
. Wwith the electrode values providing the DMO pH value was calculated

14

from the values of the indicator compounds  DMO and 3H inulin

obtained by extrapolating the slow uptake phase to time zero.

-~

<

4
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Roos and Boron {1978) working with rat diaphragm mus¢le found

that transferring the muscle from CO2 free to COz-containing solutions

caused intracellular pH to fall. Subsequent return to the CO2 free

" solution caused intracellular pH to rise. The distribution of the

.weak acid DMO was used to measure,intrace]ju]ar pH.

There appears to be 1ittle doubt as to the effect of cell
exposure to CO2 or NHj on intracellular pH. Another group of compéﬂﬁds
which have been studied wiihtrespect to their‘effects on intracellular
pH are weak organic acids. Marrannes, De Hemptinne and Leusen (1979)
found that in sheep Purkinje fibers, cgpid substitution of 20 mM C1~
with ZO-mM propionate at an extracellular pH of 6.8 resulted in
intrace]lu]&r acidosis and a tréasient a]kalbsiS'at the external
surface of the cells. Similar intracellular pH changes were also

observed with formate, butyrate, B-hydfoxybutyrate, lactate, pyruvate

and a-Cl-propionate. The degree and kinetics of the change was

- quite variable however. Intracellular pH was measured with a double-

barrel pH sensitive electrode while surface pH was measured with an
independent microelpctrode. De Hempt{nqe and Marrannes (1979)

observed a similar intrgce]]u]ar acidification™and surface alkalosis

in rat soleus-fibers exposed to propionate.

These observations in conjunction with the previously cited
fihdiﬁg by Marrannes and De Hemptinne {1978) that correlates the 1iﬁid

solubility of weak acids to the transienE changes in cardiac fiber

* conduction velocity, suggest that weak acids such as pfqpionate penetrate

the cell in the protonated form. The subsequent dissociation caJsesw
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intracellular aqiposis. The transient surface alkalosis can be

explained on the basis of the unprotonated form remgining in excess,
~ . ‘

acting és'a proton sink causing the pH, to rjse.

In addition to its effects on interstitial and intracellular

pH, propionate has been réported to hyperpolarize the membrane of many
cell types. The magnitude of this change appears,however, to be
quite variable (De Hemptinne and Marrannes, 1979; Marrannes et al., 1979)

A.Role of Organic Acids and Intracellular Acidosis in the Suppressibﬁ

of Tension in Cardiac and Skeletal Muscle
The effect of m&ny organic acids on skeletal muscle tension
development has been studied by Foulks et al. (1977), while the effect
of octanoate was studied by Caffier et al. (1982).
- Octanoa}e (2-10 mM) wés found by Caffier et al. {1982) to
alter the characteristics of the isometric twitch in isolated bundles
of frog skeletal muscle. The peak tension, the maximal rate of rise
of tension, the time to peak tension, and the half relaxation time
were all reduced. Tetanic éension!uas reduced by tﬁe same amount
in percent (407}, as a single isometric twitch. As well the fusion
frequency of tetanic contractions increased. It was also found that
k' induced contractions were diminighed. As a general statement .
. «
1-2 mM caffeine removed the octanoate effects described above. Caffeine
is- known to facilitate the release of Ca2+ from the sarcoplasmic feticu1um
(Weber and Herz, 1968}. The authors suggest that tﬁese results are
ponsisteqt with the hypothesis that the octanocate-induced changes

. . +
in muscle contractions are due to a reduced Ca2 release from tellular
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stores. This is not to say that this inhibifﬁoh of,Ca2¥ release is
not mediated through intracellular pH decreases due to octanoic acid
diffusion across the fiber membrane and subsequent dissociation.

Hhether inhibition of Ca2+

release is'dyé to a direct octanoate
inhibition or via.suspected octanoate induced intracellular acidosis
remains unclear at-present.

Foulks and his co-workers (1975) found that the depressant
effect of extracellular acidity on twitches and k* contractions in
frog skeletal muscle was significantly accentuated in the presence
of organic aniens such as bdtyrate.. Foulks proposed that these .
depressant effects may be produced by interference with the membrane
stabilizing actions of divalent tations. This, it was suggested,
would increase membrane f]ufdity. Once more intracellular pH was .
not measured. One must not neglect the effect the orgaqic acids
used b& Caffier and Foulks may have had on intracellular pH. There
is some evidence correlating decreases in intracellular pH to
reductions in tension outputs in cardiac and skeletal muscle.

Vaughan williams (1955) %epgrtéd that intracellular pH
decreases induced by'changfng pCO2 reqy]ted in reductions in
contractile force of isolated rabbit auricles. McE]roy’and his
co-workers {1958) found that CO2 inducgd alterations in intrace11u1ar
pH of quinea pig heart muscle resulted in a 70% reduction in
‘contractility (pCO2 changed from 5% to 20%). Th{s effect was found
to be reversible. Further evidence for the effect of intracellular
acidosis on cardiac contractility was provided by the work of

Lorkovic on frog heart strips. A rapid drop in twitch tension

-
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resulted from exposure to solutions saturated with 80? €0, at a
constant extracellular pH of 6.7. Hill (1955) has repofted al

unit ﬁH change in frog sartprius muscle equiiibratéd in the same
sohﬁtion. With the differences in cardiac and skeletal muscle

buF%er capacity, it is difficu1t to say exactly what the intracellular
PH change would be. It is sufficient to say, however, that a
substantial acidosis will occur. Results of a similar nature Bave

. been found for skeletal muscle as well.

Meyer et al. (1983) perfused isolated cat biceps brachii and

r

soleus muscles with red blood cell suspension in Krebs-Henseleit

-

equilibrated with 5 or 30 CO2 (pH 7.2 and 6.6, respectively).

3]p NMR spectra was found to decrease

Intracellular pH as measured by
from 7.0 to 6.6 in both muscles. In the soleus muscle, this produced
a 24 decrease in twitch tension, and a prolongation of both time to
peak tension (5-) and time to half relaxation (40 ). Tetaqys rise
and fall times were increased by 32 and 100 , respectively, but

pg?k tetanic tension was unchanged. In the biceps muscle, however,

a similar intracellular pH drop produced no significant changes in
twitch or tetanus'kinetics a]though.peak tetanjc tension was reduced
by 100, This reductioﬁ in tension is very much smaller than the
reduction seen during physiological fatigue even though the magni tude
of the intracellular pH change approximates that thch is expected

to occur during fatigue. It would appear that inlrace]]uﬁar pH is

not & direct source of fatigue. The question arises as to the means

whereby intracellular pH decreases can reduce tension outpbt in- both

L)
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cardiac and skeletal muscle. Fabiatojand Fabiato (1978) and Donaldson
and Hermansen (1978) provided evidence to illustrate the role of
intracellular pH in the suppression gf tension. It was found in
skinned frog semitendinosus mu;cle that if.pH was reduced to 6.6 from
7.0, the maximum tension generated by the‘musc1e would be 90% of

that observed at pH 7.0. This effect was found to be due to a shift
in the tension—pCa2+ curve due to the reduction in pH. 1In addition
if the free Ca2+-concentration was not increased at pH 6.6 tg a pCa2+
of 6.0 form 5.5 then tensiom generated by the muscle was only 80%

of that which it could generate at pH 7.0. This type of work clearly

implicates intracellular pH in the suppression of tension via
2+ '

modifications in the Ca‘  sysfem. Allen and 6rchard {1983a) have
presented data supporting the hypothesis that the rapid drop in
tension of mammalian papi]1a§y muscles exposed to acidic solutions

" follows a time course similar to the fall in intracellular pH. In
addition the slow recovery of tension after the initial tension drop
was accompanied by an increase in free Ca2+. The increase in free
Ca2+ could be stopped by metabolic inhibition suggestigg that energy
is required to increase the calcium levels. The su;pression of the
free Ca’t levels also resulted in tension reductions (Allen and
Orchard, 1983b). It appear§ that in cardiac muscle, decreases in
tension occur as a direct effect of both a decline in intracellular
pH and/or free calt levels. This is not to suggest that intracellular

acidosis is the sole cause of fatigue, rather one possible mechanism.

Recall that Caffier et al. (1982) have suggested that octanoate
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suppression of twitch and tetanic tension was induced via inhibition.
of Ca%f release from cellular stores. One can suggest that this
inhibition may be due to the suspected intracellular pH change induced
by octanoate exposure (octanoic acid diffusion and subsequent
intracellular dissociation). A.direct CaZ® inhibition by octanoate
cannot be tu]ed out.

Porzehl et al. (1969) have reported a marked decline in ATPase
activity (iqsicative of power output capabilities) of extracted rabbit
fibrils when the pH was lowered from 8.0 to 6.0. In addition the
Ca2+ requirements for ATP splitting were increased during acidosis.
Schadler (1967) found similar results for rabbit ske]éta] muscles
which were glycerol extracted. Bozler (1968) also found an acidosis
induced reduction in ATPase activity at constant pCa2+ values as
meésured by tension outputs of glycerol extracted fibers. Maximum
ATPase activity was not changed. Kentish and Nayler (1977) found that
acidosis depresses the Ca2+ sensitivity of the myofibrillar ATPase
in both cardiac ana white skeletal muscle thereby requiring higher
Ca2+ levels to obtain similar ATPase activities. The maximum ATPase
activities were depressed only slightly. |

It would appear then that intracelluiar acidosis may suppress
tension by two Ca2+ related mechanisms: (1) inhibit;on df Ca2+ release
from sarcoplasmic reticulum, or (2) suppression of myofiﬁri]]ar ATPase
Ca2+ sensitivity, consequently shifting the tension'pCa2+ curve to
the right. Superimposed on these two potentiq] fatiéue mechanisms

is the normal loss of Ca®* during stimulation (Bianchi, 1982) which
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may further suppress tension. It can be suggested that the drop in
intracellular pH will influence tension only marginally (Meyer et al.,
1983) but when coupled with the Ca2+ loss observed during mUSCUIar
contractions, may reduce tension considerably by lowering free Ca2
1evels However, this is not to qfny other mechanisms of tension
suppression {Wenger and Reed, 1976).

Regardless of the mechanisﬁ, a large body of evidence exists,
some of which I have reported, implicating decreases in intracellular
-PH in the fatigue process in skeletal and cardiac tissue. In the
light of these studies the work of Fitts and Holloszy (1976) and
Tesch (1978) takes on a new importance. Fitts and Holloszy found a
strong correldtion betwden the levels of intréce]]u]ar lactate and
reductions in contractile force in frog sartorids muscles (r = -0.99,
P < 0.01). Tesch found a close re]ationship {r = -0.79) between
Tactate concentration of muscle and performance time on_a supramaximal
bicyc]e ergometer test, As well, we must not forget the early work
of F1etcher and Hopkins (1907) who found that a high lactate
concentration occurred at the same time as muscle fatique.

As lactic acid is the primary metabolic acid, the mechanisms
of release of lactate from skeletal muscle tissue should be studied
for the following reason};

| (1) to determine the role of lactate release in intracellular
PH regulation during fatigue and recovery from fatigué. |
(2) to determine the role of lactic acid induced pH changes

-~

in tension suppression during muscular activity.
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Summary

The dafa to date suggests that extracellular pH influences
lactate efflux from skeletal musc]é. High éxtrace]lular pH values
or high extracellular buffer capacities support high lactate efflux
rates. On the basis of this effect five models are proposed to
explain the role of ext;acellu1ar pH in modulating -lactate cfflux.
These models may be divided into two categories on the basis of.
whether hydrogen ion is released in conjunction with Iactatearelgase
or whether lactate release is independent of hydrogen ion releése.
If hydrogen ion release is coupled to lactate release then the efflux
rates of lactate from skeletal muscle tissue should be dependent
upon the transmembrane pH gradient. This is to say that decreasing
intracellular pH (increasing H* concentration) should facilitate
increased lactate efflux as suggested by models C, D or E.

The literature suggests that the monocarboxylate propionic acid
(CL3CH2C00H) may be a suitable intraceliular acidify{ng agent.
Data has been presentgd showing that the addition of propionate to
the extracellular solution causes substantial drops in intracellular
pH. Monitoring lactate efflux rates upon the addition of
propionate to the external solutions bathing isolated muscle may

4

help us to determine whether lactate efflux from $keletal muscle
‘is dependent upon intracellular pH.
This is an important concept to muscle physiology in general,

in that uncoupled hydrogen ion and lactate release from skeletal



muscle results in the'ce)l disposing of the hydrogen ion load through
alternate mechanisms. This is ﬁecessary for the mafntenance of
cellular integrity. As intracellular pH changes have been imp]icated .
in the impairment of many ée11u1ar functions, knowledgé of the means
of regulating lactic acidosis may coﬁe frém experimental w?rf dealing

with the regulation of lactate release.
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3 Research.Questions

What is the effect of extermdlly administered propionate

on lactate efflux from isoléted'frog sartorius muscles?

What model of lactate efflux is consistent with the effect of
externally administered propionate on lactate efflux from

isolated frog sartorius muscles?



Materials and Methods

Genefa]

Animal Housing and Care

Frogs (Rana pipiens) were obtained from Anilab Enr'g of Quebec

6ity. Upon their arrival, the animals were treated with antibiotjcs

to destroy any infections they may have acquired during storage and transport,
The frogs were kept in a water filled Living Stream (Frigid

Units Inc., Toledo, Ohio). The Living Stream was divided into three

compartments so as to seperate newly arrived animals from those which

were currently being used for experimental purposes. Each compartment

contained a plexiglass platform which enabled the frogs to climb out of

the water to feed.
The tap water in the compartments was maintained at approximately
170 C by heating the cold water in a‘large reservoir to the desired temperature
prior to its addition to the Living Stream. Fresh water from the reservoir
was zﬁntinua]1y added to the Living Stream so as to regulate the water
temperature in the compartments. The temperature fluctuated approximately
. 2% ¢ due to the daily variations in tap water temperature (cold water outlet).
The animals were fed a diet of live mealworms three times a week.
The mealworms were placed in a“shallow dish on the plexiglass platform.
The frogs ate at will and after a short period of time adjusted to this
method of feeding. A1l animals were fed for a minihum of two weeks prior

to being used in.any experiment . -

Dissection Procedure Pre-Experihent Equilibration

Each animal was pithed after decerebration. The hind limb skin

was then removed and the distal tendon of the sartorius isolated. A small
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loop of 5'0' surgicai ﬁilk was tied to the tendon. An estimate
of proximal to distal tendon length was made and the distal tendon
was then cut. The body of the sartorius was carefully dissected
out and a gma11 loop of 5'0' sitk was tied to the proximal {pelvic)
fendon and the tendon was then cut. The contralateral sartorius

was removed in a similar manner. Muscies from the same anim ere
| used as experimental and control pairs in all expecigpﬂ{§$—*E:;:\ h-
out the dissection procedure, the muscles'were kept moist wigbzéﬁp
Modified Ringer's so1utf0n The solution used corresponded £6"the
control Modified Ringer® s solution be1ng used in that days experiment.

"Upon zbmp1et1on of the dissection procedure, the sartorius

muscles were transferred to a large reservoir containing approximately
150 ml of the control Modified Ringer's solution being used in that -
days experiment. The solution was aerated with 100% oxygen The
oxygen was passed through a home- made CO trap containing soda 11me
crystals and then through a custom built water equilibration unit
containing 120 mM NaCl. These two processes ensured that C02
impurities were removed and that the dry gas from the cylinder
reached the equilibration chimber saturated (Fig. 3). Ail experiments
and equilibration procedures were run at room temperature and
specific equilibration times will be given under the Methods section

of each individual exptrimental series. LN

Experimental Solutions

. I -
Table 1 shows the composition in mM of the control Modified \\/”

Ringer's solutions and the experimental Modified Ringer's solutions.

s



Figure 3
p .

Water Equilibration Unit and Carbon Dioxide Trap

HWater Equi]ibration Unit
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. Stopper

Carbon Dioxide Trap

1.
2.

Oxygen output SP water eduilibration unit

Rubber stopper

. Filter
. CO2 absorbent, soda lime

. Oxygen input from tank

e

12

B

La ik

-y



dedj apixolg uoque)

%ﬂ.

i

jLup :o_am;a_—_zcm J33eM




£€°9 . OWa

0L°¢€ ENR A
06t 31VNO1d0Yd
i 0L7L SdOW

S1S3y} SLYy3 up pasn saniea yd

:

(21qeoy [dde 41)

Npumu sjeuordoad eN

009%HaEHeN HdOW | I Croep 5 toen
asunog 324N0g asanog 324nog 824n0g 324N05 v
0°02 0'52 §°S 52 8'1 508 L7z01 ot
0 Lo ST 5z gl 500l £°201 6
0°02 0°02 §'S 52 8" 1 8°€8_ - b0l 8
0 0°02 5 52 81 8 €01 puoL 1
0°02 , ool 6§ §'2 81 506 L° 101 9
] 0 ol 00l . X 52 81 SoLL L0t R
00z 0's -« g 52 8-l 8°€6 b0l b .
0 0's 5'G 5'2 81 8Ll v 601 £
. 002 0°1 . §'g 52 8" 5°96 rou -2
N 0L - 56 52 8" 9Ll oLl t .
ajeuoidouag |ejo) wammmﬂMMOF as0an(g R 42 19 eN # uoLIniog

‘suoLIn|os jo uoljrsodwo)y ‘| 3|qe)



%

45,

-
»

N A1l solutions were made with certified. reagents in distilled water

and'were titrated to pH 6.80. In addition all solutions were of

-~

equivalent osmolarfty.' %his table encomn@sgess all non-radioactive
éoquions_used in this project. Note that the experimental solution
varies from its corresponding contro]*éh]y in that 20.mM propionate
has been substituted for 20 mM 6¥:. These solutions will be referred
to as control and experimental solutions. A1l solutions were titrated
to ph 6.80 with small amounts of.Naoﬁ-or HC1 and pH was measured with
a Radiometer model PHMGQ'Research pH meter.

Specific Experimental Series

1

S Prqpionate:UpEFge;jn Resting Sartorius Muscles

Four saffEF:;s ;Lsc1es were dissgcted out and equilibrated
for 3 hours as descr}bed previously, in control solution #9 which
is buffered to pH 6.80 with 25 mM 2-N-morpho1inopropanesulphonic'Eéid
(MOPS pKa 7.10) (Table ). A%ter the 5 hour equilibration period,
each muscle was susﬁended in an individually aerated tube (Fig. 4).
The 100% oxygen was passed through the C02 trap and water equilibration

unit was described previously (Fig. 3). The muscﬁes were stretched

to in vivo length and further-equilibrated in 8 ml of the above solution

for 15 min.
After 15 minutes the tubes were removed and replaced with
fresh tubes containing experimental solution #10. In addition, trace

amounts of ]qc sodium propionate and M inulin (NEN) were added

6 5 1 .3

1.2 ¥ 10 dpm-m1™" (3H1, sa ('%c) 2.5 mCimmot”

dpm-m ™ ey, 2.0 X 10

1



(3H) 287.5 mCi-g~).

. After 60 minutes the muscles were removed from their individual

tubes and the suture loops removed. The muscles were blotted and cut

in half. One half was added to a pre-&éighed crucible, reweighed
and‘placed'in a vacuum oven at 80° C‘overnight for total tissue yater
determination (vacuum, 25 inches of Hg). The other half was placed in

a pre-weighed scintillation vial and reweighed. To tﬁe vial, 0.5 ml

of NCS tissue solubilizing agent (Amersham) was added~and the vial placed
in a 4b° C water bath for 16 to 20 hours, After digeﬁ%Tﬁh the vial was
cooled and 0.017 ml of glacial acetic acid was added. To this
neutralized mixture, 15 m1 of OCS scintillation cocktail (Amersham)

was added and the mixture wag vortexed and then col& and datrk

adagted for 24 hours to further reduce chemiluminesence. The sample

was then double 1abe1 counted using internal standardization. Blanks were
prepared as abqve for determination of background counts.

The radioacEive bathing mediumg-y!:e vortexed and 0.100 m1 aliquots
were added to each of 4 vials con%aining 15 ml of PCS scintiliation
cocktail (NEN). Each bathing medium was prepared in this manner. The
 samp1es were vortexed and cold and dark adaptéd for 24 hr. ‘The samples were
" then double label counted using internal standardization. Aliquots of cold
solution #10 were taken and prepared as above for determination of

1

background counts,

The pH of the remaining bath medium was determined using the
Radiometer Model PHM64 Research pH rﬁeter)ﬂ'th a Semimicro Radiometer
Electrode Model GK2321C.

Using 3H inulin as an extracellular water marker, it was

possible to calculate the intracellular.concentration of 14C propionate.



Figure 4

Individually Aerated Tube
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4.

Oxygén input
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75 mm, 22 gauge needle
10 m1 tube
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The Effect of Ixternally Administered Propionate on Intracellular

i -
pH of Resting Frog Sartorius Muscles as Measured by the Distribution

Ratio of 5,5-dimethyl-2,4-oxazolidine dione {DM0)

Four pairs of sartorius muscles were dissected out and
equilibrayed.for 3 hours in control solution £9 as described
previously. - After the 3 hour equilibration period each muscle
was suspended in_an individually aerated tube (Fig. 4). The |
muscle was stretched to in vivo length and further equilibrated
fn_8 ml of the above solution for 15 minutes. |

After 15 minutes the tubes were removed and rep]éced with
fresh solutions. One of each pair of muscles was returned to

control solution 39 to which had been added trace amounts of 14

6

C
oM0 1.3 X 10° dpm-mi™! ('%¢], S.A. 55.4 mCi/mmol and 3H {nulin

3.7 X 10° dpm-ml'] [3H], S.A. 287.5 mCi/qg. The other muscle of each
pair was returned to experimental 'solution #10 to which had been

1¢ oMo and 3H inulin.

added identical amounts of

« After 60 minutes the muscles were removed from the
individual tubes and prepared for total tissue wate} and |
double label counting in an identical manner as has been -

described in the previous section for MC propionate uptake

determination.

4
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Zfﬁé distribution ratio of the weak acid DMO was used to
estimate intracellular pH according to the method of Waddell and Butler
(1959) and the modified algorithm of Hinke and Menard (1978} (Appendix 1).

The Effect of Externally Administered Propionate op Whole Muscle

Lactate Efflux from Frog Sartorius Muscles Bathed in 25 mM MOPS

Ringer's Solution pH 6.80.

Paired sartorius muscYes were dissected out and equilibrated
for 90 minutes in control solution #3. One muscle was then transferred
to a small plexiglass efflux chamber 54 mm x 17 mm x 5 mm (Fig. 5).
fhe suture loop attached to the distal tendon was secured to the bottom '
of the chamber by way of a stainless steel rod which slid into parallel
notches in the sides of the chamber. The proximal suture loop was
attached to a stainless steel, pin which passed out of the top of the
_ chamber through a tef1qn ring. The pin was attached to a light -
si]ve; chain which linked the pin to a Grass Model FTO3C force
transducer. The transducer was mounted in the arm of a standard
inch worm appératus. By manually adjusting the height of the
fransducer above the efflux Ehamber, it was possible to set the
muscle length to in vivo valyes. The 3.4 ml of control solution

iy

#9 which bathed the muscle in this chamber was aerated with 100%

oxygen by flowing the oxygen into the chamber through a sintereq
glass insert in the bottom of the chamber. The flow of approximately
17 m]-minL] was regulatedswith a Gilmont flowmeter. As pér the
methods described previously, this gas was passed through a

home made CO2 trap containing.soda Time and a custom made water

equilibration unit. The front plate of the chamber was held
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in place with 4 small wing nuts and was séa]ed with water insoluble
Dow Cﬁrning high vacuum silicone grease. When -the front plate of
the chamber was in place, the muscle was suspeﬁded between twd
3 mm X 6 mm platinum e]gctrodes.
A known amount of solution was added to the chaméer by way
of a 5 mi Gilson Autopipette inserted into a hole high on the front
face of the chamber. Solutions were evacuated by wa} of a 10 ml
disposable syringe fixed to a needle epoxied into the front face
of the chamber,
fn order to.raise intracellular lactate levels, the sartorius
muscle was e1ectrica31y stimulated. A Grass SD8 stimulator
delivered 1 ms pulses at a frequency of 70 Hz. This output was
modulated with a Grass SD9 stimulator to give 175 ms trainé of pulses.
Determination of the stimulus voltage necessary to elicit
maximum tetanic'tension WS achieved\Py stepwise increases in voltage
output until no further increase in tetanic tension dccqrred. This
voltage vaiue was then doubled to assure that supramaximal trains of
pulses were delivered. A homemade current booster was used to increase
the current across the electrodes. The relationship between the
Grass SD8 voltage output and the output voltage after passing
through the current booster is represented in Appendix 2. .

-

The output from the Grass transducer was balanced with a simple

-balancing circuit and was amplified with a Philbrick Researchers Model

MP Operational Amplifier. The output was simultaneously monitored

e,



Figure §
Efflux Chamber
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on a Tektronics Model T912 storage oscilloscope and a Model 5D Grass
chart recorder.

After the muscle-Jength and stimulus paraméters were set as
'described above, the pfeparation was equi]ibratéd in control solution
#9 for a further 60 minutes. The solution in the chamber was changed
at 10, 20, 30, 45 and 60 minutes of accumulated time.

The muscle was then fatigued by administeriﬁg'one supramaximal

~—tFain of pulses every 3 seconds for 4 minutes. The solution was then .

changed and changed every 10 minutes for 50 minutes resulting in 5
post fatigue collection intervals.

The experimental muscle varies from control in that the experimental
muscle was exposed to experimental solution #10 from time 20 minutes to
50 minutes post fatigue.

A1l effluent samples were frozen and subsequently anafyzed
for lactate. A mean interval whole muscle efflux was computed
using the blotted tissue weight including suture loops and the time‘.-
the solution was exposed to the muscle (interval time).- The order
of presentation of experimental and control conditions within pairéd
muscles was randomly chosen as only one efflux chamber was available.

No correction was made for residual volumes of solution
rehaining in the chamber after‘evacuation although theoretically the
fluid remaining in the chamber after the sample was withdrawn would
contribute a lactate 1oad to the next interval. The actug1 resideal volume
of chambers such as the one used in the present‘study is approximately

75 ul as determined by using ]4C sucrose (Lubek, M.Sc. Thesis).

LI



- This residual volume is less than 2.5% of the total bath volume.
The values calculated as the efflux rases can be corrected

for this residual volume. Letting V ;epresent the amount of fluid

withdrawn from the muscle batﬁ; C],Athe concentration of the subszénce

from the last'samp1e; C2, the concentration of the substance in

the pre;ent samplé; E2, fﬂe amount of éubstance which will efflux

from the muscle tissue into the present sample; and X, the residual

volume, then:

Using this calculation it can be shown that the difference
Qetween the measured amount of the substance and the actual amount
due to efflux from Ehe muscle into the present sample is represented
by:

X (C2'C])
The use of this formula reveals that the maximal error
introduced by this residual volume is extremely smail, and thus no
correction factor was applied.

The Effects of Externally Administered Prbpionates on ﬁho]e Muscle

Lactate Efflux from Frog Sartorius Muscles Bathed in 4 Buffer

Concentrations of MOPS Ringer's Solution pH 6.80

The materials and methods are the same as those outlined in
the previous section with the exception that solutions #1, 3, 5 and

7 were used as control solutions and solutions #2, 4, 6 and 8 as the

LY S
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torresponding experfﬁental solutiéns. These cérrespond”to buffer ;,‘
concentrations of 1,.5, 10 and 20 mM HOPSwrespective1y. )

' In dddition, lactate efflux was monitored through 3 post
fatigue intervals rather than 5. After 30 minutes thé‘muscle was
removed from the chamber and blotted, 'Tﬁe suture loops were removed ,
and the muscle was quickly frozen between stainless steel blocks
pre-cooled in liquid nitrogen._ The frozen tissue was weighed and
stored at -70° C for future intrace11uiar lactate analysis. The time
required to remove the muscle from the chamber, blot the muscle,
trim the sutures and freeze the muscle was approximately 45 seconds.

In_this series of experihents trimﬂbd frozen muscle weighfs‘

were used in Ehe computation of mean whole'muscle'1éctate efflux rates:

Tissue Extraction of Lactate and Preparation of Effluent Samples for

Biochemical Assay

Tissues were extracted for lactate analysis as follows: L2
3 known weight of frozen muscle was added to a pre-coaled glass
homogeniziné tube containing 3 known volume of ice cold 6% perchloric
acid (80 mg tissue-ml” PCA) and homogeniéed by hand on ice. The
homogenate.was left to sfand 10 minutes on ice: The pestle was not
removed and after 10 minutes was used to thoroughly mix the homogenate,
A measured volume of hohogenate was poured into a centrifuge tube {Eppendorf)
and was spun at 8,800 G at 4% ¢ for 10 minutes (Eppendérf Centrifuge 5413),
A known volume of the supernatant was decanted and neutralized (pH > 7.4)

with a known volume of 2.5 M potassium carbonate so as to precipitate
£
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the perchlorate., The pH was checked with 1itmus qaber and the mixture
was recentrifuged for 10 min at ﬁ:BDd G. TH;.supernatant was deca&ted
and frozen at -700 C for biochemical assay. Refer to Appendfx'3
for more details as to the appropriate dilution factors used in the
tissue lactate calculations. - -

Due to the low-bath concentration -of }éctate at tWe end of
the collection intervals it was necessary to concentrate the samples.
This was achieved by evaporatiné off the water in 3.25 ml of fhe
sample in a vacuum oven at 800 C (vacuum, 25 inches of Hg). The
precipitate was then reconstituted to 0.65 ml thereby qoncentrating-.
the lactate in the sample by a factor of five. This enabled one to
measure. the lactaté concentration in a reliable range of the-assaj..
ThiSfpkacedure resulted in no loss of lactate (Appéndix 4)., . -

Biochemical Assay -

Lattate'was assayed in both the tissue extract and effluent
samples by measuring.the reduction of NAD.(Boehringer-Ménnheim) in
the presence of lactate dehydrogenase (LDH) (Boehringer-Mannheim}.
This was done by mbnitoring the increase in optical densit}y at -

340 nm (37° C) with a nggman Du7 gpectrophotometer. The pyruﬁate
formed in the reaction W;s trapped with semicarbazide as described
by 01son (1962), |

20 w1 NAD (40 mg-im1™') and 10 u1. LDH (20 mg-m1™') were
pipétted into a quartz cuvette together with 0.9 ml freshly ﬁade
buffer containing semicarbazide (1.5 g g]ycing, 2.23 g semicarbazide

HC1 dissolved in 8.0 m1 DH,0 and adjustéd to pH 9.8 with 3 M NaOH).
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The optical density was readsuntil steady and then 0.2 ml of the‘spmple
was added. The optical density increased and readings were taken
every 1 minute for 55 minutes. The same volume of Ringer's solution

(control or experimental) ir the case of effluent sa@ples or the
J

same volume of neutralized perchloric acid, in the case of tissue samples

was used as a correction factor for dilution or contamination. The

volume of sample was often reduced to 0.1 ml in the case of concentrated

'3

Net whole muscle lactate efflux in the case of effluent samples
was .computed on the basis p;\zhe sample concehtratioﬁ and was. normalize¥ ‘
per gram of tissue per minute (Appendix 3). C A

A Two Compartment Diffusion Model for LattéfeﬁD¥%?usfon from Frog -

-

Sartorius Muscles

fIn order to compute the fiber lactate efflux from whole muscle

‘ ; ) .
efflux values, an estimate of the amount of lactate contained within the

-

LI T

:§f§5r5t1£1a1 space of the sartbrius muscle must bé made.

Since the frog sartorius muscle is considered a flat shéét, the
system is symmetrical wi%h difoSjoﬁ occurring through'both surfaces
of the sheet.i This system can'gdequate1y be described by conﬁﬁdering
diffﬁsion from one sqrfate (X =70) to the center of the sheet (X = 1);
The required equations are very similar to those used for sté%dyfstate
oxygen‘and g1uéose uptake and diffusion {Hi11, 1965; Mainwood
and Cechetto, 1977). 1In Hill's model, the diffusion space

'corresponds to the total tissﬁe spacé-and diffusion is assumed to

occur equally through' the cells and the extracellular medium. For 1écfate
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however, diffusion is confined to”fhesﬁxtraceTlular space and lactate
efflux is defined as the release of lactate from the whole muscle.

Diffusipn within the cells isAnot considered..

'S

The relationships between substrate concentration (Y) and the
» . -
depth in the tissue sheet (X) when diffusion is not confined to the

éxtrace11g1ar space are given by Hi1l (1965, pp. 216-217) as follows:
‘ o
1)

e

= |

. |
. where a is the efflux rate per unit tissue volume and K

is the diffusion constant. Solving this equation to obtain Y

at different depths gives:

' 2
2) Y:Yo-{,a_]_x-i
K 2K
where Yo is the external concentration. To find the total
amount of substrate (Q) within a tissue )% sheet of area 1 cmz, the

integral of Y is required.

3
Yodx = Yol + 3L
ok

_
3) Q= /g

. ~ These equatipns are appropriate for lactate diffusion providing

the differences arising from the restriction of diffusion to the

extracellular space is accounted for. This restriction implies that;:

(A)'the area for diffusion through any plane parrallel to the surface

is only a fraction {a) of the total area of the plane and (B) the path
length for diffusion at any depth (X) from 0 » 1 is increased by a

factor (1) because of tortuosity.

S

/
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Modifying equations 1-3 to take these factors into account
results in the: following equations: ' - .
4) S =2
' —~dx%  Ka
. A ) | | 2 . 2 .’ -
5) ¥ = yo +@1XA° _ a(xa) )
' : A\Ka 2Ka ¥

7o obtain Q, the integral of Y over the whole path length

(12) must be found using the appropriate cross sectional area (o) :

[ ]

a(]l)3
Ko

6) R fé YdX = « | Yol +

But, the extracellular space wﬂnhjn this tisgue % section (Vel)
- must be equal to the total volume of the diffusion/pathways (1ia)

so that equation (6) becomes:
a(in)3
‘ _ 3K .
. ", 2_1
Q amount of lactate in extracellular space (umol-.cm tissue

Z) ' | Q = VelYo +

area)
Ve 0.20 ml-ml”' tissue

1 maximum diffusion distance {cm)

A 1.55

K 6.6 X f0-4 cm?-min'1 ’

Yo bath concentration of lactate at end of collection interval
(umo1-m]']) o
a Steady-state lactate efflux (11mc)1-m]"l tissue-min'])

The text explanation of these derivations is taken directly

from Mainwood and Cechetto (1977).
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+ The efflux of lactate during the first 60 minutes following
fatigue is not steady-state. . A mean whole muscle e£f1ux over a four
or ten minute interval may be considered a steady-state estimate
of the mean whole muscle efflux during that interval. The use

of a steady-state diffusion model is then appropriate, although only

a:;iggroxima;iob. %
A number of assumptions have been made to facilitate the use
. ’ . -

of thé model ;

(1) The eXtracellular volume of the tissue (VE) is assumed to be

©0.20 ml-m] tissue™!. ‘

(2) The tortydsity factor (2) is assumed to be 1.55 (McLennan, 1957).

(3) The diffusion cﬁefficient for lactate is ass¥imed to be
6.6 X 107 cnl.min”! (Hil1, 1965). - -

(4) The maximum diffusioﬁ distance (1) is obtained from a linear
regreﬁsion analysis done by Dr. J.M. Renaud (Ph.D. Thesis, '1982).

5A'stfong correlation was found betweén the maximum diffusion
distance (% muscle thickness) and muéc]é weight. This analysis
was produced from data collected from toad sartorius mu§c1es
{Rppendix 5). :

(5} THe sieady-sfﬁté lactate efflux (a), in umol-ml tissuefl-min']
was derived from-knowledge of the efflux in umol-g"1°min'].and
an assumed tissue density of 1.05 g-m1']:

(6) The amount of lactate contained in the extracellular space (Q)

obtained from equation 7 is expressed as pmol per ] cm2 of

tissue surface. The true estimate of the amount of lactate
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éontained in the extracellular space of the tissue is computed.
_from an estima}g’ﬁ? the surface area of a flat sheét of tissue and
may be estimated from knowledge of the tissue volume and the
tissue thickness, 2(1). Tissue volume is computed using the
assuﬁ;d tissue density of 1.05 g-ml tissue'].- The tissue area
%s then simply the. tissue voiume divided by 2(1). Mean fiber
efflux for any interval can then be estimated by adding to the bath
lTactate level (umol) the amount of lactate contained in the
extracellular space at the end of the interval (QE). In
addition the amount oftlactate cﬁntained in the extracellular
_space at the beginning of the samé interval (QE) must be subtracted
from the bath level. The result of this calculation.is an
' éstimate of the amount of lactate which crossed the satcoJemha
membranes of the muscle during the collection interval in )
“question. It is important(::_ngca11 that the amount of lactate which
is present in the extracellular space at the end of an interval
ig used as the amount present at the beginning of the next
interval, 'Preliminary studies have shown that resting
whole muscle efflux from frog sartorius muscles is extremely
low {~ 20 nmo]-g']-min'l). Based on this efflux rate
the amount of lactate present at the beginning of the
stimulation'interval is insignificant. Therefore no correction
for this amoUﬁt of lactate is made in the computation of mean

fiber efflux rates during the fatigue interval. Equation 8

is used to calculate an estimate of the mean fiber efflux for
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any interval.

BINMFE = (BL + Q; - Qg) X ?ﬁ X E%

MFE mean fiber efflux (umol).
BL bath lactate level (umol).’

QE amount of lactate in extracellular space at the end of
the collection interval {pmol).

QB amount of lactate in extrace]]u]ar space at the beginning
of the collection interval {y.mol).

TW {fissue weight (g). !

CT time of collection (min).



64.

o B
Results

qqc Propionate Uptake in Resting Sartoriuﬁ Muscles

Four sartorius muscles were incubated for 60 minutes in ~

solution #10, a 25 mM MOPS Ringer containing 20 mM propionate. To

1

.tHis solution trace amounts of 4C propionate and 3H inulin had‘Been

added as described under Materials and Methods. After the 60

minute equilibration period the tissue was analyzed for total water,

[]4C] and [3H] as described previously. If inulin is assumed to be

confined to the extracellular space, then the counts of ‘4c

ﬁropionate may be expressed pfﬁ/ﬂﬂjxhni;qntracel1u1ar water. The

results from the four tissues are presented in Table 2. The mean

5

intracellular [14C] concentration was found to be 1.04 X 107 ¥ 6.14 X

103 dpm per millilitre of intracellular water (SEM). If one assumes

that 60 minutes is sufficient time to ensure adequate mixing of
14

C’aﬁd unlabelled propionate between the extracellular and intra-
cellular compartments, then it can be assumed that the specific
activity (S.A.) of the two compartments is the same. Based on this

assumption the concentration of propionate in the intracellular

" water can be computed. A mean value of 10.5 0.6 mM intracellular

propionate was estimated to be present at the end of the 60 minute
equilibration period (Table 2).
‘The Effect of Externally Administered Propionate on Intracellular

pH of Resting Frog Sartorius Muscles Determined by the ]40 OMO

Distribution Ratio

. <
One sartorius muscle {control) was equilibrated for 60 minutes

in a 25 mM MOPS Ringer's solution (Solution #9). Trace'amounps of
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4

14 3H inulin wefe -

the weak acid ' 'C DMO and the extrace]]u]a‘ volume marker
added to the bath solution as described under Materials gpd Methods.

After 60 minutes the tissue was analyzed for total water, [14C] and‘[aHI

as described under Mate;ia]s and Methods. The intracellular pH was then
computed using the distribution of the weak ac%p OMO according to the
assupptions of Waddel and Butler (1959) and the algorithm of Hinke and
Menard (1978), Appendix 1. The contratateral muscle (experimental) was
.treated in an identical mannef with theF;;ceptioﬁ that 20 ﬁﬁ\gropionate

was substituted for chloride ions in the bath solution (So]utfog #10): The

results of 4 pairs of muscles are presented in Table 3. The intracellular

pH values have been converted to hydrogen ion conc;ntrations in Table 4.
A mean control intracellular hydrogen ion consentration of 1.19 X 10'7 by
1.6 X 10'8 M (SEM) was found to be signif{cantly different from the mean
experimental value of 1.89 X 107 t9.8x 109 m (ANOVA P < .05, Summary
Table 1, Appendix 6);_-The intracellular hydrogen ion concenirations |
cofrespond to a mean con£r01 tissue pH of 6.92 and a mean experimental

tissue pH of 6.72.

The Effect of Externally Adminisfered Propionate on Whole Muscle Lactate

Effiux from Frog Sartorius Muscles Bathed in‘%B‘mM MOPS Ringer's Solution

pH 6.80 (Sotution #% and #10)

One sartoriu§ muscle (cont?o]) was mounted in the efflux chamber and
stimulated for 4 minutes in 25 mM MOPS Ringer (Solution #9)% The chamber
was emptied'and'the medium éubsequent]y analyzed for lactate as described
under Materials and Methods. The quantity of lactate acéhmu1ated in the
chamber during each of five subsequent 10 minute intervals was determined in
the same manner. The contralateral sartorius muscle (experimental) was treated

in an identical manner with the exception that 20 mM propionate was
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' .
substi}yted for chloride ions during the third, fourth and fifth
10 minute intervals (Solution #10)." The results of the lactate -
determinatiohg from 6 pairs of muscles treated in this manner are
presented in Figure 6. No significant differences were found to
exi;t between experimental and control who]e muscle efflux rates during
the stimulation interval, (299.8 $17.7 ﬁmo]-g’]-min'] (SEM)
Experimental, 260.0 + 19.8 nmo]-g']-min'] Control). 1In the following
10 minute interval whole muscle efflux ratés reéched a meﬁsured maximum
(382.7 ¥ 17.4 nmo]-g'l-min'—1 Experimental, 352.2 + 17.0 nmol-g'rtmin']
Coﬁtrof) and then declined stead%ly in the case of the control tissues

to reach a value of 141.4 * 101 r'tmo]-g"]-min'1 during the fifth

., 10 minute collection interval. Following the addition of propionate

to the experimental tissues at 20 minutes, there was an imﬁediate and
statistically significant increase in experimental whole muscle lactate
efflux rates to a mean value of 411.7 + 36.6 nmo]-g']'min'1 or 1743 1 14
(SEM) of control efflux rates (ANOVA, p < .05, Summary Table 2, Appendix 6).

.The experimental whole muscle efflux rate declined at a faster rate after

propionate substitution, than did control 4hote muscle efflux rates, but
was still 133% of control values d g the fifth éd1lection interval.

The Effects of Extefna]]y Admini{stered Propionate on Whole Muscle

Lactate Efflux’ From Frog Sartorius Muscles Bathed in Four Buffer

Concentrations of MOPS Ringer's Solution pH 6.80 (Solutions #1 through
#8) |

One sartorius muscle {control)} was mounted in the efflux

chamber and stimulated for 4 minutes as per the previous experiment:

#

T
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1447 + 22.9 nmo1-g-1-min'

The chamber was emptied and the‘bath medium was analyzed for lacta;e :
&s deécribed under Materials andMethod§. .. The quantity of lactate
accumulated in the chamber during each of three subsequent_IO

minute intervals was determined in the same manner and was used to
calculate a mean'whole muscle efflux rate. The contralateral
sartorius muscle (experimental) was treated in an identicalﬂmanner
with the exception that 20 mM propionate was substituted for
ch]éride'ions during the third and final 10 minute interval. The
results of 18 pairs of muscles exposed to 1, 5, 10 or 20 mM MOPS
Ringer's so1ution§ are presented below. .

1 mM MOPS Ringer's Solution {Solutions #1 and #3). The results

of the lactate detenminétions from 4 pairs of muscles exposed to

1 mM MOPS Ringer'stso1ution and treated as describedhabpve are
presented in Figure 7. No significant differenées were found to exist
between experimental and control whole muscle efflux rates during the
stimulation interval (109.7 %30 nmo1-g']-min'] {SEM) Experimental,

1 Control). In the following 10 minute
interval efflux rates reached a measured maximum (1464 % a5 nmo]-g']-
min”! Ekperimenta], 1743 + 25.8 nmo]-g'1;min'] Control) and then

declined gradually in the case of the control tissues to reach a
1

‘mifi'* 9.5 during the third 10 minute collection

value of 114.3 nmol.g~
interval. Following the addition of propionate to the experimental tissues
at 20 minutes, there wés an immediate and statistically

significant increase }n experimental whole muécle lactate e%flux

rates to a mean value of 414.3 1 18.8 nm01?g-1‘min-1 or 3757 % 53 (SEM)
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control whole muscle efflux rates (ANOVA, p < .05, Summary Table 5,
Appendix 6).

5 mM MOPS Ringer's Solution (Solutions #3 and #4). The results

of th% 1actafe determinations from 4 pairs of musc]es’eiposed to

5 mM MOPS Ringer's solution and treated as described previously are
presented in Figure 8. No significant differences were found to exist
between experimental and control whole musc]é efflux rates during the ‘

“1min] (SEM) Experimental,

stimulation interval {173.4 * 4 25.6 nmol-g
189.4 1 291 nmo]-g']-min'.l Control). In the following 10 mindte
interval efflux rates increased, reaching a peak value of 235.8 ¥
25.3 nmo1-g71-min;] in the case-of-tﬁZ'experimental tissues. The
control graph reached a mean whole muscle efflux rate of 231.5 + 3.0

nmo1-g']-min'1and remained somewhat constant durfng the second 10

minute interval (232.8 1 24.3 nmo]-g']-min"l) before it declined abruptly
to a value of 177.5 ¥ 16 7 nmoi-g 1-min"] during the third 10 minute
interval. The experimental tissues showed a decline in mean efflux rates
during the second 10 minute interval (210.0 * 20.2 nmol-g-14minyq). '
Fo1]9wing the addition of propionate to the experimental tissuég-;%\zo
minutes, there was an immediate and statistically significant increase in
experimental whole muscle lactate efflux rates to a mean value of 433.6 ¢
27.8 nmoT-g'l-min'I or 252% * 31 (SEM) of control whole muscle efflux
rates (ANBVA p < .05, Summary Table 6, Appendix 6). |

10 mM MOPS R1nger s Solution (Solutions #5 and #6). The

results of the lactate determinations from 6 pairs of muscles expoéed
to 10 mM MOPS Ringer's Solution and treated as previously described are
presented in Figure 9. No'significant differences were found to exist

between experimental and control whole muscle efflux rates during

-
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the stimulation interval (155.0:1 22.9 nmo}-g']-min'] (SEM) Experimental,

- -

196.0 * 30.6 nmol-g™'min™' Contrdl). In the following 10 minute

interval efflux rates reached a measured maximum (258.3 % 28.7 nmo]-g']-

min} Experimental, 281.8 nmo'l-gq-min'1 Control) and then declined

steadily in the case of cohtrof tissues to a value of 189.5 nmol-g']-min']

during the ‘third 10 minute interval. Following the addition of propionate -

to the experimental tissues at 20 minutes, there was an immediate
and statistically significant increase in whole muscle Tactate efflux

rates to a mean value of 412.7  49.8 nm01°g"1-min']

or 2267 * 28
(SEM) of control whole muscle efflux rates (ANOVA, p < .05, Summary .
Table 7, Appendix 6).

20 mM MOPS Ringer's Solution (Solutions #7 and #8). The results

.

df the lactate determinations frqp 4 pairs of muscles exposed to

20 mM MOPS Ringer's solution and treated as described prebiously

are presented in Figure 16. No'Fignificant differencés were found/to
exist between experimenta]land_contro1 whole muscle efflux rates during
the stimulation interval (248.1 * 20.3 nmol-g~) 'min~) (SEM) Experi..

mental, 251.2 ¥ 29,2 nmo]-g']-min-1 Control). “In the following

10 minute interval efflux rates reached a measured maximum {369.9 (/\7'

nmo1-g'1-min'] Experimental, 367.5'nm01'g']-min"] Control) and then W\\\\
declined steadily in the case of control tissues to a value of 212.3 #
-24.0 nmol-g'1-min'] during the third and final 10 minude inteéva1.
Following the addition of prbpionate to the experimental tissues at

20 minutes, there was an immediate and statistically significant increase

in whole muscle lactate efflux rates to a mean value of 385.6 ¥ 29.2 nmol-g'1-

-

?

»*
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min~} or 190% ¥ 30 (SEM) of control whole muscle efflux rates (ANOVﬁ,
p < .05, Summar} Table 8, Appendix 6).

The Effects of External MOPS Buffer Concentration on Whole Puscle

Lactate Efflux _

A comparison of the whole muscle lactate efflux rates during
the first 10 minute interval suggests that high external buffer
concentrations may increase lactate efflux rates. As no significant
differences were found to exist between control and exper1menta1
whole muscIe efflux rates during the first 10 m1nute interval, poo]ed
mean values for each buffer concentration were compared {Table 5).
The pooled mean whole muscle efflux rate for.tissues bathed in 10 mM -
MOPS Ringer's so1utfoe (270.1 * 18.5 nmo) ‘g Ton (SEM))was found to
be significantly higher than the pooled mean whole muscle efflux rate for
tissues bathed in 1 mM MOPS Ringer's solution (160.4 t 13.2 nmo{-g'l-min'1).
In addition the poolea mean whe1e muscle efflux rate?fﬁr tissues bathed in

20 mM MOPS Ringer's solution (368.7 £ 16.6 nmol- -q -1, '1) was found

to be significantly higher than the poo1ed mean whole muscle efflux rate

for tissues bathed in 1 mM (160.4 + 13.2 nmol- ‘9 -1 '1), 5 mM
(233.7 + 1¥7% nmo]-g'] “1} or 10 mM MOPS Ringer's solution P
(270.1 * 18.5 nmol-g™'-min™') (ANOVA, p < .05, Summary Table 4.

Appendix 6).

The Influence of External MOﬁS Buffer Concentration on Experimentél

Whole Muscle Efflux Rates .

Expressed as a percent of control, the mean whole muscle

experimental lactate efflux during the 30 minute interval .was found
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fto'be 375% t 53 (SEM), 252% * 31, 226% I 28l'190% ¥ 30,.and‘174i i 1A
;for tissues bathed iﬁ 1, 5, 10, 20 and 25 mM MOPS Rjnger's go]ﬁtioﬁ;

j respectivéﬁy, .The'data on thch_the percent of cﬁﬁirol eff1u;vva1ues

| are computed are presented in Aﬁpgijx 7. A decreasing non 1inéar
’functibn was fOund_t6 definé fhe—rglationship between the exp?rimenta1 :
ﬁﬁo1e,musc1e efflux expressed as a percent of control.'and buffer

© concentration .of the Ringer's solution for the five buffer concentrations
sfudiedlin the efflux experimenté (Figuré 11). A first order
egponentiai with an asymptote was fitted to the data. The parameters '
léf the function were determined by least square estimates as obtained
from BMDP Statistical Software .Packdge P3R, a non-linear regress%on. ¢
The curve drawn through the experimental data poinﬁs }; defined by

. the equation;

-0.216 X

Y =234.6 e + 183.2

”~

where Y is experimental whole muscle efflux rate expressed as a

percent of control, - , -

X is MOPS buffer concentration in mM. ‘.

”

o

The mean deviation of the data points abové and below the
theoreticq1‘curve is less than 9 units. The méximum deviation of
any data point from the theé?etica1 curve is-?%l' ThiS’SUQQEStS-u-A
that the theoretical curve adequately describes the data. 1t is : v
. .evident from the equation of the curve that if the buffef conEentratfon

is extrapolgfed to infinity, the experimenta] yho]e muscle efflux |

.as a percent of control efflux values is 183.2%.

fod



72. -

.Ti$sue Lactate Levels at.the End of the,Eff1ux Experiments

At the end of thé efflux experinents,‘control'and expérimental
*tissues were frozen for lactate analysis as out11ned under Mater1a1s
'and Methods. Experimental tissues showed mean tissue lactate levels

of 10.6 £ 1.0 ymol - g T

(ssn) 8.8 1.2 umol-g 1,87 1.0 wmol-g”! _—
'and 6. 8 0.6 umol- g for tissues bathed in 1, 5, 10 and 20 mM MOPS—— |
Ringer's solutions (Tab]e 6). ContrUT/;1ssues showed mean tissue lactate

levels of 1.1 + 05 umol -g~) -1 -1

, 11.5%1.0 umo]-g . MN.5+1.0 umo]-g )

and 10.1 * 1.6 umol-g™ for tissues bathed in 1, 5, 10 and 20 mM MOPS ; :

Ringer's so]uﬁfons (Table 5). Preliminary anaIyé{s showed no significant
differences between experimental tissue lactate levels at the four buffer

.concentrations (ANOVA,CSummary Table 9, Appendix 6). A similar - A P
result was found for control tissues at the'four buffer concenﬁrations

(ANOVA, Summary Table 10, Appendfx 6). The mean of all éxperimentaT.

tissue lactate values (8.7 % 0. 6 SEM n = 18) was found to Be

significantly lower than the mean of all control tissue lactate

values (11.1 £,0.5, n = 18) (ANOVA 2, p < .05, Summary Table 11, ‘

Appendix 6).. )

Estimates of Tissue Lactate Levels Immediately After Stimulation

Estimates of tissue lactate levels immediéte]y after
stimulation can be made by adding to the individua1 post experiment
tissue 1actate va1ues, the amount of 1actate lost due o the
corresponding tissue efflux. Th1s method assumes,’ however that a]]

lactate present at the end of. the stimulation interval is lost from ‘.

the tissue solely through efflux. Thfs-ignores any fraction of

lactate lost after stimulation through oxidation.
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Experimental tissues showed mean tissue lactate estimates of

0.9 umol-g~' (SEM), 17.6 * 1.1 mwmol-g™', 17.6 * 1.8 wmol-g~' and

1+

17.2 £ 0.9 1mol-g”| for tissues bathed in 1, 5, 10 and 20 mM MOPS Ringer's

- solutions (Table 7). Control tissues showed mean tissue lactate estimates

L , 18.6 * 1.3 umol-g~' and

of 15.6 * 0.6 wmol-g™, 18.2 * 0.9 ymol-g"'
18.9 * 2.5 umo]-g‘] for ti§sues bathed in 1, 5,'10 and‘éo mM MOPS Ringer's
s@]utions_(Table 7). Prelimihary anaIyQis showea'no significant di%fe}ences
between experimental tissue lactate estimates a;.thé four buffer
concentrations (ANOVA, Summary Table 12 Ab;endix 6). A similar result was
found for control tissués at the four buffer concentrations IANOVA,_Summary

Table 13, Appendix 6). The mean of all experimental tissue lactate estimates

{(17.5 £ 0.7 umol°g']; n = 17) was not significantly fowetﬁﬁyan the mean of
r—b

. all control tissue lactate estimates (17.8 ¢ 0.8 pmoT-g‘1, n = 18) (ANOVA 2,

p> .05, Summary Table 14, Appendix’b).

-

‘Lactate Efflux from Muscle Fibers as Computed on the Basis of a Two"

Compartment Diffusion Model " y (

| + 1f the extracellular compartment of the isolated breparation

is not assumed to be in equilibrium with the bulk phase, then an

estimate of the amount of lactate in the extracellular space is dependent

upon the idiffusion characteristics of lactate, the whole muscle efflux

of lactate and the maximum diffusion distance (3 muscle thickness).. As the

sartorius is considered to be a flat sheet, the steady-state oxygen

3

diffusion model of‘ﬁil1 (1965) with the modifications apd assumptions
agrout]jned’hnder Materials and Methﬁds, is appropriate for‘the
éstimation of egfface11u1ar lactate. 'Knowledge of the bath lactate
level at the end of a‘coliection 1nterv€1 aﬁd knowledge of the
extracellular lactate at the beginning and end of the collection

4



- interval enables one to estimate the mean rate of lactate efflux °

" across -the sarcolemma membranes of the isolated sartorius muscle.
% . : :
The fiber efflux rates for tissues exposed to 1, 5, 10 and 20 mM

MOPS Ringer's'solutiqns were Eomputed from the corresponding whole

muscle.eff1ux rates as presented previous]y in this section of the
thesis A]] raw data required for the f1ber efflux computations

are presented in Appendlx 7

" .

Fiber Efflux Rates of Lactate for Tissues Exposed to 1 mM

MOPS Ringer's Solution (Solutions #1 and #2). The results of the

diffusion model computations from 4 pairs of muséie exposed to 1T mM
HOPS Ringer's solution are presented in Figure 12. No significant
differences were found to exist between expe:jmegtal and control fiber
efflux rates during the” st1mu1at1on period (169.4 ¥ 4.9 nmol -g ]
in~! (SEM) Experimental, 218.2-f 25.3 nmol-g “Vonin] Control).

-Fiber efflux na;es st{g;}1y deé]imed from this measured maximum
", value during stimulatibn to reach a value of 104.7 ¥ 8.7 nmol g -1,

min! during the third 10 minute collection interval in the case of

the control tissues. Following the addition of prop1onate to the

experimental tissues at 20 m1nutes, there was an immediate and

statistically signficant increase’ in fiber lactate efflux rates to a

mean valug of 487.7 + 24.2 nmo]-g-]-min'] or 482% ¥ 67 of control. fiber
: effox rates (ANOJA, p < .05, Summary Table 16, Appendix 6). |

Fiber Eff]ux Rates of Lactate for Tissues Exposed to 5 mM .

‘MOPS Ringer's Solution (SO]Ut]OHS #3 and #4). The results of the

d1ffu51on model computat1ons from 4 pairs of muscles exposed to 5 mM

MOPS Ringer's solution are presented in Figure 13. . No s1gn{f1cant

o | § | :

L]
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: ~
differences were found to exist between experimental and control

fiber'efflux\rates during the stimulation interval (261.9 % 26.4 nmol-g']-
! (SEM), Experimental, 263.9 + 28.3 nmof-g']°min'] Control).

Fiber Efflux rates steadily declined from thie measured maximum

value during stimulation to reach a value of 151.2 ¥ 21.8 nmo]-g']'
min'ﬁ durfng the third 10 minute collection interva]lin the case®

'._ of the control tissues. Fo110w1ng the add:t1on of propionate to the
exper1menta1 t1ssues at 20 m1nutes, there was an immediate and
stat1st1ca11y significant increase in fiber lactate efflux rates
to a mean value of 486.7 I 32.1 nlno]-g']-nn'n'I or 345% * 54 of control
fiber efflux rates (ANOVA, p < .05, Summary Table 17 I‘ippendix 6).

Fiber Efflux Rates of Lactate for Tissue Exposed to 10 mM MOPS

R1nger s Solution (Solutions #5 and #6). The results of the .
diffuijaﬁlmode1 computations ®on 6 pairs of muscles expdsed to 10 mM
MOPS Ringer's solutian are presentediﬁn Figure 14. No significant
differences were found to exist betweeﬁ experimertal and contr?;;fiberz
efflux. rates during the stimulation’ interval® (250.0 * 32.0. nmol-g~ -min"]
~(SEM) Experimeﬁta], 318.6 t 48.1 nmé}-g']:mfn'] Control). fhe fiber
efflux 1ncreased during the f1rst 10 m1nute interval after stimulation
Win the experimental tissues to reach a. measured maximum value. of

¥

290.6 * 46.6 nmol-g" -m1n'1. The fiber efflux then decgined‘to—

“a value of 209,3.% 23.1 nmol g™ 'min~? during the next.interval,

The fiber efflux for the control tissuég?steeply_declined om jts

- measured maximum value during stimulation to a value of 177.8 1 18.4

nmo]-g']-min"l during the third-10 minute collection inferval.

»~ . . ’
. : o : ;-
. - :
m ) i N l V 7



Following the addition of propiohate to'the exterimenta] tissues at

20 mlnutes, there was an immeédiate and stat1st1ca11y significant increase
in f1ber lactate eff1ux rate to a mean value of 459.5 ¥ 54.7 nmol «g’ -1
min'1 or 272% * 38 of control f1ber efflux rates (ANGVA p < 05

Summary Table 18, Append1x 6).

Fiber Efflux Rates of Lactate for Tissues Exposed to 20 mM

MOPS Ringer's Solution (Solutions #7 and ?8). The results of the
diffusion model computations from 4 pairs of muscles exposed to 20

mM MOPS R{ﬁger'slsolutioﬁ are presented in Figu;e 15. No.signifitant
differences were found to exist betyeen experimental and control fiber
efflux rates during the stimulation interval (405.5 % 11.3 nmo1-g']-min']
(SEM) Expeﬁ}menta1 415.8 ¥ 49.3 nmo1-g']- 'nf] Control) Fiber
efflux rates declined very little durlug the first ten minute
collection interval in both experimenta1 and control tissues
(402.0 % 19.0 nmol-g” *min”] Experimental, 400.,0 i'2§.8 ﬁﬁéTjg'I-min'1
Control). The fiber efflux dropped sharply after the first 10 minute
interval to reachla value.of 189.6 * 22.6 nr1101-g"1-m1'n"l in the case

of the control tissues. ?ol1owiﬁg the addition of propionate to the

experimental tissues at 20 minutes, there was an immediate and

statistical 1ncrease in f1ber lactate efflux rates -

.to a mean value of 410.9 £ 31.6 nmol-g ]-min'.| or 226% 35 of

es (ANOVA, p < .05, Summary Table 19.

“control fiﬁer efflu

Appendix 6).
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o .~ THESEffects of External MOPS Buffer Concentration on lactate Efflux

~ from Muscle Fibers
— A comperison-of the fiber efflux rates o} lactate during the
stimulation intétvéI reveals a trend towards increasiné fiber efflux
values with ihcreésiqg buffer concentrafions. As no significant | ;;
differenﬁes were found to exist between‘control and experimental fiber
efflux ratesxduring.fhis interva1; pooled mean values for each buffer
concentration were compareﬁ (Table 8). The pooled mean fiber efflux .
rate for tissues bathéd in 20 mM MOPS Ringer's solution (410.6 * 23.7
nho]-g'l-min'] (SEM}) was found. to be significantly higher than the

pooled mean fiber efflux for tissues bathed in 1 mM (198.8 ¥ 15.9
1 1

]

nmol-q -min']), 5mM (262.8 2 17.7 nmol-g~ °min'1) or 10 mM MOPS Ringer's’

solution (284.3 ¥ 29.7 nmol-g™'-min') (ANOVA, p < .05, Summary Table 15,
Appendix 6}.
"v‘)\‘-\

The™Influence of External MOPS Buffer Concentration on Experimental

Fiber Efflux Rates

r

Expressed as a percent of control, the mean éxperimenta1 fiber
lacta¥e efflux rate during the 30 minute interval was found to be

-

%t 67,~345% * 54, 2727 * 3B and 2269 ¢ §5 for tissues bathed in 1, 5,
® 10 and 20 mM MOPS Ringer's solutions, respéc%iye]y; Ina;;D

ition, the
experimental fiber e;f1ux for tissues exposed?to.ZS mM MOPS Ringer's-solution
‘was found to be 210t ¥ 18. Individual fiber efflix data for the 25 mM
experi;ents Qere not presented, as tissﬁe wéights in these gxperiments were
determined with the sutqke loops a;tached (see Materials and Methods).

.AS the maximum diffusion distance is computed fromltissue'we{ght, 2 gross'

over-estimation of diffusion distance and‘u]tihate]y fiber efflux will (ﬁf



occur. The effect of this error is neutralized When experimental .
fiber efflux 'is computed as a percent of cohtrol values, where control
values are computed in an idéntical manner. The data from which
thg.percent of control efflux values are computed are presented in
Appendix-7. = . .

A decreasing non-linear funcfiqp was found to-define the
relationship between the experimental fiber efflux expressed as a percent
of control, and buffer concentration of the Ringer'g'solution for
tﬁe five -buffer concentrations st;died (Figure 16). A first order
‘exponential with asymptote was fitted to the data. The pafameters
of the function were determined by ]eist square estimates as obtained
from BMDP Statistical SoftwareoPackage P3R, a non-linear regression.
The curve dqawn through the experimental data points is defined by
the equation; ' .

v = 3205 e 0-169 Xy ;93

~ .
‘where- Y 15 experimental fiber efflux expressed as a percent of control

X is MOPS buffer concentration in oM, S
The ‘mean deviation of the data points ‘above and below the Ve
fheoreticé1 curve is less than 3.5 units. The maximum deviation of
any data.point from the theoretical curve is Tess than 2.5%. Th}s l\
* suggests that the theoretiéa] curve adequéthy_ describes the data.

. .
It is evident from thﬁ'équation of the curve that if the buffer

’

concentration is extrapolated to inffhity] the experimental fiber

efflux as a percent of control efflux values will be 210.3%.

v
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Table 5. Pooled whole muscle lactate efffux during the first 10 minute '
interval of recovery.

: ‘“S\ngfer Concentration (mM)
1 5

10 20

Whole Muscle Efflux

1

nmol-g ' -min” VXSEM (n)

160.3%13.2 233.7313.6 270.1%18.5* 368.7%16.6**
(8) m a2 (8)

*Significantly different from 1 mM values P < 0.05 ANOVA.

**Significantly different from 1 mM,”5 mM and 10 mM values P < 0.05

ANOVA.
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Table 6. Tissue lactate levels after 30 mingﬁes of recovery.

’ Buffer Concentration (mM) -
Tissue ‘ . f :
C 1 5 0 20 - X
Control 11.1#20.5 11.5%1.0 11.5%1.0 10.1#1.6 11.1%0.5
umo1-g™ sem (n) | (4) (4)  (6) (6) . (18)
Experimental 10.6%1.0 8.8%1.2. B8.7+1.0 6.8%0.6 8.7%0.6*"
wmot-g HSEM ()| (&) (&) (6) (@) (18)

*Experimental lactate 1eve15 are s1gn1f1cant1y d1fferent from
controbks. ANOVA P < .05.
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Table 7. Estimaté of tissue lactate levels immediatéTy after

stimulation. - - )
' 4

Buffer Coﬁeen_tration (mM) . M
Tissue — . : : g

' 1 5 10 20 X

. Control 15.620.6 18.2%0.9 18.6%1.3 18.9%2.5..17.8%0.8

umol.g” ¥SEM (n) | "(4) (3) (6) @ - an
S . g ;. -
Experimental ‘ 17.5%0.9 ]7.6iJ.I 17.6%1.8 17.2%0.9 1].5*0.7 _
umol-g"MSEM (n) | (4) (4) 6) - (&)  (8)  \--
a | . .
. . w _‘:
L] .. :
[ ™

s o
e g
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Table 8. Pooled fiber lactate efflux during the stimulation interval.

: _/
Buffer Cohceg}fgzgon (mM)
1 5 10 20
Fiqgr Efflux 193.8%15.9 262.8f]7.7':28:;3f29.7 410.6123.7*
nmo]-g']-miﬁ_]iSEM (n) (6) . (7) (8) (8)

*ngnificantly different from 1 mM, 5 mM and 10 mM valdes P < 0.05
ANOVA. °

T
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Figure'ﬁ‘ -8

¢
»
Whole muscle lactate efflux from paired isolated muscles bathed in

25 mM MOPS Ringer ¥ SEM, n = 6.

® Control solution #9 .
I'Experimental solution #10 ‘ - k}

# Significantly different from control efflux p < .05

86
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Figure 7 -

Whole muscle lactate efflux from paired i;olated muscles bathed in

1 mM MOPS Ringehsi SEM, n = 4 unless otherwise marked.

® Control solution'#1
@ Experimental solutjon #2

* Significantly different from control efflux-p < .05

-
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. L - Figure 8 -
. b . (]

‘ Hho_]e' muscle lactate efflux from paired isofated muscles bathed in -

5 mM. MOPS: Rihger 1 SEM, n-= 4 unless otherwise marked.

® Coritrol solution #3

: I'Experimenta,] solution #4
3 * Significantly different from control efflux p < .05

A~

S
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Figure 9

Whole muscle lactate efflux from paired isolated muscles bathed in

10 mM MOPS Ringer * SEM, n = 6 unless otherwise marked.

@ Control solution #5 i J .

@ Experimental solytion #6 (—h-\

* Significantly different from control efflux p < .05
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Nhéle muscle lactate efflux from:bai}gd isolated muscles bathed in

o

‘ w -

Figure 10

-

20 mM MOPS Ringer‘f SEM, n = 4 unless otherwise marked.
= . R : ' ‘
® Control solution. #7
® Experimental solution #8 L df”—/' .
# Significantly different from contrglfeff]ux’p < .05 .
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“Lolt

) , Figure 11
: . . .
Experimental whole muscle lactate efflux during the final 10 minute
esented for five buffer concentrations. n =4 for 1, 5

Data is™p
and 20 mM buffe™ concentration, n.= 6 for 10 and 25 mM buffer
‘ J

concentrations
. N _
y = 234-—.4\ e0-216 X | 1832
\\\ . /
~
o .

- 96

terval of recovery (20-30 minutes) as a percent of control efflux. J
/_'/_4.
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Figure'IZ

%3 )
Lactate efflux from muscle fibers of paired isolated muscles bathed in

1 mM MOPS Ringer % SEM, n= 4 unless otherwise marked. -

® Control solution #1
B Experimental solution #2 LT
zritd? 3 .

# Significantly different from control efflux p < .05

a8
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Figure 13

»

Lactate efflux from muscle fibers of paired isolated muscles bathed in

5 mM MOPS Rinder * SEM, n = 4 unless otherwise marked.

" @ Control solution #3
W Experimental solution ¢4

* Significantly different from control efflux p < '.05‘
4
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_ ' - : Figure 14

Lactate efflux from muscle fibers of paired isolated muscles bathed in

10 mM MOPS Ringer % SEM, n = 6.unless otherwise marked.

® Control solution 5
B Experimental solution” #6

* Significantly different from control efflux p < .05
.
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Figure 15

Lactate efflux from muscle fibers of paired isolated muscles bathed in

20 mM MOPS Ringer % SEM, n = 4,

® Control sb]ution #7

W Experimental .501 ution 28

.*Sigm‘ficantly different from contrd] efflux p < .05
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Figure 16 ’/j .
Experimental fiber lactate efflux during the final 10 minute interval
of recovery (20-30 minutes) as a percent of control efflux. Data’is
presented for fiveibuffer concentrations, n =4 for 1, 5 and 20 mM

buffer concentrations, n = 6 for 10 and 25 mM buffer concentrations.

The curve i€ defined by the equation;

K 0.169
¥ = 320.5 ¢ 9-169 X | 510.3
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Discussion

The discussion is divided into three main sections. The f{rst
is a discussion of the effect of propionate addition to the external
solution” on the 1ntrace11u]ar pH of resting frog sartorius muscles,
As propionate has been reported to acidify the intracellular space
of a large éuﬁber of tissyes, 1t is important that 1ts.effect on

" frog sartor1us muscles be discussed.

Ip light of the findings of ihe first section, the effect of
propionate addition on lactate efflux from frog sartorius musc]eg
wﬁ] be Wiscussed,

Finai1y. this section of the thesis will conleqé with a
discussion of fhe experimental data, in light of the five models

of lactate efflux outlined in the Introduction.

Propionate Uptake ‘and Intracellular pH ’

It is apparent from the results presented in Table 2 that a
significant amount of ]4c propicnate is takeﬁ up by the muscle fibers

3 dpm-m]“l intracellular

at rest. The mean value of 1.08 X 105 £ 6.14 X 10
- water is computed on the assumption that inu1iﬁ is a satisfactory
extracellular water marker in frog sartorius muscles. Spere]akislét al.
(1978) have suggested on the basis of 3H sucrose uptake and wéshout
experiments, that the extracellular compartment may be made up of

three compartments. The smallest of these three components may be
inaccessible to the larger inulin molecule. This does not appeaf ;p be the

case, however, as the measurement of extracellular space in frog

sartorius muscles with inulin (24.8 + 0.87) and albumin {21.9 + 0.57)
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‘ : :
are notwmuch smaller than the sucrose space (26.5 * 1.0%) (Tasker v
et al.,'1959)t Reliable .measures of intnacel]u]ar‘propionate require
a sensitive measure of extrace11u1ar f1u1d,'and it can be suggested -
that inulin"may underestie;te the extrace11u1ar'spaee due to its
inability or impeded ability to penetrate the sma]]est compartment of
the Sperelakis model. On the basis of the resu]t of Tasker et ;1 (1959)
‘this error would be extremely small and would underestimate.the
extracellular space of the musc]e by approximately 1. 7% The experiments
of Nev111e {1979) a1so indicate that inulin gives an adequate estimate
of extracellular space.
Therefore an estimate of intracellular propionate after 60 minutes
of equilibration can be made using the known specific¢ activity of the
external solution. On the basis of this specific activity a mean intra-

cellular propionate concentration of 10.5 ¥ 0.6 mM was computed to be

present at this time.

. , .
If one assumes ,that all the propionate present in the intracellular

space was obtained from extracellular sources by way of nonibnic_diffusion
through the 1ipid portion of the membrane, then a significant reduction
in'iptrace11u1ar pH would be expected upon dissociation. The pkK of
propionate (4.9) would favor this dissociation reactieh. If an intracellular
buffer capacity of 35 mM H+ per pH unit change is assumed to be a reasonable
estimate of frog sartorius muscles, then a pH drop of approximately 0.3 pH
units would occur (lzutsu, 1972; buffer capacity of bull frog skeletal
muscle). This is in agreement with the findings of Marrannes et al. ﬁ1979)
who found a similar pH drop in sheep Purkinje fibers expoeed_to an external
propionate concentrat/ion of 20 ﬁM at an extrace11u1ar pH ofl6.80, as in

9 )
this experiment. De/Hemptinneé and Marrannes (1979) found that identical
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conditions in rat soleus musc]es reshT!!H\;p a drop of 0.2 pH units.
The d1screpancy in the magnTtude of the propagnate effect may- reflect
a d1fference in membrane permeability or intracellular buffer capacity.
§harp and Thomas (1981) have reported a 0.52 + 0.14 pH unit drop in
the intracellulargpH of crab muscle fibers g}ﬁosed to 100 mM propionate
“at an externgl pH of 7.5, A1l three investigative groups used
microelectrode techniques to measure intracellular pH.

If, however, thé membrane is wegkly'permeab1e to the anidn
species of propionate, then the membrane pote;tial would result in a
slow Joss of intracellular propionate, Prop}onate would then hehave
as a shuttle wiih a nit t;ansfer of protons that is greater than the i
meaglired net propiggaté movement. Under these conditions, the present
method employed to calculate the intracellular pH change (buffer
cqpacity and propionate concgntration)-woufd.underestimate ‘the pH
veffect. If, however, dﬁ endogenous supply of propionate ﬁere.present
| bgfore the éddition of external propionate, then this method would
over-estimate the pH effect. |

The effect of'the external administration of 20 mM propionate
on ‘intracellular pH at rest was determined much more directly by the
DMO technique. The.resu1ts presented ianab1e 4 show a 0.20 pH unit
decline in intracellular pH. An uncertainty of fhe accuracy'of this
‘result is introduced as a result of the need to estimate extracellular
volume as discussed previéus1y Despite the problems w1th the DMO
technique for estimating 1ntrace11u1ar pH, Hinke and Menard (1978) have
reported reasonable agreement with electrode detérminations of pH (thg

reader is encouraged to read Hinke and Menard, 1978, for a thorough
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discussion of the sources of errors in the DMO technique). At a DMO

- .
L ] -

* estimated pH value of 6.7, the eTectrode'readingighowed a value
closer to-f.5.— This discrepancy decreases towards zero as the glectrode'
value approaches %0. The underestimatfpn of pH in Fhis range by
the DMO technidue-has been explained on the basis of an artifact . ) -~
resulting from the use of the continuai]y increasing plateau phase
isotope values. The uptake of the isotopes was found by Hinke ' o
and Menard to conta1n a rapid uptake phase fo]]owed by a slow plateau

'”. phase uptake.

the prop%onate induced pH shift reported in this paper may be an

On the basis of this discussion of.the DMO technique,

underestimation of the peak shift.

The .discrepancy between the theoretical pH change computed on
the.baSIS of an assumed buffer capac1ty and 1ntrace]1u1ar prop1onate
concentration, and the estimate of the 1ntrace]1u1ar pH change computed

‘i, on the basis of the DMO distributiqn ratio, may aon be explained on theh

basis of suspected proton pump activity. Both Marrannes et al. (1979) and

i De Hemptinne and Marrannes (1979) have reported a slow intracellular alkalin-

7fzation following the rapid propionate acidification. Bpron (L977), Roos
Boron (1978)‘anp Boron et al. (1979) have all reported a similar
phenomenon in barnacle and rat diaphragm muscle. This result has been
attributed to a proton extrusion mechanism involving the exchange pf
intracel]u]pr C1™ for extrace{1u1ar HCD&. This exchange meShanism has beep
found to be sensftive tp 4-acetomid034'-isothiocyano;ti1Bene-2;2' disulphonic
4 acid (é}TS) in snail neurones (Thomas, 1§76) and :puid axons (Russell, 1976).
Aicken and Thomas (1977) have also reported a Na+/H+ exchange mechanism in

mouse soleus muscle which is thought to work in conjunction with the
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anion exchange mechanism. The Na+/H+ exchange was found to be.
amiloride sensitive. ‘If these proton extrusion systems'are opera£ing
in amphibian™skeletal muscle, then a similar slow intracellular
alkaline phase yould occur after the initial intracellular
acidification upon propionate exposure. The s1ow alkaline pﬁase
will 1ncreas7 the uptake of propionate as the undissociated acid due .
to the shift in the intracellular prop1onate equilibration towards
“dissociated propionate with the increasing pH. The influx of more
'undissocibted acid may not be followed by a decrease in int;ace11u1ar
pH due to the acia extrusion mechanisms. The use then, of the total
intracellular propionate level and the assumed buffer capicity, wiil
: over-gstimate th%-pH shift as the acid extfusion mechanisms Qou]d
increase the muscles "apparent" buffer capacity. |
N ~ The pfopésed acid extrusion sysiems will'elso influence the‘
estimate of*the intracellular pH by the DMO distribution ratio. The
weak acid distribution tecpnique is an estimate of mean steady-state
muscle pH.\ The suspected slow alkalinization following rapid
propionate induced acidffication would resulf in_the underestimation
of the peak pH shift, due to DMO equilibration with respect to this phase.
~ On the basis of %he discussed sources of errors in the methods
of pH estimation emp]oyed-in this thesis (1) DMD, 2) Buffer capacity
estimate in conjunction with proqunaté dptakej. it would appear that -
<) the magnitude of‘the difference between the methods may not nearly be
o as great as reported. It is clear, thever, that the addition of propionate

L]

to the external solution bathing resting sartorius muscles causes
?

intracellular acidification. The magnitudg of the effect is between

0+2 and 0.3 pH units.
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The Effects of External Buffer Concentration on Whole Muscle and

Estimated Fiber tactate Efflux

The rate of 1actate e?flux from whoJe muscle and the est1mated
f1ber efflux was found to be buffer concentrat1on dependent (Tab1e 5
and 8) An. increase in eff1u; is observed with increases in buffer
concentragion‘betneen 1 and 20 mM. This is in agreement with the

wnrk of Mainwood and Worsley-Brown (1975) who found similar results in

frog sartorius muscles exposed to an-imidazole buffer. In addition,

the authors found that increasing the pH of the external solution

resulted in increases in peak efflux rates. This effect was found to

occur with all buffer systems used and occurred fairly rapidly when

. 'the pH of the external solution was changed, suggesting that the

effect may be extrace]]u]ar

The buffer concentration dependent efflux observed in the
present exper1ments may be explained on the basis of the 1nab111ty
of - the Tower buffer concentrat1on to maintain a stable external pH
in the face of the 1n1t1a] large acid efflux from the muscle. This
would result in a decrease in pH of the external solution and a
subsequent decrease in efflux.

As the buffer concentration increasee, the peak lactate efflux

continues to increase This increase in efflux would be expected to

.occur until a buffer concentration was reached which was cepab]e of

ma1nta1n1ng a stable external pH despite the add1t10n of metabolic.

acids to the-bath solution. An infinitely large buffer concentration

would achieve this but for practical purposes, a much lower buffer

concentration would suffice. Clearly the buffer concentration required
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:is a function of the relationship between the pk of the buffer and

- _the pH of the external solution.

The Effects of External Buffer Concentration oﬁ Propionate Induced:

Increases in Hho1e:Musc1g and Estimated Fiber‘LacEate Efflux

~The mégnitﬁde 6f the propionate effect on lactate efflux is
dependent upon buffér cghéentration. :These results are presented in
Figures 11 and 16. _In these figures the efflux observed after the
substitution of chloride with propionate are presented as a percent
of tﬁe p;ired'contro1-é?f1ux value. The déta was normalized to its
- own control so as to remove the effect of dif%erent tissue lactate
1eve1s.on efflﬁx. Although no significaht di??erences were observed
in tissue lactate 1evels'immgdiate1y after stimulation between tissues
incubatéd and stimulatea in different buffer concentrations (Table 7),
~a difference would be expected after 20 minutes of recbvery due ,to the
different efflux rates observed between tissues bathed in different
buffer cohcentrations. |

One can see that the magnitude of the effect of propionate on .
Tactate efftux is greater at lower buffer concentrations for both
whole muscle and estimated fiber efflux values. At a | mM buffer
concentration the whole muscle efflux is 372" of control efflux
values, while the egtimated fiber éff]ux is 4817 of control efflux
values. At a 25 mM buffer concentration the.who1e muscle efflux is

- _

1847 of control efflux values, while the estimated fiber efflux is
215% of control efflux values. The differences between whole muscle
and estimated fiber efflux is interbrefed as being due t; the time required

‘for lactate to diffuse through the interstitial space. The effect

of propionate on lactate efflux is clearly minimized at

3
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high -buffer concentrations. What is the mgchaniém whereby buffer
concentrﬁtion°inf1uences the:propidnate inquce& lactate efflux?

The observed decrease in intracellular pH discussed previously,
strongly suggests that propionate crosses the sarcolemma in thé
undissociated form and subsequently dissociates; In addition to the
decrease in ihtrace]lu]ar‘pH presented in Table 4, Marrannes et al.
(1979) and De Hemptinne and Marrannes (1979) also reported a transient
~ increase in surface pH on the external side of the membrane.. Th;_’//(/

movement of an undissociated aéid from the extracellular space tb the
int}ace11u1ar space will result in intracellular acidifjcation and
extracellular alkafinization. The chemical_reactions in the aqueous
unsEirred layers of solution adj}cent to a membrane can have a majar
influence on the diffusion of solutes_acrdss biological membranes.
The chemicaf reactions of primarylimporténce in this study are those
that depend on the maintenénce o% adequate buffer capacity in the un-
stirred layertbordering the external side of the.membrane (Gutnecht.
and Tosteson, 1973). The magnitude of the external a1ka105155fs‘-
dependent upon the external buffer capacity which is in part a function
of buffer concentration.

At a low ﬁuffer concent}ation the magnitude of this extracellular
alkalosis will be éignificant. Recall that incréases,in.exteinal
pH favor increases in lactate efflux. The propionate effect on lactate
efflux observed at low buffer concentrations may be the summation of
both intracellular and extracellular pH changes due to propionate
movement ., -

f~~_"

-
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This, however, is somewhat of an oversimplification. The

control tissues bathed in low buffer concentrations disp]éy a suppressed
effiux rate. It has been previously suggested that this is due to

a drop in extracellular pH due to the acid g¥f1ux. The movement of
propionate will help io neutralize this effect in the experimental
tissues. The net effect is that ;he experimental tissues may have a
more stable extrace]luﬁar pH thah'the éontroi-tissues, and may-not
necessarily exhibit an increase in pH. The end result is the same,
however, in that experimental tissueé would have a higher.exirace]lu]ar

pH than their controls. Only at an infinitely large buffer congentration

:wi11 the pH of the extracellular solution be stable at pH 6.80. At this

buffer conceﬁtration, any effect of ex;race11u1ar pH changes on lactate
efflux will ‘be removed and the effect of the propionate induced |
intrace11u1ar.pH decreasé isolated. At this infinitely large buffer
goncentration, the effect of propionate on 1act§te efflux will be
minimized. For this reason, an a;ymptote was included in the equation

of the line (Figuresvll and 16). Extrapolating the equation of the line

to this buffer concentration reveals that the effect of propionate on whole
muscle lactate efflux is to increase the eff]u# to 1837 of control values
(1.83 ¥ c0n£r01). The effect on estimated fibef efflux is to increase

the efflux to ?TZi)of contro]iva1ues (2.10.X control}.

Before oné can attribute the non-extracellular pH component of

" Propionate induced lactate efflux to the intracellular pH decrease

observed at rest, it is important to discuss two alternate
explanations. The post experimental tissue lactate data clearly does
not support*the hypothesis that propionate may increase lactate

efflux by stimulating lactate production. The pooled experimental

v
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tissue lactate levels were significantly lower thén céntro] values (Table 6).
A lower exEEFTﬁEﬁtaJ tﬁssue lactate level is exbected due to the significant
increase in experimenfal efflux observed., In additionlthe sum of (a) the
post expefimenta] tissue lactate levels and)(b) the tofal amount of lactate
lost from theltissue via efflux reveals simii@r results for experimental
a&d control tissues (Table 7). This clearly supports the suggestion that
increased lactate production is not responsible for the increage in efflux.

A second explaﬁation for the increase in efflux arises %rom the
finding that in erythrocytes a small fraction of the lactate crossing the
membrane is transported by the classical anioh.excﬁange‘mechanism as discussed
in the Introduction. It can be arqued that if 1actafe ig a transportable
substrate for this mechanism then perhaﬁé propionate is as well. The addition
of propionate to the external solution may favor increased efflux due tb the
availability of an anion exchange partner for lactate. Spencer and Lehninger
(1976) have found Efgt various cyano-cinnamate compounds and thiol group
reagents inhibit 1a£tate transport in ascites-tumour cells, yet had no effect
on the simple unsubstituted monocarboxylate acetate and propionate. Thiol
- group reagents block specific monocarboxylate transport across many membranes
while cyano-cinnamates block both anion exchange and specific monocarboxylate
transport (Deutické, 1982, unpublished results; Halestrap, 1976).
De Hemptinne et al.: (1983) have reported that the rate of infréce11u]ar acid-
ification induced by extracell%gér L-lactate and pyruvate was grgat]y depressed
in the presence of a-cyano-3-hy ﬁoxycinnaméte in sheep Purkinje fibers. This
inhibition however, had no effect on the acidification induced by propionate.

It would appear then, that propionate and acetate cross the membrane by a

different mechanism and that the addition of propionate to the
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external solution would not favor increased 1attate eff]hx-via
lactate/propionate exchange. Spencer and Lehninger (1976) .have
suggested that acetate and propionate probably cross membranés by
passive diffusion, presumably, as the nonionized species as suggested
by.the pH.changes observed. In addition, the observed intra;el]u]ar

pH decrease can not be e}plained on the basis of lactate/propionate

anion exchange.

A Consistent Model to Explain the Lactate Efflux

We are left then with the hypothesis that nonionic‘movements
~of propionate across the sarcolemma membrane and the subsequent
intracellular acidosis as reported, is responsible for the increase
in effiux. = Of the five models proposed in the Introduction to explain
the influence of extracellular pH changes- on ]acta;e efflux; '

A) .anion chaﬁne]

B) anion eichange

C) nonionic diffusion

D) hydrogen ion/ionic lactate cotransport '

E) lactate/hydroxide -exchange
the first two are inconsistent with the effects of decreased intra-
cellular pH on lactate efflux.

Model A shggests that proton binding to an anion channel impedes
lactate ion movements through“%he channel thereby reducing the net lactate
effiux. For this model to be consistent with the observed results of
{ncreased lactate efflux with a decrease in intracellular pH reported
in this paper, and the effects reported by Majéwood and

Worsley-Brown (1975) with external pH manipulations, the binding.

Fl
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of protons entering the channel from the extracellular side and intra-
cellular sidé would have t5 have opposite pffects. Protons entering
the channel from the extracellular side of the channel would inhibit
efflux while those entering from the intracellular sidé‘wou]d
facilitate efflux. This appears highly un]iké1y.

Model B requires a §omewhat analogous. mechanism in that increases.
in extracellular hydrogea ions would favour a reduction in the carrier
binding sites by conformational changes, yet increases in intracellular
hydrogen ibns would produ;p an increase in binding sites. This is
high]f unlikely in an exchange carrier protein.

Models C, D and E are consistent with the increase in lactate
efflux observed with a dec;ease in }ntréce11u1ar bH. With respect
to model C, decreases in intracellular pH willT shift the lactate/
lactic acid equilibrium towards the format1on of lactic acid, thereby
increasing .the intracellular concentrat1on of lactic acid. This T
would increase the transmembrane lactic acid gradient favoring an
increased efflux. A 0.3 pH unit drop.is all that is necessary to
double the intracellular concentration of lactic acid without chanéing
fhe total intracellular lactate concentration. Increases *in external
buffer concentration will favor holding external pH constant inllight
of thé strong acid flux out of the muscle. This maintenance of
external pH will keep external lactic acid concentrations low, thereby
mainta%ning the transmembrane lactic acid gradient. Anlincreasg_
in extracellular pH will have a similar result as extracellular lactic

acid concentrations will be reduced.
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Models D and E are somewhat énalogous and are based on the
inabi]jty to distinghish proton movemeﬁts from hydroxide movements
in the dppbsite direction. Intrgcellu]ar acidification in the'case
of Model D (Figure 1) would favor the formation of the protonated
carrier and would facilitate the reorientation of tﬂe carrier to the
outer surface of the membrane. Intracellular acidification in the
case of Model E (Figure 2) would favor the release of hydroxide from
the carrier at the inner surface of the membrane and free the binding .
site for lactate binding and subsequent‘exchange.

A large body of evidence derived from non—;keletal muscle
sources has suggested that lactate is transported aﬁross membranes
in part, by carrier proteins. This evidence was reviewed in the
Introductign and is the rational for including models D and E. Much
more fecentIy,De Hempt{nne et al. (1983) have reported that the rate
of intrgce][u]%r acidification induced by extracellular L-lactate and
pyruvate wés greatly depressed in the presence of 1-Cyano-4-hydroxy-
cinnamate in sheep'cardiac qukfnje fibers. Hydroxycinnamates, as
aiécusﬁéﬁ pregiougly in this sgction, are non-specific inhibitors
of anion exchange and monocarboxylate transport in other non-muscle
tissues. This is more evidencé f0r the possible existence of carrier
mediated cotransport of 1actate,and protons- as suggested by modéls
'b énd E. To date hoﬁeven, thésé sysfems have not been shown to
“exist in skeletal muscle. | |

Jt is not possible to determine on the basis of the reported .
.data, which of the three models is responsible for the movement of

lactate across the sartorius membrane. Wolcsin and Ginsburg (1975)
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reported a lactic acid permeab111ty coefficient through art1f1c1a1
lipid films of 5 X[10™° cm-s~} at 250 C. Assuming a diffusion area

of 2.3 X 103 cmz- 1ot tissue (Mob]ey and E1senberg, 1975) and using
the estimated fiber eff]ux rates of 1actate for tissues exposed {;

20 mM MOPS Ringer's solution, it is possible to compute a permeab111ty
coefficient. The oﬁ]y remaining variables are knowledge of the

mean infrace]]u]ar lactic acid concentration and the mean interstitial
lactic acid conéentration. The mean interstitial 1qptic acid concentr§tion
is computed with the diffusion EodeI while the ihf;ace11u1ar lactic
acid concentration is derived from know]edge of 1ntracel]u1ar lactate
Tevels and an estimate of the lntracellular pH; assuming, 1) a buffer
capacity of 35 mM wt per pH unit change, 2) equimolar amounts of H'

and lactate are present, 3) regtinq pH is 6.93 as determined S; CMO

]
distribution. The computed permeability coefficients of 4.1 X 10~ +

1.2 X107 cm-s™! SEM for control tissues and 6.8 X 105 * 8.4 ¥ 1075
cm-s'1 for experimental tissues compare favourably with thé value of
ﬁo]osin and Ginsburg (1975) LIt shoqu be noted that the permeab111ty
coeff1c1ent calculated for tissues exposed to propionate,’ 6.8 X 10~ -5
cm-s'] is based on an assumed intrace]Tu]ar pH effect due to propionate
of 0.2 pH units. .If the effect is of the order of 0.3 pH units as
reported by Marrannes et al. (1979), then the coefficient value
becomes 5.2 X 107°,

- These calculations do notrru1e out the existeﬁce of ]actate
carrier systems, rather they suggest that the propionaté induced
intrace]]u]af'pH decrease is sufficient to account for the significant

increase in lactate efflux without a change in the permeability of

the membrane to Jactic acid.
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Despite the inability to conc]usi;e1y}determine the'mode_pf
.lactate transport, it is.suggested from the results of thesi'gxperiments‘
and the work of Mainwood and Worsley-Brown (1975), that a large
fraction of iac;ate cfosse; the membrane in combination with préton
movements. This is based on the finding that decreases in intracellular
pH increase lactate efflux whi]é decreases in extracellular pH decreaée
lactate efflux. The results of fhis papér verify the hypothesis put
forward by Mainwood and Worsiey-Brown (1975) that the efflux 6f lactate
across frog saftorius muscle mfmbranes is dependent upon the maintenance

-

of a steep transmembrane pH gradient, ,
What are the implications of this finding? This may be important
in the regulation of skeletal muscie metabolism. The role of increased
blood flow to metabolizing tissues is to deliver oxygen and other
substrates. 1In addition to this-roTe, blood plays the important role’
of removing metabolites, iﬁc]hding COZ, hydrogen ions and lactate.
As long as the capacity of the blood to buffer the acid load entering
it at the capilliary bed is sufficient, no significant drop in pH will
be observed. This will favor the release of more lactate in conjunction
with hydrogen ions. As the buffering capabilities of the blood are
exceeded, a precipitous déop in blood pH will result and lactate efflux
from metabolizing tissues will be reduced. If the blood pH drop is of
sufficient magnitude then significant reductions in efflux will occur.
This will result in an accgmula;ioﬁ of intracellular hydrogen ions if
lactate is released'in combination with hydrogen jons. This could

L}

result in a siowing of glycolysis due to the sensitivity of the rate
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limiting phosphofructokinase reaction to the h}drogen ion concentration
(Mansour, 1963; Banforth, 1965; Trivedi et al., 1966). The net result
is that the production of lactic acid is iphibited via a simple cascade
mechanism.

The pH mediated suppression of tension in skeletal muscle, aé
discussed in the Introduction may be regu]aied by the same mechanism,
The accumulation of 1act1c acid due ‘to impaired release may 1mpa1r
or inhibit the tension generating mechanism.

A]though for this discussion we have dealt with the pH grdaient
between intracellular space and Elood, in actual fact thg gradient
responsible for in vivo moVemeﬁts of lactate is the gradient between
intracellular space and interstjtia1‘ipace. Steinhagén et al. (1976)
have shown in‘darking dog gastrocnemius muscle that interstitial pH
is lower than venous blood pH but follows venous pH changes. The
magnitude of the pH gradient between interstitial space and venous
blood will be a function of the diffusion distance and the capillary
blood -flow rate. ’

The findings of this paper can be summarized by addressing

the research aims of this thesis.

Primary Research Questions

- .
1) What is the effect of externally administered propionate on lactate

~

efflux from isolated frog sartorius muscles?

L4

Externally administered propionate increases the rate of lactate
efflux. 'The magnitude of the effect is dépendent upon the buffer

~concentration.

»
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2). What model of lactate efflux is consistent with the effect of.
externally administered propionate on lactate efflux from isolated - . ~

frog sartorius muscles?

Models ian1ving cotransport of hydrogen ions with lactate are
consistent with the effect of externally administeréd propionate
on tactate efflux (ie. modelg requiring ;he maintenance of a steep
N transmembrane pH gradient). The estimated'permeabi1ity coefficient

//”ﬂ\\‘\ﬁﬁ‘fg; 1act1c acid movement across the sacolemma, calculated from the
estimated fiber efflux va1ues are in agreement with the value reported
for lactic acid movements across artificia] lipid bilayers (Wolosin
and Ginsburg, {975). This suggests thaf lactate is released from -

frog sartorius muscles as lactic acid.

Secondary Findings

1) The substitution of 20 mM propionate for chloride ions in MOPS
Ringer's solution results in a decline in intracellu¥ar pH in

resting frog sartorius muscles exposed to the solution,

2) Lactate efflux rates from frog sartorius muscles are dependent

upon the external MOPS buffer concentration.
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Appendix 1

DMO Algorithm for Intracellular pH Estimate

(Hinke and Menard, 1978)

. L ] ‘ oo -1

= K’ : {B,1V ‘
-pHDMO = pK' + Logyq Hot .
Dy [BC]DH

BylDc | [ioPHe-PK' |

‘a

Where : 4

B, = [3H] inulin in dpm-unit bath volume™!

Bc = {]4C] DMO in dpm-unit bath volume™! ’
y = total 3 (dpm) in a blotted portion of tissue

14

D
D. = total ''C (dpm) in a b1ot3ed‘portion of tissue

Vt = total tissue water volume in ml.

-
-~
n

pKa of DMO (6.33) —

extracellular ﬁH

k=
I

14

n
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N ‘ Appendix. 2
« |
Current bodstec.vo]tage,outpu:.as a function of Grass SD8

Stimulator Setting.
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AEEendix K

Tissue Lactate Calculations

Tissue Lactate = 20ptical Density , A . » v 1 y ¢ y 1
Concentratjon 6.22 B D F
umo]»g']

. A = total cuvette vplume (ml}
B = sample volume (ml) |
C = toté] neutralized volume (ml)
D - volume homogenate neutralized {ml)
E = total homogenate volume (ml)
F = weight of tissue homogenized (g)

6.22

extinction coefficient

— 0
Mean Whole Muscle Effiux Calculations

Whole Muscle Lactate = ~0ptical Demsity , A, "y 1, 1
Efflux 6.22 B 5 E

umol-g-1.min-1 : _
A = total cuvette volume (ml) 5
B = sample volume (ml)
C = bath volume (ml)
5 = factor by which original samples were concentrated
E = tissue weight (g) |

F = length of collection interval

h.22 extinction coefficient

. . . .

X
j/P\ :
/
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AN
Appendix 4

The Effects of Evaporation on Lactate Concentration
' In Effluent Samples

-

5 X 2.5 ml samples of a 250 uM Lithium Lactate standard in
distilled water were placed. in a vacuum oven at 80° ¢ for four hours
(vacuum, 10 to 15 inches of Hg). Atter complete evaporation the
contents of the vial Qere reconstituted back to 2.5 m1. 0.2 m] Aliquots
of each vial's mixed contents were then used for'the,enzymatic
determination of 1actate (Refer to Biochemical Assay Section;

Materials and Methods). 0.2 ml-A1iquots from five vials containing
250 uM Lithium Lactate standards were alsg assayed for lactate

by the same method Five ‘means were computed on the basis of repeated
samples. A one-way analysis of varIance was run for dxfferences
between groups. No significant difference was found at the

p = .05 Tevel (F = 0.013 df 1,8).

Data (mm pen defiection on Unicam Seectrophotometer) Evaporated
Samples ‘

62.50, 65.50; 65.75, 60.50, 65.50 % 63.95
ﬁon-Evaporated Samples

65.40, 64.25, 57.75, 65.5, 66.75 % 63.75

Due to the peculiarly low value of 57.75 in the non-evaporated
group, a mean va]pe was substituted and the analysis repeated. No
significant difference was found at the p = .05 Tevel (F = 1.30 df 1,8).
No degrees of freedom were removeﬂ by the substitution of the mean value

of 65.25 for the value of 57.75 in the analysis.,
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.

‘On the basis of this data, it is concluded that evapdratign'-

at 80° C does not add or substract to the lactate of the sample.

*
- )’



Appendix 5

Estimate of Maximum Diffusion bistance (1) From
. Toad Sartorius Weights

L

(Renaud, 1982)

. A'linear regression was run on data taken from 21 toad
sartorius mushles (Buto americanus). The equation of the line

of best fit is ag follows:

Y =0.158 + 0.00472 X r = 795

Where X is sartorius weight in milligrams and

Y is maximum diffusion distance (1) in millimeters.

-

Total muscle thickness. is then 2A)

131,
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Agnendik 6

Summary of the Analyses of Variance.



- 133,

N

.Table 1. Summary of ANOYA for data on intracellular hydrogen

ion concentratfiion under experimental and control
conditions.

J/]/ Summary‘for the Analysis 6f Variance

Sources of Variation SS df MS Eobs Fec
\
Between Groups 9.68 X 107'° 1 9.68 x 10715 13.67 5.99
Within Groups 4.25%x10°"° 6 7.08 x 10716
14

Total ' 1.39 X 107
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Table 2. Summary of ANOVA for data on whole muscle lactate

efflux under experimental or control conditions;
25 mM buffer concentration, 30‘minute interval.

Summary .for the Analysis of Variance

sS df

MS

Sources of Variation Fobs Fc
Between Groups 93033.6 - 1 93033.6 21.4 4.96
Within Groups ©43561.4 10 4356.1

Total’ 136595.0 11
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Table 3. Summary of ANOVA for data on whole muscle Tactate
' efflux under experimental or control conditions;
25 mM buffer concentration, 40 minute interval.

Summary for the Anaiysis of Variance

Sources of Varation 5§ - df: MS Fobs Fc
Between Groups 38363.5 1 38363.5 13.84 4.96 -
Within Groups 277271.0 10 2772.7 |
Total X ' 66090.5 11
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Table 4. Summary of ANOVA for data on wholemuscle lactate efflux
(pooled data) during the first 10 min interval of
recovery across: four buffer concentrations.

[} . +

Summary for the analysis of variance

Sources of Variation ss  df MS Fobs Fc
Between Groups o 180016.9 . 3  60005.6 23.85 ' 2.91 -
Within Groups 78007.6 31 2516.4

Total 258024.5 34

Scheffe Multiple Comparisons reveal that;

Whole ruscle'efflux from tissue exposed to 10 mM buffer is greater
than the efflux from tissue exposed to 1 mM buffer.

Wholenuscle efflux from tissue exposed to 20 mM buffer is greater
than the effiux from tissue exposed to 1 mM buffer, 5 mM buffer
and 10 mM buffer."
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Table 5. Summary of ANOVA for data on whole muscle lactate
efflux under experimental or control conditions;
¥ mM buffer concentration.

Summary of the Analysis of Variance

Sources of Variation

$S df MS Fobs Fe

Between Groups

Within Groups,

-

180060.0 1 180060.0 202.3 5.99
5341.3 6 890.2

Total

185401.3 7
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ﬂ

Table . 6. Summary of ANOVA for data on whole muscle lactate
efflux under experimental or control conditions;
5 mM buffer concentration.

Summary for the Analysis of Variance

Sources of Variation

ss ~ df MS Fobs Fc

Between Groups

With Groups

131225.6 1 131225.6 62.30 5.99
12638.4 6 2106.4

Total

143864.0 7

-
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Table 7. Summary 0? ANQVA for data on whole muscle lactate
efflux under experimental or control conditions;
‘\IO mM buffer concentration.

L

Summary for the Analysis of Variance

Sources of Variation 5§ df MS - Fobs Fc
Between Groups 149544.0 1 ° ]59544.0 17.61 4.96
Within Groups . 84919.2 10 8491 .92

Total 234463.2 11

¢
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Table 8. Summary of ANOVA for data on whole muscle lactate

efflux under experimental or control. cond1t1ons

20 mM buffer concentration.

Summary for the Analysis of‘Variance

Sources of Va_riati'on 55 df MS Fobs Fc
Between Groups . 60083.7 -1 60083.1 21.08  5.99°
Within Groups 17105.4 6 2850.9
Total 77188.5 7

-~
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Table 9. Summary of ANOVA for data on post experiment,
- experimental tissue lactate levels across
four buffer concentrations. ~

*

Summary for the Analysis of Variance

Sourses of Varjation §s' df MS Fobs Fc
Between Groups 28.7 3 9.6 2.04 3.34
Within Groups 65.8 14 4.7 - |
' [
. Total 94,5 17
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/
. X N
'.l . \ -
_Table-10. Summary of ANOVA for_data on post experiment
o control tissue lactate levels across four
buffer concentrat1ons
. Sumﬁary for the Analysis of-Variance’
Sources of Variation “ss df, Ms Fobs Fc
Between Groups F 5.2 3 «l.7 0.34 3.34
Within Groups 71.4 4 5.1° )
Total . 76.6° .17
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_ Table 11. Summary of ANOVA 2 for data on post experimént
tissue ‘lactate levels under experimental or control
conditions and across four buffer concentrations.

Summary for the Analysis of Variance

Sources of Variation

5S df ¥s

Fobs

“Fe

-

Between Facfor A
Group

Between Factor B
Buffer concen-
tration

Between AXB

Within Error

48.4° 1 48.4

27.4 3 9.14
9.7 3 3.2

141.3 28 5.0

9.59

1.81
0.64

4.20

2.95

2.95

Total

226.8 35

"

S -
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le,lg;\ Summary of ANOVA for data on post stimulation,
: experimental tissue lactate levels across four

fer concentratiqns.

-

Summary for the Analysis of Variance

Sources of Variation- 's5 df

MS Fobs  Fc
Between Groups 0.4 . 3 0.1 0.02 3.34 "
Within Groups 127.6 14 9.1
128.0 17

Total




j . - 145.

Tabie 13. Summary of ANOVA for data on post stimulation, e
control tissue lactate levels across four
buffer concentrations.

Summary for the Analysis of Variance

- ( N
Sources of Variation 5S df MS Fobs Fc
Between Groups - 29.4 3 9.8 0.96 3.41
Within Groups  132.2 13 10.2

Total 161:6 16
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Table 14. Summary of ANOVA 2 for data.on post stimulation

[ _tissue lactate estimates under experimental or
) ~ - control conditions and across four buffer
concentrations.

Summary of- the Aﬁé]ysis of Vﬁréance

MS

Sources of Variation 5SS df Fobs - Fc
L] ) .
Between Factor A . - .
Group 1.0 - 1.01 0.10 4,21
Between Factor B '
Buffer concen- ’
tration 14.3 3 4.8 0f49; 2.96
Between AXB- 15.7 3 5.2 0.54 2.96
Within'Error 260.5 27 9.6
Total 291.5

34
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Table 15. Summary of ANOVA for data on fiber efflux
.(pooled data) during the stimulation inter-
val across four buffer concentrations.

Summary for the Analysis of Variance

Sources of Variation ss df MS Fobs Fc -
Between Groups 176640.6 3 58880.2 14.50  2.99
Within Groups ' 101487.3 25 40595

Total 278127.9 28

[y

Scheffé Multiple Comparisons reveal that; fiber efflux from
tissues exposed to 20 mM buffer is significantly different from
efflux from tissves exposed to 1, 5 or 10 mM buffer concentrations.

v } , -
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Table 16. Suﬁmary of ANOVA for data on lactate efflux from:
muscle fibers under experimental or control
conditions; 1 mM buffer concentration.

Summary for the Analysis of Variance

Sources of Variation ss df M Fobs Fc
Between Graups  293492.9 1  293492.9 222.54  §.99
Within Groups 79129 6 ,1318.8 o
Total 301405.8 7

v
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Summary of ANOVA for data on lactate efflux from
muscle fibers under experimental or control
conditions; 5 mM buffer concentration.

-

Summary for the Analysis of Variance

Sources of Variation S5 df MS Fobs _Ft_;——__*‘ajx

hY

Between Groups 225120.5 1 225120.5 74.68 5.99
Within Groups 18085.2 6 3014.2
Total

243205.7 7




A
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Table 18. Summary of ANOVA for data on lactate efflux from

muscle fibers under experimental or .control

conditions; 10 mM buffer concentration.

Summary for the Analysis of Variance

r

Sources of Variation sS df MS " Fobs

Fc
Between Groups 238064.7 . 238064.7 23.80 4.96

Within Groups : 100016.4 10 10001.6

Total 338081.1 11




151.

Table 19. Summary‘of ANOVA for data on lactate efflux from
‘ muscle fibers under experimental or control
conditions; 20 mM buffer concentration.

Summary. for the Analysis of Variance

Sources of Variation s df MS - Fobs - Fc
Between Groups 97925.3 1 97925.3 32.37 5.99
Within Groups 18148.7 6
Total . 116074.0 7
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Appendix 7

Raw Data for Estimation of Lactate Efflux *

From'Hhscle‘Fibers
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