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A system was developed to measure tehsion, .

-

" efflux of lactate and pyruvate and acid base ex—°
: i N - . .

change jn rat diaphragm strips, Changes in

measured values foﬂ/ these variables were made in

F]
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response to anoxia, increase In muscle activity and

changes i{n the C02 level and bicarbornate concentra- R

%

tion. ’ ;
' i

An Increase in pCO, has a stimulating effect

on Ehe mexiriual tetanus tension while a decrease in

b

blcarbonate concentrf_ifi{m depréssed isometric

' e
tension. - -

'C.[f"%ere is as e%/d,y lactate efflux of approxi-
mately 120 nM/g per .mtnute during resting conditions
wﬁich can reach a .max{mun}‘ of 1400 nM/g per m{nute
during anoxia. Pyruvate is .about 10% tl':e;{":::of. the
lactate 'efflux in the resting state. An increase in
extracellular p[.-I_‘(due to changes in pCO, and [—ICOB"
coecentratien)f results in a 20 fold increase in lactate
ef‘flux, ) : .

There is & steady net acid efflux in the order

* ) ;’
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of 250 nI‘\/I/_g' per minute during mtrc;l con;iitions_.-
The net dcid gfflu.x incr7ases follbwing a decrease
in pCO, and de;cr’ea‘ées or reverses in reéponsé to
an¥ncrease in pCO,. A decrease in bicarbonate

conqenﬁra’tlo'_ has an effect similar to tha€ Gf an

<

‘incr'es:se in

* . v :
acid base ‘exchange in response to changes’in pCO,

Assuming that rth;e changes in

are due to passive I—ICO3 movements'thexg it can

.be shown that a large fraction of the HCO; gener-

o
»

ated within the muscle fibres by non-bicarbonate
a

buffe;‘s/is transfei"red‘within one hour following a
o

chanée in pCO,. It is possible to calculate an

' “apparent ‘permeability codfficlent for ’A"a'rbonate_ '

N & - B ' ‘
(P-I—ICOB) wht\ch varies under different conditions

. frpm a value fc;f 0.8 x 10™7 cm/sec to 2.62 x 10~

cm/sec -
P

A
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CHAPTER T

o Introduct"fon

There are three basic factors involw}ed in held

-

base balance in ‘muscle cells. They are: metabolism,

{production of lactic acid mainly), buffering, and

trensmembrane movei:nents- of acids‘and bases;
Conslderatiop Qf the role of metabolism in

acid base balance. w'ould fnclude aeking questions such

as: to what extent does lactate accumulate 1n - N

muscles under dlf:ferent condltlons? What effect

does this- Yactate accumulation have on metabolism ©

and the function of the fibre and how is 1t elim— A '

inated from ‘I:he cell? What is important with re-

spect ‘to acid pase balarce is ‘at what rate, and

in. what ‘vfc{;rm does lactate cross the tnembrane?

The questlonl of whether transmembrane movements

of 1actate are in the ionic or the undissociated acid

_ form is- especially critical when considering the

. 5

mainteilance of intracellular pH. Transmembrane

m-pvement of the lactate lon only would necessitate




' . - .

.

some mechaMsm(s) to compensate for the hydrogen ions

) N o . o
remaining in the cell, . y .

YR

In ordepr té)_--discuss muscle buffering and trans-
. 'J U * 1, g ¢ -

membrane movements of acids. and basesjit is important

to answer t}é&dquestions: ‘what methods are used to

> -
determine intracellullar pH and how reliable-are they?

. . .
Having established the most reliable methq_ds. of intra-

" . . . ) - . .
cellular pH measurements it is then posslee to deal with

-
- — .

the parkjculars of acid base balance for the muscle cell,

as muscle buffer value, effects of changes
el

—

in pCO2 and external bicarbonate concentration and

membrane permeability to bicarbonate ions will be con-

sidered as three areas of major significanceQnuscIe

acid base balance. .
. ' . ; .

A, . Liactic Acld

1) Historical Research on Lactic Acid in Muscle

r

Acld formation was first discoirereqi in the muscles
of hunted stags by Berzelius in 1807. He was able to
.demonstrate that this acid was the same as that from -

milk , I—Io_v'véver, it was not until 1907 ‘that Fletcher and

Hopkins made accurate measurements of lactic acid in

L . A s e om

e, e e e i, s




P T ey v - L.

frog myscle_s, - At this time they showed t}mt-firevious

‘methods of factlitai:ing. extraction such as chopping of.

the muscle, treating with alcohol, chloroform or boiling

water caused an immediate increas e in the production of

lactic acid, They obtained an average figure for the

lactate yield of resting muscle 'of between 0.02% and

f Lo

0.035% of muscle welght (i.e. 2.2 - 3.9 uM/g). The
resting lactate value for mammalian muscle:'s given by
Fletcher in his 1913-1914 paper is 5.2 uM'/g.-

In th;a 190'7: paper, Fletchgr and I—Iopktﬁs also
established the@rellations.hip between fatigue and lactate
increase, reaching a ma;:tmum in thelr preparation of .
4.0 ﬁM/g, - Anoxia was found tb increase lactate
levels to between 40-50 uM/g. However, work by

Hill and Kupalov (1930) indicated that during anaeroblc

excitation of frog muscle contractlon ceases at (,3%

(33.3 uM/g) lactic acid,. Two factors limiting activity

for muscle in vitro were. Op suppty and the presence
of carboh}drate These limitations could be circum-
vented by use of thin muscle in fully oxygenated

solution and the' alidition of glucose to the medium,

_. e
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Eggleton, Eggleton and Hill (1928) calculated

a coefficient of diffusion for lactic acid following

fatigue i frog muscle. This was shown to be depen- -

dent on the state of fatigue, in that a higher level

of lactate in the muscle due ‘to increased stimulation

‘f-esulte:d in a lower coefficient of diffusion. This

they proposed to be due to a swelling of the muscle
flbreé which,' In turn, reduced t};e extracellular space
in"which diffusion is more rapia, resilting In an
o.verall decrease,

Margaria, Edwards and Dill (1933) obtained re-

sults for the rate of disappearance of lactic acid in

the blood o humans’after exercise, Comparing these
results with the rate of removal of the total amount

of lactic acid in the bddy of mice, after exercise,

gave evidence that lactate is freely diffusable between

muscles and blood (Margaria and Edwards, 19314.)._
Other early investigators é.ttempted to

correlate m.easureg lactic acid changes in blood

with pH changes during viclent bouts of exercise

{Barr, Himwich and Gree, 19é3; Bock et al, 1928),

However, direct measurements of

. -

P

.
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PH changes were not taken until the work of Lang
(1934). Hi work on humans showed fdirly close
agret;,-ment between the measured pH (glass. elec—~
'trod'e) ‘of venous blood ‘and the pH caleulated from v

the rise in lactic acid in the blood.

2) Resting Lactate Efflux in Rat Diaphragm

‘ .Some' of the earliest measurements.of lac-
tate efflux were made on incdi@.te.d preparations in
which whole or hemidiaphragms were plaged in War-

burg flasks for a period of time, Most values ob-

tained were similar, Examplés are Walaas and Walaas

{1950) 104 nM/g per minute, Beatty et al (1960}

80 ﬁM/g per minute and Peterson et al (1961) 148
nM/g per minute, These values for incubated pre-
parations, however, dtd not agree with those of

Hollanders (1968) ";nd Rowlands (1969 a ;1nd b) for
perfuse;i'and Bulbring type (isclated phrenic ﬁ.erve

and diaphragm) preparations. They obtained values

closer to 300 nM/g per minute. ' Rowlands also in

her second paper in 1969 sampled incubated diapi}régms

and obtained values betwen 45 and 0 nM/g per min&te.
- " \
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She‘ attributed this difference te the rise in lac-
tate 'co;l-centra.tioﬁ of the bathing solution in the
incubated preparatior;s, which in turn depressed the
equilibrium r"eac_tion of lactate production, Howéver,
it m-ust be pointed out that Kratzing. (1952), using
a similarly incubated preparattox‘w., ‘obtairlled lactate

%
efflux -values‘:af"l 440 nM/g per minute,

All the pefus':ed and Bulbring preparations
'(I—Iollander 1968, Rowlands 1969 a énd b) show’ed an
initial high efflux of lactic acid (500-700 nM/g per -
minute) which gradually decreased 30 minutes after
the start of each experiment to the steady resting
level of 300 nM/g per minute, I—Io.llanders (1668)
suggested' that this was due either toc ancxia pro-
duced during thé'preparatlon of the tissue, release
of adrenaline from handling the rat before killing,
or slow release of bound insulin, .However, Rowlaqu
(1969 b} giving gi-g;uménts against these three pro-
sals, felt that the high initial lactate output even .
in glucose—frlee mediu-m, v\.ras an inevitat‘)le event in

the preparation and was derived from muscle glycogen,
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‘Two factors affecting lactate preduction

#

~2
. & .
B AL P b

‘were shown by the work of Hansen e._t al (1951} .- Q o
8 —

In incubated d{aphragms, lactate production was

greater with rﬁliscles_ from rats fed a high fat

diet compared with rats fed a high carbohydrate -
diet. Also, if the rats were fasted for 24 hours

before being sacrificed, the lactate formation was
greater, Lactate production was also shown to
be greater in male versus female and decreased

~. . .
by low temperatures (R’ow\lﬁrxds 19699 ., -

”
e et ettt e £ e o st -—-—~—*uL

3) Maximum Concentration of Lactate in

N » !
Muscle ‘ ) SRS f
Two major sources of stimuli for increasds

in lactate production are anoxia and increased ac-

» .

tivity. However, it is significant to note that
lactic acid does not increase durlng activity if the
energy expended can be met by oxidative processes

(M_argaria, Edwards and Dill, 1933 and Margaria et

'_7°

al, 1963). According to these investigations, if : g

activity is elevated above the level corresponding

-

to maximum oxygen consumption, then lactic acid



- — :
should be increased at & rate proportional to the

L]

intensity of the exercise. This hypothesis ‘has,

however, been questioned (Huckabee 1958). There
does seem to exist an uppef'-'limit" to the concen—

o
tration at which lactic acid can accun-aulate in the
muscle, For isolated frog muscle this concentration
was 1y uM/g du.ring increasing stimulation (Fletcher

and Hopkins 1907)., This value is low compared with

the results of Mainwood, Wor:sley—B_rown and Patterson

7(1972) in which lactate cor!ceng;t‘ations of isola{:ed

superfused frog sartorius reached 20-25 uM/g

during fatiguing contractions in high bicarbonate
Ringer ‘s‘olutions. Interestingly, thgse values for
frog sartorius comﬁare favourably with maximal
lactate concentrations of 20-25 uM/g from human
muscle biopsies, depénding upon the level and duration
of work (Diamant et al 1968, Karlsson 1971, Edwards.

et al 1977 and Karlsson et al 1975).

4) Maximal Rates of Lactate BEfflux

Maximal rates of effluxare ill—'defined and

g T
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difficult to interpret from the literature due to

"the difference in preparations‘ahd"methods of ob-
taining increased activity. Hollanders (1958) using
perfused rat diaphragm, obtainedva. tétanic con-

hd

tractlon by supramaximal stimuli at 50/sec which

_resulted_in a maximal lactate efflux of 1-8 uM/g
pem‘éu::e, This is high compared to the per—.
'Afused gastrocnemius muscle of the dog which was
‘subjected to supramaximal tetanic stimulation of
the nerve at 20 per minute for; 7 'minuteS".'r' Max-
imal lactate outpu;: was 0.6 uM/g per minute {DV
Prampero et al 1970), Superfused frog rﬁuscles
after a fatigue for' 200 seconds at 2 tetani per
secon& by direct stimulation reached levels of
b;etween 0.3 and 0.4 uM/g pelr minute, depending
" on the type and concentration of external buffer
being used. °
Results for humans are pfese_n_ted by Mar-

garia et al (1964) by having SI‘.ijects run toe ex-
haustion on a treadmill in less than 40 sececnds,

Their maximal rate of lactate efflux was 1.6

uM/g body weight per minute which would be much

—-——- 5 et -
e b i om o e R UNE R PR S -




10

-

& ™2

higher if corrected _fdr only those tissues re-

- sponsible for the increase in lactate,

5) ' Mechanism of Lactate Efflux

There are two stages which must occur
before lactate efflux can take plac-e..‘ The
first i.s a pa.s-'sage through t,:he' membrane which.
can be by a carrier‘ mechanism which v;rould be

' ¢

rate limited with kinetics similar to enzyme action,

transport through poreé\ic the membrane or

carried in thd lipid phake. The second stage

is diffusion through th xtracellular space,

This would vary with tiseshe thickness, effec-

tiveness of perfusion,. diff ion coefficients, etc.
‘ one of the ear-
"liest .mechanisms ‘pI‘OpOSed to iingtt lactate efflﬁx
was that of Egeleton et al (1928)) in which swell-
ing of .the fibres was postulated'to\'reduce the
extracellular-SPace, thereby enhan.cing' the Hr;;%t— -
ing effect of diffusion across the rﬁembrane\,

Anoth¢r propqsal was a saturation type of

' efflpx mechanism from measurement on frog sar-
i

[Py Sy

CeE Lliae.
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-only limiting stage to the rate of lactate efflux,

-

torius (Karpétkin é_:t_ al 1964) ., These experi-
menters obtained” 2 Vpax of 0.8 _};M/ml ‘of
iﬁtra’cellular wa._ter per minute,

Many results have shown that the‘rate- of
lact-ate Effflux is imited by something other than .
simple diffusion - I—Iir'che et al (1970) and Karlsson
é_;_:_ <';1_1 (1971) demor;str-ated ‘this in dog gastrocriehﬂus
and Mainwood .and Worsley-Brown (1975) in frog
sartorius, Kubler et al (1966) postulated that
an active transport m‘i;g;ht be involved, |

Lf passage through the membrane is the
-exactly ‘what mechanism i{s operative will depend

largely upon the form in which tHe substance is

transported across the meinb'rane, (i.e. as the

lactate ion or the lactic acid ‘molecule} ,

6) Transport Across the Membrane

,2) Transmembrane Movements of the Lactic

1

.

Acid Molecule | .

-

If lactate is leaving the fibre as the lactic -

- g.

— )

P
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pH.recordings whether or not the protons are

5

acid molecule, “then there should .be a 'toncurren‘t f:all
in pH in "the extracellular medium, Work by Du-.
buisson (i931+) shovyed a fail in pH of the bicarbon---
ate buffer on the surfaces of muscles immediately
after activ'ity, ‘Since thé results were obtained by
glass electrodes on the surface of the muscles, ‘then
éroduction of acid in the .c'ell 'wo“l_.lld'r:eact with intra-.
celluiar bicarb;hate aridlliberate equivalent quantities ’
of COy w‘hich would diffuse from -the muscle to 1<1e
Therefore, the COp trappgd‘atrthe_ sur-
face by thE'electrode'would- resu.lt in a change in

confined to the fibre. A larger change would be

P,
expected if they were transported across the mem-
. T

b

brane, ~

.~

Another approach to provide ev1dence for the
transport of the lactic acid molecule is the results ?

of measurements of shifts in the CO, disgociation

QA

curves ¢f human blood foliowing severe exercise (Hill
et al 1921;, Bock et al’ 1927). These were intér-

preted as being due to all the lactate in the blood

having reachled it as lactic acid from the muscle P/




[, VU

[

. (Henderson 1928; Turrell and Robinson 1942).

~Roos~’(f975) performed expemments on in-
cubated rat diaphragms in which he measured the
D-lagate distribution ratie and intracellular pH

after exposure to solutions buffered to a bro-aic’l'

‘range of pH values and containing varying concen-

N

trationg of labelled D-lactate and potassium. He
also performed studies to determine the length of

incubation necessary to reach steady d1str1butlon

"The relation between-the steady state ratio of

total 1ntrace11u1ar to total extracellular lactate

and the_ratio of hydrogen .ions from outside to
i_nside‘ the cell indicated that 1t is predominantly
the undissociated lactic e.cid molecules, rather than
the much more numez.'ous lectate ions which per-
meate the fibre membrane, lThls was further sup-
ported‘by membrane depolarization with potassium

which did not significantly alter this relation.

§ ° Mainwood and- Worsley-Brown (1975), working

.with superfused frog sartorius, also showed that

the efflux of undissociated acid can make .a gonsider-

able contribution to net lactate efflux but only when

G
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external pH and buffer coreentration are high .
This cogcluslon Waé based on two observations,
First, merﬁbrane depolarization with pota:_ssium at
high external buffer concentrations had very little
effect; on lactate efflux. Secondly, the ratio of
lactate to hydrogen ion efflux decreased as bufferv\

concentration was raised,

n

b). Transmembrane Move:menté'of the

T.actate Ion . - —

At an lntracellular_ pH of 7.0 and with a
pK of the lac‘tate-laétic _acid system of 3.7
(Lockwood, Yoder and Zienty, 1965), the lactate‘_. -
lon is about 2,000 times the concentration of the
molecule, v The question arijses‘: is the lactic acid
molecule permea'bility relatlve to -that of 1;he lactate
ion great enoggh te account for thle me’asurlve-d efflux
of lactate in spite of the greater gl:in,dﬁce of the
ionic form? |

Woodbury and Miles (1973) using frog skeletal
muscle measured reslsta.ncg and transmembrane po-

’ »

tential 'after replacing one anion by another in the

J



N
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bathing mec{ium_ Thus, they were able to\ show
that 1a'c’tate has a l.ow but finite{permeability. L
which is approkim&itelyko.ﬂ'?_ that of chloride.

v 'iVlore direct evidence fof the, movement of ‘
lactate ions was presented by Malnwood and Worsley-

E!:s-own (1g75). 1In low buffer -solution (1 mM

3

polartzation with isotonic potassium sulphate resulted
in a pronounced decrease in lactate ‘efflux, This,
they' concluded, was an indicat;ton “of lacta‘te ions ]
being responsible for the greater part of the efflux.
Other jdence was a high ratlo of lactate to hydro;-
gen ton efflux in low buffer concentrations.

’

1

7} Effect of pH on Lactate Efflux Results’

There are at least two ways in which pH
appeafs to be 'a;ble to affect lactate efflux results,
At the intracellular level, a decrease in pH can. re-
sult in a slowing of glycolysis due-to the sensitivity’
of rate limiting phosphofructokinase (PFK) réac_i:ion
to the hydrogen ion concentration (Mansouf 1963 ;

Danforth 1965; Trivell and Danforth 1966). The

.\
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slowing of glycolysis could result in a decé*eased lac~

T

tate productim givi_ng rise, in turn, to lowdr meas-
ured la.cta\‘.’é efflux,

J’;\‘ second possibility is seen in the\results

.ﬁh_ich indicate that a relationship exists between ex-
ternal pH anci anion conductance, 'including lactate
(Hutter and Warner 1967a and b; Woodbury and Miles

L an
1973) .

— Harken (1975) altered the external pH of

" the isolated canine hindlimb between 6.9 and 7.6 .,

owed that lactate production was linearly

his. may have been due to changes
in intracellular pH or the PFK system or, p%erhaps,
by increa&ing the efflux of the lactate ion, the )
lactate pyruate equilibrium was ‘a.ltered.- In isoffited
frog sartorius an increase ir; pH l';és been shown to-
cause an increase in lactate efflux (Mainwood et al

15/2; Mainwood and Worsley-Brown, \1975) . 4

i ’ o

“ . .
B. Buffering and Transmembrane Movlments of

Acids and Bases
Tt

. Wy
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1} Early Measurements of Intracellular pH

The picture of acid base balance in muscle
fibres is not very clear, Historically, the prob-

lems center around obtaining an accurate measure-

-~

_ment ¢ tracellular pH (pHj). The typical' means

-

of rﬁeasuring pH; for muscle fibres have been measure-

4

" ment of the rH of a tissue brei; measurements on -the

»

-colours of pH indicators';‘ measurements on the dis-
tribution of weak acids or bases and measuredments
..,us!ng;_microe'le_ctrode systems (Caldwell 1956).

Early measurements of pI—I{ obtained by'these

.

methods have been made by various im‘restigators', For’

example, Turusawa and Ker'ridge.g _(1927&)', using

meas rement? with a glas:s "e‘-lectrode oh‘"f—’tissue .brei
of cat g:ststr_ocnemius at ObC, obtained feéting values
for pHy of 7.0k, Adjﬁstéd. for temperatire, this
bgcarﬁe a pHj of 6,§0, This was reduced to 6,26
and 6,02 durin—g fatigued and rigor’ conditipns_ re-

spectively. The first use of a weak acid met&d

to determine pH; of muscle was pe 'fo{me,d./t_ﬂ—y) Fenn
.- P

el o m
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values of pH; of 7.2 to 7.3 at a COp tension of
20 mmHg. His fatigued and rigor res.ui‘j:.s were
6.6 and 6.8 respectively. With a similar method
on frog sartorius Stella (1929) obtained%a pHj of
6.9l for the same COp tension. However, therfe
was the possibilft;y of lactic acid accumulation
du?:*tng Stella's procerdiure which would result in a -
true resting pHi higher than what was calculated.
" The first reliable measurements of pHj
with microelectrodes were made by Caldwell (1954a,
195/-;%, 1956) ué{ng a glass micrqe-lectrode_. However,
with- microeléctrodes one is limited to large cells
only. He was able to obtain a resting pH; of 6.9
for crf';tb muscle fibres, Coritracglres inftiafg:-d
with O.-6 M KCIl lowered the pH; by less than 0.1

of a pH unit.

2) Maintenance of Intracellular pI—]

These resxﬂts and others (Caldwell 1956)
showed the general agreement tha@t can be obtained
by different methods of measurement. What, then,

one may ask are the factors giving rise to the: cbserved

e e s _f";_w,__.n—-—l_,..-—-—
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PHi? In his original paper, Donnan (1911) -implied

that the hydrogen fons inside the cell are in a
Donnan equilibrium with those outside. If both
potassium a:nd hydrogen ions obey the Donnan re-

lationship then the equation

[H*] extraceliular _ K lextracellular
[HHlintracellular K*]intracellular .

should hold, TIncreased evidence for the credibility
of this equation was given by rl_\/Iom:l ahd'Netter
(1930), Boyle and Conway (1941} and Conway and
Fearon (1944). Boyle and Conway: {1941) supported
the above .equation quoting the pH; value bf 5.6
obtained by Rous (1925) using intracellular indica-
tors on mouse muscle., However, the resul‘ts of
Rous were criticlzed by Fenn and Mauren (1935)

on two counts, First, the indicators he used did

not penetrate into\c‘ells and the values therefore.

were for _fhe extracellular space, Secor}dly, fhe
techrniques involved damage to the tiésﬁe which has
been’shov\‘m to have a more acid reaction to in&iic\ators
(Chambers et al 1927, Fenn and Mauren 1935) .

Measurements of pHj using the carbon dioxide/
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bicarbonate method have indicated that po_stulatioﬁ
of a Donnan equillbrium is-false., The results give

pHi values much higher than would be expected from .

a Donnan equilibrium {(Fenn 1936; Stella 1929; Hill

and Kupalow, 1930; Hill 1931).

The criticism by Conway (1941) and C,onv;ray
and Fearon (1944) of the use of COp distribuﬁion
to determine pHi centered around the fact that

\

much of the acid;labilé carbon ‘d'ic(xide of muscle is
{

not bicarbonate, Therefore, another substance

was sought to be used in lieu of CO,. One such

substance was 5.5~ dimethyl- 2, 4-0xazolidinedione

(DMO) used by Waddell and Butler (1959) for de-
termination of pH; on dog muscle.  They obtained

an average, pHj of 7.04 which agrees with the results

" of many others using the CO, diﬁ,tr\ibutioh methods

on mammanazi tissues {Tobin 1956; Nichols 1958).
This techntque v:ra.s used shortly thereafter on rat
diaphragm }gvitro by Miller, Tyson and Relman (1963)
to obtain a pH; of 6.89.

Except for the work of C:arter et al (1967a |

and b), in v;rhich pH sensitlve glass microelectrodes

were used in rat skeletal muscle, almost all measure-
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ments have suppor/teé a pH; that is too high to be
maintained by a Donnan equilibi.-ium. - However,
Paillard $1972) has cieélrly shown that:i;he type of
microelectrode used by Carter et al had portions

of the pH sensitive tip exposed to the extracellular
space, The more recent requts of Hinke e;nd Menard
(1976) using pH microelectrodes provide clear evidence
that the H' {on never reached a Donnan equil%brium
across t-he mémbrape even in fibres v-vhich .werg ex-
posea from 3 to 5 hours to normal...Ringer seclution,
These ir;vestigators also conducted an excellent com-
parison of the DMO and mi—croelecfrode methods
using barnacle muscle fibres. The DMO-pH and

<

thé electrode pHi E:ompared favourably, provided the
DMO"Pf‘Ii was calculated by extrapolating the slow
uptake phase of the indicator compounds ( Lo -pMO
_ and -BH-in;sul-in) to time zero., - |
Other \e idence has come from the work of
.[-Iill (1955) on lactic‘acid production of frog?sartorius,
Using phosphate buffers, he lowered the extracellular
pH (pI—Ie)’ to 6.0 and observed its éfféct on the
formation_ of lactic acid in response to stimulation

.- 1
which ceasés when pHi falls below a value of about
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6.3. However, even though a pH; of 4.8 was
predicted according to the Donnan equilibrium, the
lactic acid production- was nearly normal, indicating
that the Donnan equilibrium does not control or
greatly influence the H™ distribution across the fibre
membrane, As well, the experimeptal findings of
Caldwell (195‘8) showed that the pHi's expected from
tl'".Le Donnan relationship in response to depolarization

Y
do not occur,

In the past, two possible mechanisms hcra'\.;e
been proposed to account .for the disagreement
between. measurements of pHi and what is.-expected
from the Donnan equilibrium., Fenn and Ma..'uren {1935)
origiﬁally cited- the lack of homoéepeity of the cell
interior as :a probable factor, Thé. second proposal

involved active extrusion of hydrogen ions which, in

mest cases,vf{s," thé preferred explanation (.Cald'well 1958) .

3) Musclle Buffer Value N

a) Background

In any consideration of acid base balance it
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'bfecomes im‘mediately_ ob:vious that a well-defined
intracellular buffer value is of prime importance,
This value is of s'pecial sig-nificance'when' cox;.sidering
skeletal muscle which is such a large proportion of
the whole body and thus, will. contribute greatly to
the overall buffering. The mc.nst common measure
of the buffer value of a solution is th:at introduced
by Van Siyke (1922) in which '.'ﬁ“ equals the _a'mount
of free H* or OH™ to be added to a volume of a .
solution ‘in order.to produce a unit change i;l the
pH value, - )

Due to its special properties, the COp-
bicarbonate buffering system must be considered

— .
separately from what may be termed '"non-carbonic

buffers", Howev!;r, some of the early studies were
performed without. taking this sep;_-iratlon into con-
sideration. For example, Furusawa and Kerridge
(1927) Jadded small amdunts of'acici or ba?se to

minced cat gastrocnemius, to - obtain a buffer value

of 52 mM acid or base per pH unit per kilogram

tissue at a pH; of 6,5. Unfortunately, ‘the gaseous

e e | L - . b
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CO2 equillbration was not given, so that the exact
non--carbonic bufféring cannot be determined. Results

comparable to this have been obtained by others ﬁsing

similar techniques (Bate Smith; 1938; Eckel et a_l_1959) .

. Other means of measuring the intracellular g
buffering of muscle involved the use of the DMO

methaod of Waddell and Butler (1959) to measure pH,

Some of these measlu.rementsl were made on muscle
in situ (Brown and Goc;tt, 1963; Clancy and Brown,
1966; Schloerb et al , 1967; Buwrnell 1968). . Other
“'experiments were performed on the rat diaphragm
equilibrated' in vitro (Adler, Roy and Relman, .1965a
and b; Heisler and Piiper, 1972). In these: studies,

. “\J’,-/‘.
the muscles were allowed to-equilibrate with dif

N

férent
levels of pH and [HCOE] . Then the change in pI—Ii{
was determined., The results all produced an intra.—
cellular bufferiné; of less than‘zo meq/pH unit per
- litre musdle avater.
As su-ggested by Heisler and Piiper (1971) , |

there was a possibility in these ;ypé’sof studies

for exchange of substances, particularly those im-
portant- for buffering (e.g., HCO§, H* or QH™)

from the intracellular space.

—————aaaa N .o - o -
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b) "Apparent" versus "True'" Buffer Value' '

The work of Ac'ilef', Roy and Relman (1965a
and b) indicated that the regulation of the acicll ' :
base balance of muscle fibres is not simply a matter
of\ intracelluilar chemical buffering, An additional
coﬁtributing. mechanism rr;ight be the transfer of
'HEO3 (HY or OH-) after change In pCO,. Clancy
and Browfx {1966) pointed‘out the consequences of
such.a movement of HCO3 betwee-:'n thea_‘celi interior
arrqc‘:'{ the extrac_elhﬂar space, Under these circumstances,
they postulated, there will be an underestimation of
the muséle‘b-n.ffer value, determined by measur'ing'
;.)I—Ii with DMO afnd calculating intracellular bicarbonate
froméﬁg I—Iende:rson—l-]assélbach equation. ‘To test
this hypothesis, Heisler and Pii;?er (1971) equilibrated
rat diaplragm homogenates with variocus 'levels of
pCO, {:md measured the change in pH. Assuming that

\

all the buffering originates from inside the fibres

and the destruction of tissue did.not affect the

1

. buffer value, they calculated a . Buffer value for the

intracellular space of the rat diaphragm to be 67
. f

meq/pH unit -per kg cell water, Using a similar '

Y B
s
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tec.hnique, Lai et al (1973 c) obtained'a buffer

value for rat thigh muscle of 50-60 meqg/pH unit

per kg muscle water . |

| Subsequently, evidence bégan to accumulate
whicﬁ supported the transfer of HCQ:; as a _réason
for the discrepancy between the different measure;—-
ments of muscle buffer value (Heisler and Pliper, __,
1972; Izutsu , 1972; Lai et al 1973a, b and ¢;
I—Ieisleﬁr 1975; Beattice et al 1976). In 1972,

Heisler and Piiper used the distinctive terms,
"apparent buffer value" and ‘"true chemical buffer
value", For rat diaphragm, .tl;xey caleulated these
values to be 20 meq/pH unit per kg cell water and
68 mgq/pE‘-] uni.t per kg cell w;ater. ‘They found fhat,
on Ehe average, _71%lof the bicarbonate formed or
decomposed in relspons\'e to the action of intracellular
non-bicarbonate buffers was transferred to (or from)

the extracellular space,

However, not all studies supported these- find-

, i?'l‘gs. Using {mproved pH microelectrodes with!recessed

Ld

tips, Aickin and Thomas (1976, 1977) calculated a
non-bicarbonate. buffer value of 45 meq/pH unit per

. §
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litre cell water in the {solated soleiis muscle of the
mouse, They did not accept ‘the higher value of

. Heisler and Piiper (1972), disagreeing with the
. o

latter's assumztéi;)n that, transfer of 'E-ICO:;
occur:r.éd af:.ter e-:'cposure to different ievels .of C&)E-
.ﬁslng the DMO method they de;ureloped for
measuring pI-Ili, Waddell and B'L:IltleI‘ (1959) examined
Fhe- effects of changes ln. .e.xtracell_ular pH by samp-
iing th{'g.h mﬁ-s/cles of anaesthetized dogs., They
concluded that .th,e greatest changes in pH; of muscle
are those produced by raising CO, tension of blood
' anq that metabolic acidosis was le‘s-s effective in
this proces;{. Other studies have indicated that the
intraceliular pH and bicarbonate concentration of.
skeletal musclg do not .change during metabolic acidosis
;.in thé intaet animal (Wallace and Hastinés, 1942; Wa;'llac
and Lowry, 1942; Brown et 31_-1596_75'.. ‘
rHowever\, Adler, Roy and Rélman (1965a" and b)
warking‘ with \isolated rat diaphragm, were the_ first
to use a comp_l;a;,g‘te range of bicariaonate and 'p COp

valu_%?q[n. order to establish the relationship of extra-

~cellular pH to pHi. .Heisler (1975), also using incubated
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- al have a plateau region which extends slightly

28

rat diaphragm,-performed similar experiments.

The results from the two}studiés can be compafed

in fig. 1 {A and B). b
The top diagram illustrates the effects of

metabolic?ogs and alkalesis on pHj, maintaining pCO2
" ’

" constant And varying HCOjq to produce the pH_ range

indicated. "The lower graph, however, reflects the
intracellular pH change in ,‘response to .;'esplratory_
acidosis and alkalosis at a constant [[—ICOE] . The
results of Adler et al (1965 a) and Heisler (1975)
are similar, through thé pH range ‘cons{dered.‘

All graphs éhovlz a limited p\lajeau ‘a'rea moving in

an acidic/direction from the normal pH,, During

both metabBolic and respiratory acidosis, Adler et

further than that of Helsler, At both ends-of?

the plateau, the pHj changes rapldly with pHg

at the rate indicated by the slopes of the lines,
Th% e.x‘ister;.ce of this plateau region indi-

cates’ that over a limited range of pH; the fi"gg

of HY, OHY or I—ICOE differs from that prec;lic—

ted by the passive flux of HCOJ. Adler, Roy

and Relman (1965) theought that the plateau could
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*" losis on intracellular pH by various

Fig, 1.

Effect of metabolic acidosis or alka-

invéstigators, These results were

obtained by using a constant pC:O2 3

and varying the concentration of bi-
car;l.:“onate in the bathing medium,

The CO, level is indicated for each

set of results, The results of Adler

et al (1965) and Hetsler'(1975) are

frorr; rat cliiaphragm using the DMOC

method while- Aickin and Thomas ’uvs‘ed
micr;o‘electrodes on mouse soleus

muscles, I

Effect of resgratory changes in ex~ "~
ternal pH on intracellular pH, In

these experiments the pCO_E‘ was

varied while bicarbonate concentration

in the bathing solution was‘maintained
constant, The constant [HCO'B-]is

indicated for each set of results,,

25
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) .
be explained either by the existence of a limited

barrier to fhe net flux of HT, OH+, or HCOE
’ ioné or by compensatofy changes in thevinternal
metabolism of aclds and bases, - On the other
‘hand, Heisler (1975)“sugges1:t.ad thad~the simplest
explanation for the essential}y {con tant ranges

of pH was to assume an actiye tr sport mech-

anism of ions involved in the acid-base equilibrium

' N,

+ 6f cells, The active transmembrane transfer

of [—Icog (I—I’+ or OF~) has also been postulated

as a mechanism of cardiac muscle bufferin_g !
(Gonzalez and Cla.ncy, 1975; Strome and Gonzélez,
1975) .
Also included in fig, 1 (A and B) are the
- results of Aickin and Thomas (1977) from isolated
mouée soleus ;neasured with recessed tip pH

microelectrodes. . Their normal pHi-W{:!.s S_Iightly

higher- than those of the DMO technique: This

w#s thought to be due to ha.{ring fh:es[in bettgg:'

condition‘than ‘fhost of the whole ‘mus le; prei)ar—

ations'and avoiding the inclusion of the pH of

cellular organelles . Tt!s was true also of Khuri
/ . SR
- )
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et al (1974, 1976) using HCO3 selective micro-
'electl:rod?es', giving a pH; of 7.037%n rat thigh
muscles, |

Alickin and omas did n-ot‘ measure a
plateau region undéri}ightly acldotic conditions,
Thelr res:ﬂts shov&ed( that the change i/n pH; is
about ten times faster when the Cc;z- level is
changed rather than the bicarbonate concentration
alfhough the final PHi.iS the same, 'I‘h_ey suggest-
ed that this indicated the role of COs in rapidly
moving H* {ons across the fibre merBB'rane a1:1d
that the change in pHj made i:)y changing [HCOE]
was due to a lack of movement of H' ions and/or
HCOE'iox;s across the metﬁbrane_ Alckin and Thomas
(19'?'?) suggested that the lack of a plateau region
for the plot of pHi with pHe for thelr results com-
pared with those of Adler, Roy and Relman (1965)
anci Heisler (1975) colld be explained by the incluéion
of dete‘rioratlng, or even dead, innermost fibres of
the in vitro preparations in the determination of

pH[.



A third type of measurer.nent haa been
made using DMO on in vivo muscle preparations .
‘The majority of these studies have obtained re-
sults in agreement with the microelectrode ob-
servatténs_ There was no obser\_red plateau re-
gion for pH; ovér a pHe range of 7.0 to 7,1;
(Schloerb, et al, 1967; Roos 1971; Poole-Wilson
and Cameron, 1975; Gonzalez et al, 1976),
The explanation for this dismcepéncy was based
on a 002 gradient in the_\ isolated non-perfu’seﬁ‘f
rat diaphragm preparation, If, due to- thick
tlssues, the diffusion of pCO, is impaired, then
this is a valld criticism of in vitro preparations.

From these types of stggllli‘_es the crucial
question remains concerning the excﬁange of sub-
stances important 1;0 buffering (e.g., HCO3Z,

OH™ and H) in response to changes in the leveis

32

of ext;-acellulaf- pCC)2 and [[—ICOEJ . This question

has been loocked at in another manner; that of
measurin_g the permeability of the ions, in parti-

cular HCOZ

potenttal ,

3, and their possible effects -on membrane
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4) . Permeability of Hcoé Tons
Mainwood (1968) measured transmembrane

’

potentials in ‘frog sartorius muscles that had been
washed In a buffered sucrose solution, Whgn COsz
was increased the transmemﬁrane potgntial wit{s
reduced. It was suggested this may have been
due to an efflux of bicarbonate ions. Other ex-
perimenil:s similar to this were performed by Wood-
bury (1971) also using f\rog sartorius in which CI~
had been replaced by an impermeant ion. His

measurements of transmembrane potential and re-

sistal:lce indicated/that the permeability of E—ICOE

i{s appreciable. Woodbury approximated the ratio

of bicarbonate permeability‘ to chloride permeability

to be about 0.1, . |

{

Hutter and Warner (1967a and b) demon-

strated the pH deﬁendence of chloride conductance,

Woodbury and Miles (1973) stated that [—ICCJ3

acted as a Cl” iike anion which also exhibited a

conductance which was sensitive to pH,

A review of the literature raises an 17[

et e aiete st pamEy e e
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portant questi:on":"‘\to what extent and in what
form is transmembrane movementlof acids and
bases occurring in muscle fibres in response to
changes in muscle tissue &s :aspesﬁdvt of eltermtions
in CO; level and bicarbonate concentration?

In general, what appears to be missing from the
research relating to acid-base balance for mam-
malia-n muscles are studies for muscle tissue; in_
vitro in which the addition or removal of acid or

base from the external bathing soluticn is measured.

From such s:tudies it would also be possible to

3
based on changes in I—ICO§ flux .(havirig made the

determine a permeability coefficient for HCO

assumption that the acid base. exchange is due to
transmembrane I—]COS movements) in respnse to
changes in the CO2 level and [HCOE] .

Another importe&n,t aspect which .direct
measurement of transmem‘orané"fluxes could pro-
vide information about is th‘e effect of the trans-

fer of metabolic acids such as lactate and pyruvate".

on acid-base exchange., Ong of the specific problem
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areas revealed in the literature is-the extent to

which acid-base exchange is affected by trans-

membrane movement.of the lactate ifon compared

with the effect of tranéfér of the lactic acid
molecule .

o

C. Aims and Objectives e

L)

1. To develop a method for the sensitive
measurement of lactate éfflux and acid base

'S

exchange in the isolated rat diaphragm.,

2. To make careful observations during the
control state of the muscle and then
during the changes induced by respiratory

and metabolic pH 'cha.r}ges in the bathing

medium ,

3., Relate the characteristics of lactate efflux

: A
and acid base exchange to the theoretical

behaviour predicted by the results of others.

L, 'I;LO monitor the contractile state to ensure

35.
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a viable preparation and obsérve any

effects of acid base transfer on tension.

-

To develop a theoretical model for acid

base exchange.



. CHAPTER II
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‘Methods and Matefials

A, Muscle Preparation

1) Suitability of the Rat Diaphragm

The muscle pr‘eparétion is of critical
importance, A tissue was needed which was
of sufficlent mass to obtain reliable measure-
ments yet thin enough to allow difful\jdn in the
shortest possible time, It should als‘o be rep-
resentative of skeletal muscle, ‘Another consi-
deration is that it must be able to survive for
lon.g periods of time when removed from the
animal, It is a.lsé necessary to‘bé able to
attach the muscle so that it can be exposed to
sufficlent oxygen and metabolic substrate supply
as well as obtaining isometric tension measure-
ments as a measure 'of ’the relative contracfility.
The rat diaphragm was consideréd to be the most
advantageous in these circumstances.,

The rat diaphragm preparation was first

used by Bulbring (1946} since it appeared to be
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thin enough to allow oxygenation, In her pre-
paration, a strip of diaphragm was suspended in
an organ bath with an intaect phrenic nerve M
supply for indirect stir‘nulation' of the muscle,
The rat diaphragfn haé also been used for many
studies of carbohydrate metabolism in incubation
flasks without any étimulation (e.g., Walaas and
Walaas, 1950 I—]augaara et al, 1951). A continuous
perfused preparation. was‘also developed by Brown-
lee and Straughan (1957). Therefore, the rat
diaphragm has been used extensively for many
different types of studies which have proveﬁ
its usefulness as an experimentdl preparation,
Creese et al (1958) using 200-280 gram
rats, were able to démonstrate by recording
memb;ran; potentials that it is pecssible to oxy-

genate the isolated diaphragm in vitro, Neptune

et al (1960) demonstrated the necessity of glu-
/

. cose in the medium to maintain contraction of

_ thé rat diaphragm.

That the rat diaphragm might be unique

38
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. and not representative of skeletalhmuscle has -
been suggested;by several studies (B‘eatlty et
“al , 1960; Pannier et g.l_,‘1970; Heisler, 1975} .
Its actual fibre cc;mPOSition is that of a mixedl
muscle with many large, “nihite" fibres -w'ith a
low mitochondrial content (Gauthier and Pady-
kula, 1966), I—Iowever,l its speéd of c‘cmtra-c-:tion
is actually slower than the mo-use dié.phragfn
which consists entirely of small "red" fibreé .
wit.:h abundant mitochonaria_ This is thqught to
be a functional adaptatiief -p‘roduced by ﬁhe diff-
erent rates of breathing of the two animals
(Bass, Gutmann and Hanikova, 1971).

A

2) Method of Preparation

. There were several different designs

and approaches in the. developt:nent of an efficient

N

. .
muscle bath and sensitive pH measuring system.

The description of the methods will for the most
part deal with the final version of-the system
with reference to the improvements to be in-

cluded in” each section. ‘
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In all experiments male Sprague~Dawley
rats, 150-200 g were used,.. Theh rats were
killed by a blow to the ‘_géck“ of the head. The
chest CB..Vity was -ex.pdsed by a transverse cut
’ ¢ .
across the ribs apprc;xim,atel;'} 3 mm anterior to
the dia:phragm, In_ all lgter experiments a 30 ml
glass syringe with’ polyethyl.ene tubing on a #18
.needle was used tO ﬁash Tirro)cig solution into
the descernding aorta (fig. 2). By filling and
emptying the syringe3 times,a total of 90 ml
was forced\lthrough the’ circulatory system of
‘the rat. 1In earlier experlments the diaphragms
did not undergo this rinse with Tyrode. It was .
thought that the residual blood in the diaphragm
« might _be aéfecting the results and that the ;:inse
would remove this blood. However, there was no
change in the results with or without tlr}e rinse
although this pro‘ceduz.‘e.v;r;e_is': continued for all
the subsequent exper’gmeﬁts;-' -
After this rinse “the whole aiaphragm wit

V4

rib attachgnents was removed and placed In a

. a



Photograph of the dissection of -

tﬁe dia;.phraém before removal from the
I:a.t. A section of PE tublng is inser-
te;d in the aorta, " A 30 ml glass syringe
(not shown) is :'f:it“t"ed to the other end

of the tubing.






Jrax dissec»ctt-:ing dish filled with Tyrode, A strip
of diaphragm about 15 mm wide was cut from the
left side of the diaphragm close to the midline.
The portions of ribs still atfached to this strip
of muscle were carefully removed by 'ru.nning

the edge of a razor blade along the surface of
the bone. Earlier experiments did not have all
the pieces of ribs removed but were used to
atiéach the rriusc'le to a rigld support for the
measurement of tens{oﬁ.d/" Howevér, the ques-
tion was raised that buffers (e.g. 'phosphate)»
might be washed from the bone which wouﬁd
affect the net acid efflux results. Aft;a;"cé.fe;
ful removal.of the bone initial .tensio‘ns were ob-
talned which were comparable to those in which
the rib;a were ‘u-sed to fasten the muscle,

Ustr:;g a small surgical needle and nylon
thread the rib edge of the diaphragm strip was
tled in 5 or & places to a small stainless steel
bar 16 mm long. The central tendon was

fagtened with a small p1e;dgiass|clamp (fig. 3).

L2
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Photograph of the diaphragm strip

with clamp and bar attachments.

-
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This whole arrangement was placed ir; the
’muscle bath (fig. 4). The metal bar was.
fitted into small grooves fo.r‘rigid support
while the; plexiglass clamp was connected by
a thin metal tube to a light‘ chain suspended

from the tension transducer,

B, Preparation .of Solutioﬁs

All solutions were prepéred using
deionized water and Fisher Cert-ified Reagents,
They were made fresh on the day of the ex-
periment fromAI M stock solutions (Na Cl stock
solution was L L;I). The glucose was weighed
separately each time. The co{mposition'of the
solutions s ShOW;}. in Table I.

The solutions were equilibrated with
appropriate mixtures of: C_Oz and O; gas to
ol;téln the desired pH except for the anoxic

experiments in which N2 replaced the oxygen.

\

ok



Fig, L.

Lo

Photograph of the diaphragm strip

in place in muscle bath,

Y
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C. Apparatus and Design of 'Experiments

1) Description of Apparatus
7
A diagrammatic representatiori of the
" apparatus associated with the muscle bath is

.

shown in fig, 5 (A and B), The muscle bath
ch'é.mber was milled out of 1/2" plexiglass.

" The back and side walls were made very thin

so that the large water bath behind could
equilibrate solutions in the muscle bath to

within 1°C of the temperature in the warming ‘*-5
bath, The time for equilibration was less than

2 minutes, The temperature 'in the muscle bath
was maintained at 36°C for all experiments,

- The va-rious gas mixtures were pre-equi-
librated for temperature and water content in
systems similar to that which Is described for
the pH test bath. The gas then pasMrough
a steel tube which coils througimut the large
warming bath before entering a small chamber

below the muscle bath, A strip of scintered

glass separated this smaller chamber from the
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,Eig., 5.

A) Crossection of a side view of the

B)

muscle’ bath and frontspiece, ijllus-

trating pO, electrode position, gas

bubbling system, muscle clamp, and

stimulating electrodes arrangement,

il

Frontal view of the muscle bath

illustrating position of the pH elec-

5 .
trode and the stimulating and\ten\-/,

sion reéordlng apparatus,

‘warming bath
warm water inlet
warm water outlet
gas inlet

scintered glass
stainless steel bar
platinum electrodes
diaphragm strip
muscle clamp

thin steel tubing

it

-

twnomwoOoBy "~

.

I

tension transducer
polygraph

pOs electrode

pDz monitor

pH electrode

pH meter
frontspiece
bathing sol'n inlet
bathing sol'n outlet
stimulator

7z
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muscle bath proper.ivhich allowed the gas to

b1§lee evenly aleng the entire width of the

n
-~

muscle strip. In this -‘r')’iénner‘ a constant
and even washing o lthe outer surface of

the tissues was achieved as well as pro- -.

’ | -

viding a quick and efficient eciuilibration of
the bathing flﬁid with the various gas mix-
tures.

A ) .

The frontspiece of the ‘muscle bath
consisted of a single 1/2" sheet of plexiglass, *
Solutions were injected with a 1 ml gla.ss‘syrl'n‘gea‘
through a hole in ti’xe front platé.nean\the top.
of the musclé .chaltmber_ A 3 ml plastic syringe
was used to withdraw solutions from poly—
ethylene tut;ing attached to a steell tube which
‘penetrated the frontspilece at a point coinciding
with the lower corn‘er of the muscle bath,

Tension was fecorded on a Grass ‘Model R
7 Polygraph employiﬁg a Grass Force-Displace-

ment Transducer Model FT O3C, The max--

imur:lﬁﬂdng range of this transducer was

LY
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0.0l to 200 grams when used with the appropriate

spring., A ’I‘elét:r"onix'Mcdel 121 N Oscdilloscope
coﬁnected to the Driver Amplifier output of
the polygraph was used to monitor the \Bhape
of the individual tetanic contractions,

The muscles were stimulated with a
Grass Model Sl;.‘ Stimulator: conn‘ected to plat-

3

inum electrodes inserted on each face of the
muscle bath., The electrodes were 3 mm wide
and extended the entire width of the inside
of the muscle bath at a~point half‘way down
the l'en‘gth. of the muscle. To control 'thé fre-

quency and the duratton of the tetani a . Tegktronix

Type 160 A Power Supply was used rive a

. modified Type 162 Waveform and Type 161 Pulse .

Generators which supplied the-exterr@ control

- F:d
to the Ergs-s\'St\imulator. '
- . X ) b . ) .
Smooth tetani with a flat plateau were

obtained with Q&5 msec pulses at a frequency

of 200/sec for a total duration of 0.2 sec.'

Maximum isometric ‘tensions were achieved at

the start of each expértmént by gradually //

i \.‘_\( o

SR,
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\
k_* Increasing the stimu.lu_s voltage and then resting
tension of the muscle until there was neo further
g increase in contraction height, The stimulus
\ voltage ‘was then increased by another 30% to
’ : ass;;re mazximum isometric conj:factions through-
out the experiment,
| Record{ng e};ctrodes for measurement of
percent axygen saturation and pH were alsoc fitted
into the muscle bath., The percent oxygen satu-
ration was measured with a Y51 Model 53 Oxygen

Monitor., A permanent record was" also obtained

on the Grass polygraph,
a The pH wéts monitored with a Miero-
" | . ) electrodes Micro-Combinatiotq Glass pH Probe
connected to an Orion Mcdel 801 Digital pH |
Meter, The pH meter was also connected to a
separate channel on the polygraph for a perma-
_ nent record of pH in the muscle bath, |
Initially this recording system was used

to determine the small changes in pH due to nef

acid .efflux from the muscle, However, the pH




was méasured in a remote test bath for the
following ;E'ive reasons: a) the Apf;] is essen-
tially a‘ comparison between the pH of the Ty-

rode before and after muscle equilibration

which is only .done accurately if samples are

alternated; it is not possible to do this di-‘

rectly in the muscle bafh, b) noise induced

by the stimulus and polarizing currents and

movements of the .m'usc’le upsets pH electrode —
measurements, c¢) small lo;:al changes in pCO

2

may arise due to muscle metabolism which -would
greatly influence ApH measurements even though
the ‘absolute pH levél is very close to the pre-
dicted wvalue, d)%he sm 11 size of the chamber

and the muscle s lead to small pockets.

which are not as well mixed as\gther parts;

this would also seriously.affect ApH, e) a \/

test bath designec{) specifically for the measure-
ment of pH permitted a finer control of temper-
ature, gas bubbling, .aa/ell as the use a

o'
larger, more stable pH:electrode. These improve-




“s3
ments contributed to a more accurate and
stable system for monitoring pH.

The pH electrode remaining in the ' :
muscle bath was used to measure gross
changes in pH after a change in pCO, and

bicarbonate concentrations.

-2) Measu‘rﬁement of pH

The appératug émployed for a sensi-
t.lve measurement of pH is shown in 'fig. 6.
The chamber consisted of a tall, clou.ble—v'aallled'
glass bath with a scintered gla_ss' Ectj:om thfoﬁgh_
which a gas:mixture could be bubbled, This-
test bath was designed t':o conform to_‘tl:hé meas—
urements of the Radionileter GKS7304] Sem_i—.
Micro Combination pH Electrodé.--"' |

The electrode was conneclted to a Radio- -
meter Ph M 64 Research pH Meter which in turn ,>
wa.'s used "to dri\;e a'»Sargent—WeI;:h Mod:DTRG . ’
Recorder. .The.recorder_ga:—\hcalib.rated so that ]

every 0.040 pH units resulted, in ’égﬁauscale

deflection,
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A fine control of temperature was

necessary since a ‘deviation of 0.1°C i

test bath resulted in a concurrent 0.001
'pH deflection due to t}}._e change in 002
solubility. Tl;lérefor_e, & precise tempera-
ture was maintained with the use of a
Heto Coﬂstant Temperature Circulator
Model TGUL with an accuracy of *0.05
to t.o.ooéc.

l[—Iowever, it was also necessary to
'warm.?t% gas mixture {(95% Op and 5% CO,)
to the same temperature as tl';;- solution ifi
the test bath, It was also important that
t‘his gas did not remove or contribute water
to the Tyrode solution thrdugl'l 'which it was
bubbled sipcg\a change in volume would alter
the buffer concentration. To maintain temp-
eratuf_e ar;d v::ater content of the gas nmixture
a “.pre—eciuilibration unit" was désigned.

- This unit consisted of a large glass

jar which enclosed three)qie'ﬁhrate chambers as
. : Jro

Sk



o Fig. 6.

INlustration of the design of the

: "pre-equilibration unit" used to warm
and maintain wate;" vapour, of thg gas to
- be bubbled through the test bath. The
i same apparatus was used to pre-equili-

brate gases for the large reservoir

baplré a the muscle bath.

Al
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'ii}ustrated in’ fig. 6. The large outer chamber’
containe;i water which was circulated throﬁgh
the water heater. ;I‘he three smgller inner
chambers were connected iﬁ series with glassl
tubing. ' The boftom of. each small chamber was
made of scintered glass and each was filled
with isotonic Nall, Thg gas came directly
from its cylinder, flowed into the glass  tubing
and bubbled through the NaCl solution' in each
chamber consecutively before enter{ng t}‘u? test
bath, A gas flow meter v;aas used to set the
rate of gas bubbling at 6 ml/minute. | D
Tyrode samples for both the muscle
bath and the controls for the test bath were TN
removed from large'150 ml double-wailed resez".-s
voir baths which were ’;‘lso pre-equilibrated for
both temperature an?d the appropriate gas mix-~
ture., In most of the exgeriments tl:;e Tyrode

solution remained in the muscle bath for 10

minute periods. At the end of the 10 minutes

o —

N
: /
/

—_— .__.__—-\



this solution would be removed and placed in
the test bath. Fresh solution from the
large reservoir baths would then be injected
i'n.to the muscle bath,

The Tygode sample taken from the
muscle bath remained in the test bath for
5 minutes to obtain an accurate readtng of
the pH valué, 'I‘he; sample was then removed
and tempora:l.:'ily stored in a test tube on ice

to be used for the asszay_\of lactate and py-

ruvate., A control sample (Tyrode solution

-directly from the reservoir' bath) was placed

in- the test bath and the pH recorded for

5 minutes, By that time the next 10 minute

test sample was ready to be removed from

the ‘muscle bath and recorded,. Therefore,

in--alternating 5 minute periods a controi-p[—l
would occur-before and after each test |

sample, The PH was faken as the diff-.
erence ‘é:etween the test sample and the

»
average of the two juxtapositioned control

samples,

57



Flg. 7 shows the actual pH recording
of a section of-bne experiment at a point
where the muscle bath was changed from
2% CO, (pH 7.88) to 5% 'COp (pH 7.47).

As rnentk:)ned earlier the Itest bath was equi-
~

librated continuously with a 95 and 5 percent

mixture of O_ and CC)2 respectively,- There-

2

“h

fore the differences in pH are the result .of
the time the test solution spent in the muscle
bath. At the beginning and end of this exper-
iment (as in all experiments) a series of blanks
was recorded during vqhich time there was no

muscle in the muscle Bath. These blanks re-

‘wsulted in no significant deviation from the

baseline given by the control samples, Thus,
the pH indicated in"fig, 7 is due to the

presence of the muscle during eagh'lo minute

"test period. In order to determine from this

change In pH the amount of acld added or re-
moved from the solution it was necessary to

develop an equation based on the two buffer

58
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Section of the pH :r'-ecordings from
ﬁhe test bath during a 002 change .exper-
tment. At the er;d of samplé Sy, the C.O2
in the muscle bath wlas changed from 2% to
5%. The Cdg content of the gas bubbling
through the test b‘ath was not changed,
The controls recorded between sat;nples Sg
-and S)y were taken directly from the s.&me
reservoir bath ti;lat the samples for the

o P

muscle bath were removed from. The time

for each recording was 5 minutes,

5$Fa
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‘systems (bicarbonate and phosphate) used in
the bathing fluid., The development of this .

equation is given in the appendix.

(

3) Experiments Involving_Change in pCO,
o 'I'he..CD‘2 change experiments had a

durajiion of 3 hours. 1In the first hour the \/
musclt; was equilibrated with a normal gas
mixture .(95% Ograr;d 5% COp) ,‘ At the _b'e—
ginning of the second hour the "g.el:.s‘mi.xture
was changed to one of the other three CO,
concentrations (20%, 10% or 2%). A normal
Tyfode solution was returned to‘at the be- ’
ginning of the third hour. Throughout \the
experiment the Tyrode Sample ‘in the rﬁﬁscle

bath was changed every 10 minutes resulting

'
e

In 6 readings for every 1 hour 'p'efiod.,

The change in gas mixtures was facil-
itated by using a second gas equilibrgtion unit
L )

and reservoir bath pre-equilibrated with the

new pCOa .

-
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L) Experiments Involving Change in [HGOB]

The procedure for changing the bi-

Jc:arbonate concentration is complicated by

the necessity of removing completely all
traces of the prev1ous solution. It was’
necessary to compromise between taking
time to wash out the previous solutionicon.

. oy ! f -
taining a different bicarbonate concentration
and lostng the results during that time of
the initial changes in the muscle efflux, A
marker) system was used to compensate
for the effect that an incomplete wash
would have on the pH results,

In two experiments a double,-label_ ‘

1 o 3 ' ’ \_/'/

of ""C sucrose and °H inulin was used.  1In

later‘experiments only u‘C‘_« sucrose wg em- .

ployed., All radicactive material was obtalned

‘from New England Nuclear,

The normal solution in one of the re-
. - s
servoir baths was labelled with high levels

6l

—_

.
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6 DPM's/gﬂ of “*c

®

of rapprox{maﬁely-E x 10
sucrose and 1.5 x 106 DPM’ s/ml of JH in—
‘ulin., The six samples in the first hour con.-'
- tained radloactive labegl.,_ When the samples
were removed from the muscle bath approx-

. imately lSO"ul was placed iﬂ a small test tube

- } ] . ] . \ . " / . .-

on lce while the remailnder was put in the
r

‘test bath to obtain a pH recilding. ,From{ the
150 ul aliquo't, two 50 ul” sampies were -taken
and Em/c_ca-/ci in séparat‘e scintillation‘vials
_. The Tyr‘ede w1th the different; bicar --
— bona'te concentrat1on contained no label, The

muscle bath was given a. quic%c I mhl rinse with
4 ' . .

the new Tyrode immediately after the last

. 'sample from the first ‘hour 'was removed.- This

¢ ~

- retnoved approximately .80- 90% of the label

L

‘The rlnse was followed by a 50 ml washout of -

the ‘muscle chamber with, pre- eqmllbrated so- =

lution from the r'eservo{r bath containing the

N : of 5 n{tnutes and. result:ed in the removal of

a
. .
. -
. -
. ' a ,
. =T, . . T N
.

A . . 14 [ -

- . . . - .
e . ) LI T T i N O D e b e e

new' [[—ICOE] Th{s washout had a duration
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approximately 99% of the previous solution,
. Théreaffer, sampling tobk place’as usual

. ‘ : \ -

" for the next.60 minutes. Two 50 ul

samples for counting were removed from

<’ LS .

the 1 ml rinsé solution, the 'washout solu-
t ) .

tion, and each of the six sanples from the
second houf, Flg. 8 is an example of the

gesuits of a typlcal washout curve for a “*C-_

sucrose'lab;al i art experiment with a [.HCOEJ ’
changél |
The pfoceqlure was. thé'same when re-
turning to normal Tyl}-odeA'frcSm low'bicarb\oﬁgte, :
although it was not .necessary' to remove sam-
ples.for counting the el in-j.:he third hour.
I—quﬁever, in one experiment the low blearbonate
+ Tyrode was labelled and ‘éa'm'pllng_for counting. '
took place dhring the s’econd__ijrid fj;hlfd'one—llxqur
. X k ..~ * periods, . d ‘ .. ..:‘ - A
. . . .- . ] Ten mls of scintillation cocktail {New
' - -Engiand iNiJ;'cléér, IFé_i:-rhula 9502&)' and 1 mi

. © defonized water were added to the 50 ul

2

]

|
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|
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Fig. 8. )

Illustrates the washout curve for
a u"C-sucrose label during a [HCOE]‘ : '
change experiment,

o< = CPM in sample from muscle bath
"~ CPM in labelled reference solution
is plotted agairist time, The CPM in the . .
labelled reference solution was approximate-
6 .

ly 2 x 107 /ml. -
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samples in the scintﬂlé.tior; vidls. The samples
were counted on a Nuc;lear—Chicago, N{a,i'k II -
Liquid Scini:illatlo;z System. CPM's were de-
te\r‘mined using a Wang Qomputer, Model 600,
The calcula.tlons necessary to convert the
Ihc-sucrose counts correcting acid base ex-
change are given in the Appendix.

Correctlons for unexchanged fluid should
also be carried out for the experiments in whtch
COE {s changed. This is true for both the
lactate. and chanée; in g ion concentration
méasu‘rern‘ents. [—_]owgver, this was considered
Xnnecessary. The concentration of these sub-
stances is small, therefore the 90% exoha'ngé.* o
ned in a single rinse -was suft"ic;len‘t_to °

L ~—
educe_residua.l amounf:/si tp an insignificant ‘

w

=
v

»1QV81 For example, if lactate -efflux from
a muscle in normal Tyrode ls re;ulting in a
bath concentraticon of 100 nM’/ml at the e% 5
of a 1'0 minute period, .then removing 90% of
a 1 ml sample results in“about 10 nM of lac-
tate remﬁlﬁin‘g. When another migof fresh ~ T



Tyrode s‘olu'tion ils added to the bath the inifial
concentration of 10 nM/ml is below the lowest
lev.él at which lactate can be significantly
measured, A slmilar argument was used to
jl‘.IStify the lacic of correcting for f-esiduall
amounts of E-I+ions at a di'fferent ;onc;fltra—
tion in the muscle béth solution before the

»

change to a ne level .
<

L, Chemical SS4aVYSs

Lactaty and pyruvate measurements
were ‘determjhed enzymatically by making use

of the ability of lactate dehydrogenase (L DH)
-

to interconvert these two substances, The
lgctate‘rqactlon' adapted from the metho'cis of ‘
Olson .(1961) and Bergmeyer, (1965)- -quk ‘pla'ce_

ih a é:emi'carbazide _hydrochloficié, buffer at pH:
10.0. Absorbence ‘was measured spec&ph'o—
to\metr{qﬁ.lly at 340 mp Que to the ché’nge in the
. coenzyme .NAD to N‘j{DI—] Using tf).@.: reveréék_.w

} L
réaction pyruvate was converted 'to lactate in

a triet'ha.nolaming‘HGn ‘buffer'at pH 7:5

66
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(Bergmeyer, 1965; Rosenberg and Rush, 1966).

oo

Enzymes and CDerzmes for these

assays were cbtalned fromy Boehringer Mannheim.,

To. determiﬁ? if the buff‘ezring capacity
of the solupion .was being changed by the addi-
tlon of pHosphates fro‘m the muscle, a sensi-
tive meﬁsurgment of phosphate content was
needed; A Fiske—Subbarowl-reagent'was used
EIL_nd Spectr{jphotomet.ric measurements were
made against phosphate standards at ,660 mpy .
in 1 ml microcuvettes, |

All spectrophetometric readings
were taken on a Unicam Spectrophotometer

. - S 4
model 800, ° . : . {

]
r
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CHAPTER III
Results

Th‘f observatiohs of steady state output

of la.ctﬂ.i:_gJ and gt ;-rvlll be presented ftrst in the

' results, Following this, the results of a sin- |
gle experiment will be'coné dered to illustrate
what measurements were Mmade and ‘ho‘,m graphs ;
and relationships were lderlve‘d from, them .
The rest" of the results will be grouped acc?-
ding to the type of gxpér;ment. At the enci of
this section there will be i'ncluded :s:ome miséfel—

)

laneWperiments and measurements, These

performed in order to support the relia-
bility of the‘apparatus and method developed for

the project\and also to relate fhe results ob-
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150 ml washout with normal Tyi'ode at pH 7.47.

They were then allowed to equilibrate for at

least 30 minutes before the 10 minut hanges

" began and i'-eadings were taken. The washout

and 30 T:;e equilibration were necessary to

allow initia high lactate efflux levels to de-
cline to a constant value. As indicated in the
discussion this is a char&cte?istic typical of.
rat aiaphragm preparations,

Following the 30 minute equikbration,

""all. muscles then had a ore hour period in

normal Tyrode with th,e‘ usual stimulation rate

of | tetanus every 200 seconds to establish

_a‘ baseline for the various parameters to be

measured. The first 60 minutes of each

‘!expgriment were considergﬁ to be the control

r

conditions [for thjé muscle preparation. During

-

this period, there is a steady net acid efflux

;of about 250 nM/g pér minuﬁe, Lactate efflux

» .
was approximately 130 nM/g per minute while

pyruvate was about 10% that of the lactate. '

69



efflux during this time. During this period the.

efflux of lactate and pyruvate is about 60%

that of the net acid efflux._ >

The possibility that buffers such as
phosphate diffusing from the musecle may lower_

the pH was considered. Two tests were carried

Coe . -

out which have eliminated this possibility, The
first was a, direct measurement of phosphate,

Initially ,' all Tyrode. solutions contalned 1.2 mM *

KI—IQPO#. After equilibration with a muscle for

10 minutes all phosphate measurements of extra-

o .

‘cellular flu_id were less than 1,3 mM., The value
‘of 1.3 Vm'.Mv Qas_-gompared w_fth 1.2 mM-phosphate
in theoretical calcul.ations“"'Of.‘[—I+ from a broad
range of. ApH values, The results showed less
than 1% variation in calewlated HY. values for both
2% mM I—ICO; and-_6.6.mM 'HCOS 'Tyrode solutions .
Secondly, tifratlon curm:as were .inadei-,’.
compar‘tng érlginaj' Tyrode solution with'extra‘-

f:ellular. fluld collected ’ove_r -2 30 minute period.

The pH was reduced to 5.0 with HCl] and the . v
P : ‘ . "




solution titrated back to 7.5 in a COalfree )
atmosl;her . Fig. 9 illustrates the résults
of thes;a titrations, It can Ee‘seen that
there is a difference ofrless‘than 20 nM NaOI—i
required for the muscle effluent aﬂd ‘the ohi-
ginal. solution to reach'anj;- particplar. pH, Thié
excludes the possibility that aﬁy‘buffe:; from
the muscle or weak acid {-vith a pK>5 contributes_
significantly to the acid shift.

Muscle tension generally showed a:n in-
itial fall but invariably levelled off to a de-
crease of about 1% every IO’B@tes. ’E‘his was

taken ds an indication of a suitable supply of

substrate (glucose) for metabolic demands, :the..

absence of majo,‘r_-. fibre damage, and the availa- -

s

bility of” suitable 'oxygenation.

A

B. Results of a Single Experiment
" The results of g single 'ezgperiment' are

illustrated by the graphs in fig. 10. In this

7



| Flg. 9.

Titration curves for .compar-
ison oi\.mulscle effluent (—x—), 'Wé:h
original Tyrode solution (——). Extra-
cellular fluid we;s collected over a 30
n';inut‘e period, the pH reduced to 5.0 .' .
with HCI, then the solution was titra-
ted back to pH 7.5 with I\‘TaO[—I in a

COg fred atmosphere,

Y
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A illustrates tension changes as a percent

. , ; s
-illustrates the change in the pH of the

Fig. 10,

.

The results of a single exp‘er—.
iment. _'_I‘h; muscle was- equflib:;;ted..
in 1 ml Tyro;le with a ¢onstant [E—ICOB]
of 28 mM, The sol;.-ttion wa;v.s E:ha.nged ‘

every 10 minutes. »The'éoz level was

initially 5%, lowe_réd‘ to 2% and returneh{ﬁ/

to 5% with one hour at gach pCO,. Graph

-

" of the initial tension (102 g). . Graph B

~— £ é?’

Tyrode equilibrated with the muscle. The"
=4 ‘efflux determined from the chané;e in
pH is’ shown in graph C which also shdws

the lacthte and pyruvate effluxes as

-

méasured by enzyme &ssay.

-

-

" E 2
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experiment the muscle was-maintained for

1 hour.in normal Tyrode, _ADurlng the second
hour the COp was decreased to 2% (pH 7.88)
and finally returvnpgc_iyto ﬁo'_;-mal for the third
1 hour peribd .
Graplh A illustrates the change in
‘mpscle 1';ension w._hich is expressed as a per-
cent of the initial, The change to 2% CO,.
dep:r'esses tensi_on ap}:;ro:c['mately 15%‘wh‘ile.
. the return to normal elevates it 6nly slightly.
. Initlal maximum tetanus tension for the musc-le
was 102 g.-.which yielded a‘normalize.d tension of TN
12.84 ,g/mm?. X .
The second 'grabh'in fig. 10 shows the

changes in pH for each 10 minute period, Under

o

control conditions, each 10 minutes during which

1 ml of norrrié}'Tyrodé was exposed to the

mﬁsc!e resulted in a shift_ln'pH of -0.001«-5. ' k
During 2% 002 'l'{h!s ché_nge in pH increaseci to -
~0.009, Upon\:retu:rn to nofmal it we};Lt

slightiy'lesskaggative than the resting value, ‘//\

- Lo \. ‘ v",_

s L

iy AR ek,

- 5 o b e e



A

'
- - . .
| e e T T PRI g 17 T g AT S ST S R e

t@elled off at about -0.005, - . .-
JHY efflux was calculat;ed frem! the

change in pH for each interval using equation I

. (Appendlx ). Graph C fillustrates the net HY

efflux. Resting HY efflux was<about 300 nM/g

per minute, Following a change in C02 from

. 5% to 2% the H' efflux increased gradually to

550 nM/g per minute, Upon return to 5% dOa 4

v

it was reduced to élightly below the initlal
efflux but gradually incr.;;eas.ed to a final value ‘
of about 350 nM/g pelr minute.

Lagtate and py;ruvate were measured

directly by enzyme assay and the results are

' - & .
also shown in graph C of fig. 10, TLactate In-

creases above the resting value of about 125
nM/g per minute to 225 nM/g per minute - -
during 2% COE, The initial effiux level is re-

stored by a return to 5% COE' Pyruvate
- ' ) ——\

efflux is small compared with that of lacta-te‘.

- A gradual incré&se in efflux oceurs throughout

the experiment,

ey

3.

. A~

3

£
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- C, " The Effects of Varying‘COg and Eicar‘penate

. Concentration on Lactate and Pyruvate Efflux .

c s A ’ .
1), Effects of Changing CO,_ Concentration

“The I‘a_ctate efflux for a series of experi-

-ments in which the pCéE_,,Was changed with a- con-

stant’ btcarbonate concentr-ation is 1llustrated in
fig. 1, The controls in 5% COE through‘ou(: the
duration of the expeﬂri ent showed no significant
change in 3 hours time, 'H0wev‘.er., a decfease

in COy from 5% to 2% resulted in an incréased

efflux of lactate. An increase to 109 CO,. N

"(graph C) did not result in any sv.gnifmant change

in efflux although 20% COB reduced the efflux to

[

about one—qua.r'ter the initial valﬁe.

) Return to normal CO, from both 10% and
50% COp results in a gradual drift of the 1ae-
tate efflux ‘to a value greater than what was

observed for resting conditions. Return to 5%

from 2% COp results in a gradual drift to a

level that is expected for the third'hour,from

)



Fig, U,

Changes in lactgfe efflux in re-
sponse to different levels of COj.
~Values shown avr{a' + M (n=i|,) in.ea—clh
set of éxpeﬂmenﬁs. Muscles were
maintained in 1 m] Tyrode with a constant
_ [chgj of 28 mM. The pH_ of the
bathing solution is {ndicated- for; each COp

1

level.
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the control experim‘ent résults,

T~

!
j
’ : j

2. Effects of Changing Bicarbdnate (Concentration

A Y

One set of muscles was maintained in

o }
a constant pCO, solution while the [HCOB]-in j
the bathing solution was changed to 6.6 mM at !

the end of the first hour. This change results

in a pHe (6.85) similar to_the pH resulting from

the equilibration of 208 CO, with 28 mM bicar- . . !
bonate,

The changes in lactate efflux shown in

oL

fig. 12 are similar to those for the experiments

»

in which the CO, was increased to 20% (fig.

1, D). 1In fig. 12 resting lactate efflux was
abc_:;lt 120 nM/g’ 1;er; minut After the change
to 6.6 rx‘;M HCOJ it was imediately reduced
to about 25% of the init1a1 value, Return.to
normal- pH, resulted in: a la::tate efflux that

was 50 nM/g per rnlnute greater than the

initial efflux in the same \bathing ~soiutlon



Fig, l2.

Lactaiefflu‘x at constant
during changes _in' external I—ICCJ3

pCO

2
concentration, T e‘lvalu_es' indicated
aré the mean efflux\of 4 experiments
* SEM. Muscles wene maintained in

1 ml Tyrode at a constant level of 5%

COz. The pH, of the hithing solution

is shown for each I—ICO§ concentration.

The 5 minute breaks between the 1 hour

Fl

periods were to allow timé \,or al ml
’-‘ S

rinse and 50 ml washout with'the fresh

[—ICOS solution .

x

e e e i e b a3 S
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3, Effects of Changing Both COz_and

E_QQE ’C‘:ohcentfation _ Ol
‘A ;é.l-ngle ‘experimé'nt wés performed in -
‘v:zhich‘. 208 CO» v;zas'superimpbsed on 6.6 mM
. HCOE-. &‘h_e resultiné pHg _wés 6.24, .Tlhe ‘
lact\a.te. efflux results for this experiment are
| ill'ustr'ated‘ in fig'. 13, With each dec'reé.s'c.a in -
pI—I the lactate efflux was also dlmmished
until at the end of one hour in pI—I 6.24 it

was virtually abolished, An overshoot of abogt

60% of the initial resting efflux occurs upon

P R ———

return to normal pHg

. Variation in Lactate Efflux with

Externael pH

r

Fig. 14 is a plot of lacﬁate efflux against
-the pH of the bathing se¢lution. Poiﬁ_:s A and ‘B
represent the pHg obtalned with ’2% and 1G% : .
COz_.a.nd normal HCOB, -Polnts. Cy and -C, are .-

the res%f‘dr 20% COg'énd 6.6 'm_M [—ICOE : ;

respectivelf., Polnt D at a pHg of 6.2L is -

.
1" e

R .
N 0 ik K e = A i o 1 T R L ng T et e

i i s St
-

T i 2o e
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/
- ‘ . Fig,-13.
' . r. , . ‘. .
.\ . ) v
Lactate efflux during HCO3 and :

COy changes. .The muscle began in nor-

- o

mal Tyrode pH 7.47, uh;ierwent a decrease /
in [—ICO§ follov‘vec{l by a .superimposged in- .
crease in"COg/.) Th:e pH was "thurned to

normal in tWO"/ Stéps; by first restoﬂn'g'the
‘d;:oe then the I—ICOE . The muséle-spent
’1 hour in ‘e:.':!;ch ﬁHe .with 5 minute, 50 ml- ‘

‘ -

washouts for each change in HCOJ.

’ .
. a2t
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Y Y ™ -
- Relationship betwe;an_external pH « =+

" and lactate efflux. Polnt N represents °

lactate efflux In normal Tyrode (28 mM

. HOOE and 5% COE)' The pH, for points

A and B are due to changes in CO, of 2% \
and 10% respectively, Points Cj and Cp
are determined by resuits from 20% COEA

_and 6.6 mM [-ICC'J:"3 experiments respectively.

Point D with a pHg of 6.24 1s from the

pesults obtained by superimposing 20% COp

3 *
SEM, n is given in parenthjes.

on 6.6 mM HCO Each point is shown %
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;the result of 20% COp superimposed- on a )
6.6 mM HCDE chdnge. ’fhe gr\aﬁindiéai:es
that. lactate efflux is pH dependent and in-
' creases by. more than 20 fold over the pHg

e
*range 6. 2 to 7.9.

Fat s
There are two pomts which can be

made about the charactemsttcs of this graph
The fu')st is that the golid 1ines connectmg
the individual pocints withta plateau between
the pomts B and N is much the same as

/fhat of a plot of mtracellular pH against

i - extracellul,ar pH for rat diaphragm from

| two othgr sources (Adler, Roy and Eelman

~ -l—972;- Heisler, 1975). T%s might suggest

-

some connec\:ion between lactate efflux and
p‘I—]i. However, it can be.seen from fig. ll
and fig. 12 that the decrease in lactate

efflux was as quick or quicker in response to

‘ - a decrease in I—ICO'B' as it was In response to
. <
/ . an increase in pCO,. One might expect that

a decrease in HCOB ‘'would result in a slower

,‘ : ‘ . * A
‘: V "‘" N
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1

&)

brane,

change in Pf'fi than an increase in pCO, due to
. ~ i
the readiness with which COs5.crosses the mem-

8 -

L
The second-point is that the cnlrved, .
dashed line in fig. 14 can be compared fa\{lo‘ur-i
ably with the shape of the graphs obtainéz;'l by
Hutter and Warner .(1967) and Woodbury and. -

Miles {1973). relating chloride conductance 1;o
extracéllular pH. " This concurs with the idea
that lactate behaves as a chlori;ié-like' anion

(Woodbury and Mﬂes, 1973} .

5. Pzruv'ate to'Lactate Ratios

’;‘ab-le II illustrate‘s the changes in the
pyruvate to lactate (P/L ratic). . The control
values .indicaké thé.t- during resting condition.s
- r ' )

this .ratic increases as the ‘experiment progresses,
The expériments in which CO, was changed to
2% deviated little from t.he control values, A.n.

increase to 10% CO, also inecreased the P/L

"

8L

[P U
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retio. Return to normal from 10% lowere;i the
P/L ratio, ‘

No value is given. for the P/T_. ratio -
following a change to 20% 002 Lactate efflux ]
in this' situation was reduced to gbout 30. nM/g
" per minute (fig. 1, D). The lowest sen51tw1ty
at which pyruvate efflux could be measured was
about 5 nM/g per minutd for an average sized
muscle.- Therefore, an accurate measurement
of pyruvate efflux durirlg 20% CO, coujd not be
obtained unless the P/L raglo was greater than
- 30%. \\?

The P/T_. ratio for the three periods of

1
. the 'experiments in which b1carbonate COncentratlon

-t

was altered do not significantly differ from

the trend the.t is predicted in the‘cor;trol experi- .

ments.

6, Tntracellular Lactate Resulte' )

Table III glves the results of some intra-

cellular lactate measurements made on muscles

¥

e et

-
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TABLE IIT INTRACELLULAR LACTATE RE‘;S_ULTS

Conditions

A

90 min in normal
"+ 15 min in 6.6
mM HCO§

B

105 min in r;o‘rmal

c

a0 ‘n;in in normal
+ 65 min in 6.6
mM I—ICOE

D

155 min in normal

Lactate Concentration

(WM/g wet wt)

2.97

3.62

3.32

S 2.69

1+

I+

0.593 (n=6)

1,031 (n=6) *

1.557 (n=6)}

0.66] (n=6) '

A and C in low 6.6 mM HCOZ were preceded by
90 minutes in normal bicarbondte to approximate
the conditions In the experiments where acid base
exchange and lactate efflux were measured, Re-
sults are followed by standard deviations,, '

* B and .D are significantly different (< 0.05)

according to. "t" test for unpaired variables,
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which were éxposed to ‘Fp'I-Ie changes in the bathing
s'lélutlon due to aA decrease in bicarbonate conc';en—.
;rat{on. The results of controls are included
which were exposed to Tyfode_ ‘sclglution for the
same lenéth of time without a change in i:;He' 3

. The contlrol resultl's indicate_t'hat there [ ‘

is 4a si‘@ificanﬁ dégf-ease in the intracellular
lactate level with time. However, the results |
for thé muscles exposed to 6.6 mM HCOgz do
_ .

not show this decrease, '}}\Q\refore, the low

, N : .

bicarbonate seems to prevent the expected de-

crease in muscle lactate,

+

' D. The Effect of Varying CO, and Bicarbonate

. Concentration on Acid Base Exchange

Ll

1. Effects of Changing Coa_éoncentrat\on

If the assumption is made‘that lac'f:até and
pyruvaté are tr_-a.r_lsf;erred thrpugh the meprrane
in their ionic_ form, then movements of B will

be [ndepe'ndént of the transfer of the metabolic
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anions. Therefore; I would first like to con-
™ . > .
sider total 'ﬁet acid efflux sepax:g,tely from lac-

'tate and pyru-vate effh;.ic.

The total net acid efflu"x_lfor the exper—
iments in Wthh CO, .was '-altered“"i-_s shown in fig,
15. The ut efflux for the control‘ experlments
. emained stable throughout the 3 hours duration

_at a level of apprqximately 250. nM/g per mmute
Towards the end of the thi:;'d hour a small,_. in-

. crea se appeared whlch is not stdtistically s-{"gni-
ficant. Two experiments were continued fcr"'-.,.‘
five Hourd duration. They showed that this
r__increase does not continue to rise to a -gigni-
ficant level,

During 2% COp the net acid efflux in~-
creased gradually to about 525 nM/g per min-
ute from 290 nM/g per minute. Return to
58 CO, resulted initially in values lower, than
the resting level with & gradual return to

h.f/lnormal efflux,

Conversely, an increase in pCO, results

‘y

T e emmadon T

SRR et
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Fig. 15,

. Changes in, H*Y flux in response’ to

different levels of CQE with a constant

HCO3 concentration of 28n mM. Each
g.raph represents the mean off L, experi-
ments with an averagé:"".SEM of *25 nM/g
per mlnute\. Dal-shed lines during.the second
I;our .are the average of the values during
the first h‘oﬁr under control conditions,
Therefore, the sum of the shaded area re;
presents the 1’:ota1 base exchange for 1 hour

.

after a change in pCOE, The: values for the

sum of each area are: 2% - 12.79 mM/kg; -

104 - 3.93 mM/kg; and 20% - 14.02' mM/kg.
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ir; 'a decrease in n;et‘ gcid efflux and actually
leads to a t.emporar,;,r reversal in efflux for '
. . 5
the 20% CO,. After 20 minutes In 20% the’
rlei: acid efflux agaln returns to "a' i’)oslth‘re
* value and at -the --end of one hour has T'eafchéd
. a value one 1;htr'.d '{;hat of res-tin'g conditi%ns';
Retui‘_n to 5% CC, from 20% results in an |

r .
overshoot of the initial efflux with a gradual

return to the resting condition level.

An average v lue' of th_e resting acid
efflux for the first six 10 mirﬁite periods in
each set of experiments can be used to er::L
dict the nétfacid efflux expected during the
second hour“'if there were no changes lri
pCOs5. . Any deviation from this value can
rep'i"_esen.t the transfer of HCOE' (HY or OHT)
in response to the change-in CO,. .Therefore,
thé sums of the. shaded areas in fig. 15 repre-~
sent the quantity of HCO§ (I.-I-+ or OHT) trans-
férred in one hour due to a éhange in pCOz,

In fig., 16 the sum of each area is

et e i by S e L e

S
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< : Fig.. 16.

Changes in net base loss with

Easlaect to pHe. My reéu]ts. (solid
line) represent values det'erminec.l from
, the chahgé in net acild efflux from the :
festing value ‘lntegrvate.d over a one—hou;‘
pericd f‘olllowing a change in pCOp. The
. ‘ per;:ent CO, used to obtain each pHg is
indica{:ed in parentheses beside each point.

’

;\falués, calculated from Heisler'si(T975)
y C
results are. also graphed (dashed line).

» These values were determined by takiné
the difference betweep‘ the"total bicar--

*. bonate generated ‘in a closed system
(muscle 'I'xomb'genat_eé) and -the intracellular
bica.rbd'na-tte concentration values estimated.
by the DMO method in intact. muscle after
.'equilibr’a:tion at different COp levels while

allowing acid base exchange with the bath-

ing mediwm,. e
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plotted against extracellular pH. - From pHg

[N

6,88 to 7,89 net base loss varie_s\'grom 14 mM/

kg muscle to -12.8 mM/kg muscle. However, ‘
N " -

the graph is not linear. There appears te be

a plateau area in the pHe range from 7.5 to

'?;2 during which the het_ base loss decreases’
less steeply with an increase,in p.I—Ie. .
. *
Thus far, we have been concerned with

4

the' total net acid efflux based on the assump-

“r

" tion that the transfer of lactate and pyruvate

iz in the E;nionié_'.form and 'do,es not contribute

“te the measured nét acid efflu'x results. Fa |
comparison, I have ;ncluded one set of resul?_:s
(fig. 17 A) for the 20% COp e}ipe:r'i'ménts in which
the la.ctatj.e- plus pyruvate effluxes and. total netQ
acid are gr:apl_{ed together, As previoﬁ%ly in-

. 'y
dicated, the resting lactate plus pyruva:te efflux

is about two-thirds that of the total net_acid

efflux during resting conditions., The rest of

the graph results are as previously @llustrated

on separate graphs (fig. 1l, D and fig. 15, D).
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Fig. 1

A The effect of a change to 20
on the net gt efflux ‘and lactate
vate efflux Mean net HY flux is indi-
cated by the solid line (4 experlments)

+ SEM, The mean lactate + pyruvate

is shown by the shaded area ' (L+P).

B The effect of a change to 20% CO;

on the non-metabolic net acid (NM-NA)

-_efflux N Values derived from the above

‘graph by s'ubtractin'g L+P efflux from the
net HT efflux. Vallues‘;ére the mean of A
experir'nenﬁs + SsEM., Dashed 1inev' in the.

second hour represents. the average efflux
during restlng conditions from the flI‘St

‘I

hour, Therefore, the sum of the shaded

~area renresents total base exchange durlng

ther first 60 minutes following the ¢hange to
20% COE. The value for this area is 8.53
mM/l;g rhu_scle.

»
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If/i;he assut.nption is made that lac-
taté and pyruvate cross the membrane as
the undissociated acid then it.is necessary
to consider the Eic_id efflux as the total
net acid, efflux minus‘ the' gt transferred in
the lactic and pyruvic acid efflux, These \
valués of total net acid efflux minus the lac-
tate plus pyruvate efflux will be referred -
to as .the non-metabolic net acid (NMNA) &-
efflux. Flg. 17, B lllustrates this for the .
results of the 20% CO» experimentsr. Com- _ | .
p,ar'ed' with the total net acid efflux, the
NMNA efflux results in a more ‘pr.onounced
‘peversal when changing to 20% CO5;. There
is dlso a larger ovérshopt of the initial efflux,
immediately after retumn to normal for the
NMNA effh;\x results,  The net base loss
determined from the NMﬁA r;.-sults {shaded
area fig. 17, B) is' 8.53 mM/kg muscle _co‘mpaz/“ed‘
with the 1L.02 mM/kg muscle value obtained

from the total net acid efflux (shaded area

e - m e ——— st T b

e b, b
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15 1 -D) . * i
. . S
The NMNA efflux results from the

other experiments in which CCD2 was changed,
H

also predict less base eg:y}%ge than the total

net mecld efflefx f‘esql;:s. The 2% CO, and 108

.COE experiments measur.w.ed net base loss of

-5.87 and 3.36 mM/kg muscle from C‘:\W

eff.lu;.c‘ré’sults,'compared with -12.79 ,,nd' 3.93
. )

mM/kg muscle from total net acid efflux
- - o

results, ’ : 1/

2. Effect ofChanging Bicarbonate
~

Concentration ‘ //

It was essential. when changing to a

different bicarbonate concentration thaj: all
the previous Tyrode solution be Washt_ad out
of the muscle bath, since .the high or low &

I—ICO;3 concentration in the résidual solution

would be measured as a net H" change. A !
v ' .
five minute, 50 ml washout did not remove. , -

14

all the prévious solution, thérefore, albc-

3

sucrose libel in the initia_l. Tyrode solution



was used to determine the amount remaining.

As indicated in Appéndix“B, the ratio of the °
“\‘ C-sucrose CPM's in er?lch sample following'
the washout, to that in the 1abelled.Tyrode
indlcated the proportion of the old sclution
‘mixed with the new. Using this rat1o a
'_corrected change_in pH could be calculated. '
In fig. 18 the net acid efflux is
plotted for both the measured change in pI—I
and after correctlng with the he- su\crose
washout. -The values represent the mean
B 4 lexperirr;ents. The SEM (not shown)
for both the corrected and- uncorrected
iverages 26.9 'and 28,1 nM/g per minut':e re-
spectively. -‘f&s expected, the largest correc-
tion 6Ec1}rs in: the first p_er,i.od followjng a
change in HCO§ , and g‘radually decreases
with each succeeding change in solution.. "
The pattern of change in net acid

efflix following a decrease in I—ICOB concen-

tratioh to 6.6 mM is similar tc an increase £

. /



‘Fig. 18. -~

. :
H flux during changes in HCOB‘-:-.;

‘

concentration at a constant pCOz.

Solid line Is the net H' flux * SEM
- ’

(n=4),. Dashed line (- -) is the HY flux
" uncorrected for the washout of extra-
cellular HCOE,

(---+-) during the second hour is the

Da;shed ‘and dotted line

average .of tl';e H"’ efflux during the con-
trol pericd in the first hour., The sum of
the ihaded area represents the total base
exchange during the firs‘f: lhour after the
decrease in [HCOE] . The sum of this

area is 20.47 mM/kg muscle., &
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in CO, to 20% (fig. 15, D). However, the '
initial r'\éversal %oli'pw‘lng the HCOB lconcen—
tration chan.gé is about 80 _nM/g per minute
more nega'tive than the relversal brought
about by the‘ CCJ2 increase, ~At the end of
o‘ne hour In low bicarbonate the net acid
efflux has no-t yet rea;::hed> a positive value,
The shaded area ih fig. 18 represents
the total base exchanée during the . first hour
after the decrease -in' HCOE conc/entr\ation.

\
The sum of this area is 20.5 mM/kg muscle,

3. Effects of Changing Both Bicarbonate

N\ ' and CO, Concgentration
~

The net’ acid efflux for the c'louble.
change éxpériment 1si'shovw\n in fig.klg‘, .Thé
initial res.ttng efflux and tlixe changes in the
second hour, are as e;cpected for a bicarbonate
change from ‘nor:mall te 6.6 mm I—ICOB When

the high 20% CO» s superimposed on the low

bicarbonate a further negative displacement in

M
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Fig. 19." o

Expef-i.;nent in which HT flux is
measured following changes in both éOE
- and I—ICOE. The changes in the HCO3.
concentration and CO, level are indicated
at the top along with the correSpondin'g
The dashed lines: (—-—-).are the HY

pHs.

flux uncorrected for the washdut of extra- i r\
‘cellular HCO; when there is a change in / i

the HCOB of the bathing solution’. f
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more than double the initial resting value,

/ ' ' 101

net acid efflux is observed.

while maintaining

1
Returning to 5% 002

the low bicarbonate restores a positive efflux
to about the initial basal value although it
gradually decreases to half that at the en

{

of the hour, Complete restoration of nprmal

pHg results in a large overshoot which .is

There is some decrease i'n.this valuew-with)
time, although at the end of one hour it isg
still 50% above the initial efflux.

N

E, The Effects of Varying CO- and

Blicarbonate Concentration on Muscle Tension

As indicated in the section on methods,

the tetanic tensions are graphed as a percent
=

of the initial tension wlich was taken as the

tension at the end of the first 10 minute period

in each experiment, The control experiments -
(fig. 20 Alindicate that tension Idss is about

TR e (R o) N b (e ki e o s
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Fig, =0.

Effect of change In CO, on t@.

For ﬁniformity all experimental tensions

¢

1

were expressed as a percent of the initial /\
tension which was taken as the tension at .

the end of” the flrst 10 minute period.,

Muscles “Y¥re stimulated with p&atinﬁm elec-

- trodes at 1 tetanus ev.ery 200 seconds, Each
polnt represents the values *SEM (n=4) of

the tetanic ténsion at the end of each 10 minute

period.
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0.2%/mln;.1te- over a 3 hour period,.
- In all cases, & decrease in pCOz re-
sulted In a decrease in tension. This was

° true whether or not it was the result of
starting at a norm:al CO; concentration
followed by a decrease as well as returning
to normal pCQOps from an abnormally high
level (Blg. 20 B,C,D).

There does not seem to be an o‘bvipus
enhancing effect of an increase‘in CO, con-
centration on muscle tension., However, if
the values for muscle tension from the ex-
periment involving increases to 10% and 20%
COp are examined 30 minutes after the COp
change and compared to contro-l valu;s it will
})e ‘seen tﬁat thelr values are significantly

—.,—\ hléher (fig. 20, C and D), The return ’;:o-
L o
5% COz from 2% COp also results in an
increase in muscle tension.
Bicarbonate concen'i:ration changes

have an effect opposite to those of CO,

oo . e




concentration changes in that a decrease in

[HCOB] results in a decrease in muscle

tension (fig. 21) . Retum to a normal bi-

carbgnate restores some of the . tension

-~ vt

loss, yo
The decpnease 1;1 tensic}x associated
with a low.er d bicarbénate concentration is-
observed in.the first change in fig. 22.
. Howevér, when a 20% COg -cha,ngeh is super-

imposed on the low bicarbonate a further

decrease {~ LO%) ocAc'urs,> This can be con-

trasted with the slight increase observed in

fig. 20 D in response to an lncrease in' COs.

Returmng to 5% COE initially results in a .
slight increase (32) 1n tensmn followed by a
lh% decrease. Complete. refurn, 1;0 normal

chditions: restores only 15% of the tension,

\' ’
- , ' 2

F. Experiments Involving Changes in

4

Activity and Anoxia

~

104
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centration on tension at coz{stant pCO,5.

Fig. 21,

-

\

Effect Efwhanges in Hcog con-

t

Results are shown *SEM (n=4) at the

end. of each 10 minﬁte Reriod. Tension is

expressed as percent of the initfal

4.
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ig. 2=2.

. Effect of changing both .HCO_;
and COgz on tension, The graph is firom
the results of one experiment. The I—ICO§
@ncentration, COE level and pI—Ie are in-
dicated In the 3 lines at the top of the'

[Nt .
graph, Tenslon is expressed as a percent

\/,of the inftlal, o,
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1. Effects of Varying Stimulation on

Lactaté Efflux, H* Efflux and

y. Muscle Ten‘sionr 5
Resting lacéate»and net acid efflux
in all the experiments previously described
w;re made while th% muscles wer'e undergoing
a brief 10.2 second l(tjetar.lus stimulus at 200
second intervals, These (_-:Lffluxes were not
significantly different from when the muscle
was maintained without any stimulatien,
Tlerefore, this stimulation rate was used
ag a measure of changes in tetanic tension-
ir; response to varying COy and Y—ICO§ con-
centrations in those experiments., However,
I was also interested in the lactate and net
acld efflux changes which could be elicited
through increases in stimulation rates causing
., increased activity. of the muscle,
When the mI;Scle was stimulated by

impulse trains at 5 second intervals for a

10 minute-period, the resting lactate efflux

<

107

SRy
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'

increased to 325 nM/g per minute (fig. 23).
During the first 10 minutes ofv recovery the
lactate efflux was even higher, reaéhing; a ‘3

level of 40O nM/g per minute. Other stimu-

lation rates at 50 second and 10 second ir}ter-
vals resulted in increases in lactate efflux_
_of 50% a;’ld 1508 respectively over resting
condition levels (fig. 24). |
As indicated in the introduction, there
-has. been rpuch cont;‘oversy over whether or
not the HT leaves the muscle wall with the
measured lactate changes. Due to the vari- . _ .|
ability in measurements and the few pilot.
: experiments performed, my results do not
conclusively prove a relationship one way or
the other,' although the increase inrzgctivity
experimernits illu‘strate that in genel;'al gt
tends tc; follow the iné:rease in lactate appear-
ance (fig. 23 and 24).
| Inereasing the stimulation rates .to

intervals of 50, 10 and”5 seconds resulted in

tension losses of 2%, 25% and 40% respectively

[P y-. |



Filg. 23.

Experiment in which muscle a(ctiﬂty
is varied, During the first .150 minutes
the stimulation’ rﬁ'te was 1 tetanus every
200 seconds. During the period from
150 minutes teo 160 minutes th;e stimulation
was increased to 1 tetanus e#rery 5 se-
conds, Tension changes are shown in the
graph at the top. In the bottom graph
lactate efflux is indicated by the solid
lines and HY efflux values are given by

the dashed lines,

/e ¥a
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Effects of ir;creased activity and.
anoxia on muscle tension lactate efflux
and HT efflux. Stimulation frequenc:)‘r
was Increased to 1 tetanus/50s and ]
tetanus/10s for 10 minutes each during
the time pe;:'iods of 100-110 minutes anc_ll_
120-130 minutes. At all other times the
stimulation rate was | tetanus/200s.
During the period from 150-170 minutes
N, replaced the Op supi:ly to the muscle,
The top graph shows the cl*;af’xges in
tension, In the bottom graph the lac-
pate efflux is indicated by the soiid
line and .I-I+ ;efflux by the dashed line,

'

Results are for one exper{}nenn: only.
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(fig. 23 and 24).

4 »
! .

.2.. Effects of Anoxia on Lactate BEfflux,

Ht Efflux and Muscle Tension

As well as increasing activity to exceed
a level of energy requfrement correspondiné
to the' maximum O, consumption, and therefore
increasing la.e-iéate production, it is also posslble‘
to decrease .or remove eﬁtirely the O, supply
to the muscle tissue, glving rise to an increase
in lactate production. In two exper-iment_s the
©, was completely replaced with 'Nz for periods
of 20 and 40 minutes. In e__ach of the two
experiments, the maximum lactate effilux was
about 1400 nl\&/g per minute (fig.‘ 2.)+ and 25).
Restoration -of the Op supply resulted in the
rapid return of lactate efflux towards the
resting condition le\;el.

Net acid efvflux tt;nded to fol o.w the

changes in lactate measurements, However,

at the beginning of the anoxic conditions lac-



L2}

I a

Fig, 2

Effects of anoxia on muscle tension,
lactate efflux and HY efflux. During the
time period from 40 minutes to 80 minutes

i

the muscle was equilibr'ated with a 5% COE'
and 95% N, gas mixture instead of the
normal 5% COp and 95% Op. Upper graph

indicates changes in muscle tension, TL.ower (

*‘graph is lactate efflux, (solid lines)and H'

efflux, (dashed lines). Results are for one

experiment only.
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13
&
tate efflux tends to increase’ nore rap{dly
tl;xan the HY ef'f_lux.' Upon return ‘Eo .
normal oxygenation, the net acid é\ffl{lx
tends t&c‘) return more slowly to its .r'esting

ef flux thé}n does lactate (fig. =4 and R5).

-
1

Tension is drastically réduéed when
the musclé is e;xposéd to an&ndc conditiens,
. In fig. 25 at the end‘of LO fninut-e_i of
anoxia, tension has be-en reducedl wo 35%

" of t'he initial 1'ra1u<;. Resumptic'm of tﬁe O»

supply restores.about 60% of the pre-anoxic:

tension. \(



CHAPTER IV

Discussion
i

A, Muscle Ténsion

In the present experiments, acidosis
produced‘ by an increase in pCO, has a stim-

- ulating effect on the maximatl tetanus of the
rat diaphragm, while-acidosis preduced b.y de-
cvreasing thé ”bifcarbonate concentration de-.
pressed thé isometric tension, 'f':hese results
-are similar to those _c_;f FPannier, Weyné and
Lausen (1970} for the isolated soleus muscle
of the rat, However, Creése (1950, 1958)
reported that inc‘reas'ed pCO, depressed the
tv_vitch contraction of rat _diapﬁragm although
loyveringA the bicarb'onatte concentration had the

- éa\ne depréssive influence ‘I ol;)served. In deal-

ing specifically with this matter, Pannier et al
(1970) noted that various types of isolated

muscle preparations react in strikingly different

manners toward acidosis,



Creese (1950) suggested the effect
produced upon muscle'teﬁsion by changes in bi-
carb.onate cor;centratlo:l and pCO, resulted from
cﬁang‘és in intraceilular"\pH'. The results of my
experiments and Pannier et al (1970) do not

support this idea since a decrease in pHj; due to

increases in pCO; or decreases in[HCOE]results

in an enhancement or depresston respectively of
maximum tetalnic tension., The only factor which
varies positively wlt'h the tension changes is that
of the intracellular bicarbonate. It has been

suggested that bicarbonate has an accelerating

15

effect on certain ionic exchanges across the eryth-

rocyte membrane (Creese, 1950) but this has not

been shown for muscles,

B. Lactate Efflux

-
-

}. Resting Levels of Lactate Efflux

As indicated in the results, the lactate

efflux .Initially began at a high value of 40O nM/g
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per- minute and gradually declined at.the end of
thirty minutes to an average of 150 nM/g per -

“w minute, 4A1though the a(bso}ute levels are not
the same this pattern of iﬁ[t{'ally high values is
similar t;o results obtained for pei-fused (Hollanders,
1968; Rowlands, 1969) and Biilbring-type (Rowlands‘,
1969) rat ‘diaphragx;n preparations. 'fhis high
initial lactate level is especially pronounced in
Stun-killed rats as opposed to anaesthetized vic-
.tims_ " Both investigators (Hollanders, l§65 and
Rowlands ,‘ 1969) offered possiblg solutions to
explain this patter;1 of 1 ;:tate efflu‘x. .

-

It had been proposed by [—Iplla.nderé (1968)
that this elevat'edr level at the start of_.gz.ar_fusi_on .
was pos.sibly due to three thi;xgszr adrenaline
release causged by handling and killin-g the animal,
the loss of. bognd insulin, and hypoxia occurring
between klll:ing"and the start bf perf;:.s{on.
However, Rowlands (1969).provided evidence

that the initial lactate level was not the result

of either adrenaline. or insulin but was an inevi-
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_jable event in this preparation. She show:éd
that the initial lactate was defived from muscle
giycogen _and that/,\after about thirty minutes,
.substrae for glycolysis comes from glucose in
the bathing ‘medium
Following the wa_s'ﬁq}lt and. tim;a for
‘equilibratiOn, a ste l‘a'ctai:e output level
remained at an average of 120 nM/g per minute -
with a range in value of 90-150. This is less
than values obtained by Hollanders (1968} and
Rowlands '(19159 a and b) in perfused and Biilbring-
type rat diaphragm preparatién‘s. Their results
- gave control lactate efflux levels of about 330
_nl&/g Iﬁer'minute_ However, the values obtained

(.__/

.for lactate production from

incubated -diaphragrns are similar t'o my own.‘
These results were 104-124 nM/g per minute

(Wallaas and Wallaas, 1950} and 80 nM/g per

minute (Beatty et al 1960).

The question to be asked is: are low

lactate efflux values specifically attributable

B
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only to the incubated diaphragm preparation? In
her first paper in 1963, Rowlands explained the

low values of lactate efflux from incubated dia-
phragms as the result of high lactate concentra-
tlon buildup in the medium to 3.7 mM, However,
this does not account for‘ the low values I obtained.

-

since, at the end of a ten minute periocd, -medium

lactate concentrations were only 0.12 mM which

is comparable to the 0.08 mM after 15 minutes of

Rowlards' Bilbring preparation. Therefore, the.
Y

low lactate efflux I observed cannot be explained

on the basis of its beilng measured from an

. _%ncubated preparation, -

The discrepancy in resting lactate i)roduc- P

- tion between my results (120 nM/g per. minute)

and perfused preparations ( _c_)_g/rflvf/g .p;er thinute)
may be e;cplained in fouf: possible ways '»—l'{ypo;'xia,
level.of activity, diet of rats, aT‘xH'e/Jw:pe;'imental
temperature, | |
When cons{dering the first possibtlify, the
resiits of Creese et al I

must be taken

inte account, He showed that diaphragms from

\
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rats 150-250 grams in weight need only 66% O,
in the stream of gas bubbles flowing past the

. muscle to maintain fibre potentials up to a
depth of 250 . ,I\-/Iyxrats weighed from 15b-20Q
grams hagvtng‘ an average dlaphragm thickness
of 490 1 with a range/ 'from 410 to 550 nm.
Therefore, with strong bubbliné on both sides
of the muscle in 95% Og, oxygenafion should be
mor;e than sufficient to mflintain the rmiddle
fibres, However: {t is doubtful if the highe_r
lactate .production_results of Eowlands (1969 a)
"_were due to ‘h_ypo‘xia since oxygen consumption
v.vas higher in. her perfused.l;reparations than in
the incubated preparétion of Kratzing (1952)
and Creese et al (1958)'.

Activity gf the muscle may have been a
factor m‘aintain{ng high lactate production in-
Hollaﬁders" 1968 results which were stimulated
for 400 gsec and 40 V at 6/minute, Rowlands

also used similar levels of stimulation for the

perfused diaphragms although her unstimulated

N
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diaphragms also resulted in the same high levels
a‘

of laetate preduction, My results showed that

a stimulation rate of | tetanus/50 seconds is +

necesss to ralse lactate efflux levels to be
com ara,‘t;;e to Hollanders (1968) and Rowlands
969) .

Another interesting hylpothes[s t;qhich
could possibly exﬁsllain the low- lactate efflux I

.obtained, is the difference in the previous diet

fed my rats-compared with thcse\é Hollanders

' . *
and Rowlands., Hansen et al (1951) showed that
rats whose major source of energy was lard,

had increased lactate production 2.5 times that

of rats fed dextrin for a 3 week period prior to

sacrificing, The dlet fed to my rats was the

standard Purina Rat Chow with 4.3% fat, ~
A small difference’in ,tempera.tui-e also \
existed. The 36 degrees centigrade the present ¢
. | N
experiments were performed at is one degree
lower than those of others, However, the .re-'

‘ A A
sults of Rowlands (1969 b) tr_ldlg’ate that the effect

N I AP e PRt e L
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of this temperature difference oi‘_l lactate efflux
would be minimal,

The above four possibilities have been
proposed 'to explain the l‘ow lactate .productlion
levels I observed compared with the higher values
of two other inv.-estigators. Exactly which variable.
or combination of variables is responsible for‘
the difference cannot.be specifically stated
unless a careful inves‘tigation is made comparing
{:he various methodsﬂ and apparatus . Special
emphasis cpuld be placed on the factors of
oxygenation, activity and diet and their control
of lactate production. |

o

2.  Increasg in Lactate Efflux During

Stimulation and Anoxia

The results in this study. ha\.rAe indicated
that one supramaximal tetanﬁ; {150 cycies/sec.,
0.2 sec.) evel;'y 50 seconds is sufflcient to
cause a noticeable Increase in lac-tate efflux, This

-can be compared with the results of Hollanders*



- (1968) in which sir_lgle-shocks at 120/minute for
10 iminu_'tes were necessary to produce the
first d'etec;table increase.

A,cor;x;:arison can .be made between .the
m.aximum lactate efflux determined from my
e:;perim&s and the results of other investi-
gators, Hollande'rs measured an efflux of lac-

 tate as high as 1800 nM/g per minute using
single shocks at 3000/min@te for 2-3 rr;inutes,
The lar'gest efflux rate due to increaséd acti-
vity in my experiments was in response to

fatigue developed in fht_a muscte by 1 tetanus/ -

sec for 200 seconds.

122

This measurement was part of some pre-

liminary experiments 'wﬁich were used to estab-
lisﬁ the time course of the return of lactate
efflux to normal following fatigue. Therefore,
‘it was nothdetermined {f this is-the maximum
rate of efflux in response to increased actlivity
in my system and it is difficult to compare with

Hollanders' results. Nonetheless, the results

TP RREIINPCIONSI JOR T it e e K AT T
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obtained during anoxia fhdicate a maximum efflux
rate {1400 nM/g per minute) which is comparable

to the results of others,
v

‘ot

3. Movement of Lactate Across the Membrane

v

. There are two basic possibilities as to

how lactic acid crosses thev membrane, Either

‘the lactate ion (L~) is sufficiently permeable

to eross the membrane or the lactic acid mole~
cule (HL) is transported. Exactly which possi-
bility is cperative is important with respect to

acid base balance across the rpembrane.

a} Tactic Acid Moleculé Transport
T Much olf the original work using kinetic
studlies aséumed thebla_ctic acid molecule m%d
across ‘the membrane. This was reinforced by
results showing a correlation between lactate efflux
measu’rements and net pH changes following ‘in-

creases in the production of lactic acid by the

muscle (Hendersor; 1928; Keul, Doll ‘and Deppler,

FS
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1972; Sahlin et al, 1976). This type of mechanism
was not _suppo_rted by Mainwood and Worsle.y-
Brown (i1975). During recovery from fatigue
in a 10 mM buffer éoiution, they observed a
net hydrogen flux that was onl'y' half the net
lactate éfflux, Tha.;-. results of my exper[r;lents
have sho‘wn a close correlation between net
hydrogen and net lactate loss following both

. increases in a;tivity and subjecting the m‘uscle

to anoxia,.

However, even If it is the lactate lon
 which {s crossing the membranéf\it\wed[d be ex-

pectgd that a comparable net 'h;—drog-*en ion loss.. '
would also occur to main;;in intr‘acellular‘pH,

If this is the case, then different time cr;':urses |
of thcla .eff!ux curves during rec-:over.y from in-
creased activity or anoxla might be expected.
Fligures 12, 13,and 14 indicate that this situation
possibly exists, My.résults indicated that the
laétate efflu# Increases as quickly as that of

net HY efflux. Following return to an oxy-

genated sclution, the rate of decrease in lac-

e
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tate efflux is faster than net gt efflux,
Tt must be noted however that the differences

are slight ’and based on only 3 experiments, each

e i s

with a different protocol, Also, the recent

o i T

_work of Heigler et al (1977) has indicated that

there is a I;igher rate of HY efflux. . '
The equilibrat;on study of Roos (1975)

supports passage thfough the fibre membranes ‘

'of the undissociated lactic acid molecule. He ' '

showed that if it is the undissociated molemleé

which are passively distributed then the féllowing

relationship in the steady state should exist:

In his résdps, Roos. obigained a lacta%e ratio

which was 2/3 that of H ions. This disparity {
+ v
could be explained by membrane permeability. to the
lactate ion. However, when Roos made the .
A

' same measurements after depolarizing the

muscle with potassium there was no change in
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S,This work by Roos appears to he

the strongest vargume%t for - the transfer of

this ratio

HL across the fibre membrane.

-

More receritly, however, Some me:asur_e
of doubt has been placed ‘ullaon the results of
Roos‘»—,' 'Hinke and Mendrd (1976), using barnacie
mus.c.le fibres to demonstrate the similaritie‘s’l
between pH; from DMO and microelectrode
techniques, showed that there .ig. a rrtloré fav-
ourable comparison if tﬁe value o'f pHi.; DMO
is determined by extrapolating the slow uptéke
phase of the indicator compounds e pMmoO -
énd 3H inulin ‘to time zero rather than from o
the "plateau' region. Hinke recalculated Roos'
int_ernal pH (VDMO) values according to his ocwn
regression line determined from I'DH{ - DMO and
pH; - microelectrode. The result is.a poor cor-
relétion between 1actaté and hydrogen ratio
rather than a strong correlation.

My results are nf::i: consistent with the | Al

view that lactate leaves the rat diaphragm.

i\
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‘entirely a;s lactic acid. T have shown that

. fall in extracellular pH fr'orﬁ 7.5 to 6.9 Canses
a rapid decrease in iactate effh..t‘x he efflux
falls by about 75% and the _low efflux.rate per-
sists as long as the eictracellularlpH s low.
The effect on lactate efflux is similar whether
the pH fall is due to a'. decrease in HCO§ or
_an increaée h CO, (figs.ID and’12) .

I.f lacta.te.efflux i‘s'in the form of the
undisscciated la;tic asid Jmolecu.le, then ‘we must
Suppose that a fall in ‘external pH either re‘ducéé‘ ’
membrane permeabflity to the acid or that the
concentratio:; gradient of the acid across the
membrane {s decreased, |

‘ .It seems unlikeiy tﬁat arn electrostatic
interaction between extern.al protoné and ion-
ized éroups cn the outér surface o;&the membrane.
would,\ai{e}u the diffusion of an Ju’ncharged mole-
g:'ule _t;hfobugh the‘.liptd portion of tl"x‘e membrane

" which would\have to be the case if a changé

L)

in external pH affected the perme'ab{lity 6f tl":a}

e

D)
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membréne tél le-icﬁic' acid.

L— An increase in pCCp would be expected to
lower interna; pH and therefore increase the in-
ternal lactic ai;id lewfel‘ as a fraction of- the total
internal lactate, This should incredse the lactic
'a:cia‘gradiént'across +the membrane since T:otal
muscle lactate is not decreased by an increase L
in pCO5. “This would/ﬁ:e expected to increase -
the rate of lactate éfflux.

In addition the intfacellular lactate results

(taple III) indicate that the 'llactate' concentration

ient across the fnembrane is not significantly

altered when the p'}:-.Ie is decréased by lowering .

extracellular I—ICOE,

It '::herefore appears that the observed
effect of pH changes on lactate efflux are not
consistent with lactate 1eavin:7 only in
the form of the undissociate \Tsldl

b) TL.actate Ion Transport

. -
It has been demonstrated that frog
PR 0 - &

muscle exhibits, a definite permeablility to the

-

PO .7
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lactate ion whieh is aﬁou£ 0.07 that of chloride
per‘me.ability (Woodbury and Miles, 1873). ‘Their
conclusions were based on changes in character-
istic resistance and transmembrane potential
a'fter the re“piacement of one anion By anotllfler
in the solution bathing frog skeletal muscle.

Their results are compatible with those of

. Mainwood and Worsley-Brown (1975} which indi-

cate that in lov} buffer and pH the efflux of
lactate can be 80-§O% the result of the transfer
of' the {on .

It has_also been demonstrated that the

permeablility of chloride-like anions (of which lac- .

tate {s one) are sensitive to the extfacellular
pH (Hutter and Warner, 1967 a and b, Woodbury:
and Miles, 1973). A decrease in external pH
will result in a decrease in perméa.bility of the
anfion, I have élready' indicated that for the

rat diaphragm in these experiments the lactate

. efflux changes appear to respond primarily to -

129
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the externa.l pI—I and not the ratio of BT across

the membrane_ The decrease 1n efflux of lac-

“tate upon change to low pHg as & result of de-

creased HCOS could then be a result of the..__
pH dependence of the anion, indicating that it

is primarily the lactate ion which is transferred

acrdss the membrane,

¢) Other Possible Mechanisms

The most sillnplistic appreoach to this
problem s to assume that !actate must cross the
membrane as either the .molecule or anion/andy "
that‘.t‘:hls is contrelled mainly by .the external
pH. . If this-is the case, then as 'pre;riously in-

dicate}l\.jthe most hkely candidate is thectransfer

.

.of the lactate ion. However, the studles of

Main@orsley-Brown gave evidence, for .
‘frog sarforius muscle, that it is the mglec-

which is mainly transferred at high extrace:-:gr

buffer val};es and high pH. Roos,(1975), also

held to a theory proposing the transfe(of\the

molecule to be predominant, He di:_ﬂ‘%ﬁ%ttempt

E
P
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to ‘dir'stirnguigh‘ between the two possibilities (=
or HL) at diff;:rent external buffer and pH |
values. L | 8]
lThus, :c;he possibility exists that more
" light could be shed upon the subject by repro-
ducing experimé;nts _simila&r to thgse of Mairiwdod =
and Worsley-Brown, using the present systefn.
This wouid include altering the pH with buffers
other than bicarbonate ahd'depolarizing the |
muscle .with pot'assiurr; to separate movements
of the lactate lon and lacti;: acid molecule over
.a_;ange of pH values., Another approach would
be to study the effect of zine, and copper-ions
on the. efflux of lactate at‘different extracellular
b.uffer concentrations and pH, since these sub-
stances are known to block .t}‘le' efflux of chloride-
like anions. ‘ ' /
_Another possible mechanism' is that the
reduction in lactate efflux may not be due to

an effect of pH on the membrane but rather

that the reduction in intrécellilar pH is inhibiting

-5
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the glycoiytic ,.)enzyme phospf19fruct,okinase ‘
" (Trivedi and Danfor;fh, 1966; Gessen, 1976),
Two reasons, however, suggest that this ’
is unlikely. . | |

First, the change in pH, from 7.5 to

i

— e o e L

6.9 by both an increase in COp and a decrease

in HCO:; resulted in an immediate decrease
in lactate efflux to 25% of the original efflux,
Since the bicarbonate decr.ease would not-:be
expected to immediafely aiter the intracellular = .
pH, a quick decrease In lactate efflu;c is un-~ _ P
expecteci, Secéndly, fro‘m meas'{:.remﬁn{:s made ,
’in this laboratory, it can be seen that intra-
ceIluLlar lactate does not decrease _signif:icantly
'

from the beginning to the end of a 60 minute

perlod in low bicarbonate (Table ).

C. _Acid Base Exchange

7 7. Steady Net Acid Efflux

\ A

i,/ ] As tnagkted in the results, there is a

steady net acld efflux of about 250. nM/g per
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minute, There are two possibleﬂ sources giving
rise to the changes in pH from Whid’i the net

acid efflux is derived. Either this change in

A
\ .

pH is intrinsic to the muscle bath system and

the method of reéording, even in the absence of

© a muscle st'.r"ip, or it-is a produ'ct of the muscle

itself, '

Controls ‘at the beginning and end of each
experiment show that the changg iﬁ pH is not.
likely to be a groduct of leaving the Tyrode in
the muscle bath and equilib'rafing it with different
gas mixtures, Also, control experiments without
any muscle showed that there is no net chang?‘ e

in the pH of a test solution which had spent 10

minutes or .more in the muscle bath, A similar
V-

volume of Tyrode removed Immediately from the

reservoir bath had the same pH. ' y

: . The other possible 'sou?L{isf net
acid efflux is the mu“sﬁl.e itself, This efflux could

be caused by the production of metabolites efflux-

Ing across the membrane and/or the loss of intra-

#*
.
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cellular buffers ‘and other substances whfch
_m.ight‘be r:élategl to the gradual decline of the
cell ieading to eventual death, »
The direct éssay of lactate and pyruvate .
indicates that their total efflux is approxirﬂately
60-70% that of the net acid efflux under resting’
conditiong. Whether this is the result of trans- ' ‘/‘
fer of the ionic or moler:‘ular forms of these L |
substances, the resuit will be the same since
- the maintenanqe of pHj eventually 'requiresl
a net acid effhcxx-\to balance fhe trans’memt?rane
ratio of H*. |
Constderation was also g,:iven to the
poﬂ:}lﬁ;y tha-.t‘darnaged fibres ‘here depositing )
substances such as phosphates fﬁand proteins into ‘
the bathing medium and thus a}tering its buffer.
value, It is unlikely thatathi% {s the situation
for the following three rgasq’hs. First, morpho-
logical studles perfbo&rme'd in “t:hls laboratory re-

vealed the presence of very few damaged fibres

(~—13%) for this preparation. Secondly, titration

I & e
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experiments were unable to account for the
presence of these substances. Fig. 9 of

the results shows a titration in a CQp free
atmosphere for extracellular fluid collected ’ ’
over a 30 minute perlod compared with. a titra-
tion of the original Tyrode. ‘/The change in non-
bicarbonate bufferiné (AﬁNB) determined from . .
these titrations is less than 0.02 uM/pH unit.
The total buffering power (,BT) for the normal
Tyrode seolution in Sf CO, is approximately .1000
uM/pH unit gi‘ld the ratlo AﬁNBjﬁT is 2 x 1075,
This excludes the, possibility that any buffer

or weak acid contributes significantly. Finally,’

the efflux of phosphate buffers was nullified (\__

by the }adk of any measured amounts in the _

¥aEthtng solution as is indicated in the results.

»
The evidence indicates that the net acid
eff_luic under resting conditions is not attributable
to the musecle bath nor the method of 'measurement.

However, only 70% can be accounted for by the

movement of H' (Hcogmor OH") associated
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with the transmembrane efflux of lactate and
pyruvate, The possibility é;dsts.that the re-
maining 30% could be accounted'by the transfer

of smaller amounts of other organic acids,.

2. Effects of pCJC)2 on Acid Base Exchange

The measured net acid efflux does not
speak to the dilemma of what ionic species
(Hcog, OH™ or [;I"') is actually beingtraﬁéferred:
AHowever,-for co'nveﬁience, most of the f‘olloﬁing' /\
discussion will refer only to the net transfer of )
HCOz . - = . ‘v

The observed acid base exchange, from
measurements in the_médtum ba;hihg the muscle,
does ﬁot tell the whole story. An understanding
-c;?c' the ex.peci.:ed changes within the muscle fibres
i-s necessary to predtc{; what forces these fluxes
_are responding to and‘ fo comlﬁafe my results
with those of others. Therefore, I wil first
quamlne__,v&hat changes are expécted to occur

from a theoretical point of view followed by a

-
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gquantitative examination of the results.
Since CO,, readily diffuses across the

membrane and the pCO, of the bathing solution
is known, then COg5 isobars can be calculated from
the Henderséon-Hasselbach equation relating intra-
cellular [HCO3] to the pHi. " This is illustrated
By the thick curved lines inﬂ fig. 26 for both 5%
and 20% CO,. Another of the -contr:olling fed-
tures of the intraceéllular milieu, with respect
to pHj, is the non-bicarbonate buffer value ( 8).
This' is represented by the thin unbroken lines
with sllope;—ﬁ connecting the COp iscbars in
fig. 26. This buffer value (68 mea/l) is<based
on estimates of homogeni'zed muscle as opposed
to the intact muscle which allows efflux |
{Heisler and Pliper, 1971).

"Let us flr‘st cbnsider_ the theoretical
chaﬁges in a single mus”c;le‘ fibre. ’If we assume
‘for -sirnpllcity; s sake that CO, diffu-sion is

_very r-apid compared with I—ICO§ movement, then

a sudden IncPFéase in CO, (5% to 20%)' results in
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"Fig, 26,

’
The -rélationship between H+, pCOs
and the 'n%n—blcarbohafe buffer vall;.e (B).
Point A represent&"\mtrac;ellular conditions
for muscles ba'theci in normal Tyrode based
on estimates of pH; at a given'pcoz
(Heisler, 1975). The change from A-B
(B = 68) represents the immediate responsge.
to an increase in pCOE. Final conditions
are represented by point C. This requires

a net loss of HCO3 (F-C).
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a quick change in 1:'»'I-I1 from point 'A to B (fig. 26).
This represents apgrox{mitely a ll;. m M incr;:-z'ase
in intracellular bicarbonate,

. There are three possibilites which canL occur

from this point, The first is that the s;stefn
is a closed one -and the HCO3 concentration and
pH; re':main at point B, _Secondly; all the i};l—

creased HCO, may leave the cell until the previous

3
[[—ICOE]{ level (point E) is reached wi’.-th_ the

muscle fibre rggponlding as a completely b’pen system,

“in terms of bigarbonate, The third possibility.is

that the HCO3 responds as an open system but

in a limited manner =o 'that'{ntracellyﬁfr bicarbonate

.
E

,decfeases to a value C anywhere between points
B and E, ,
The experiments perfofmed in _thix::i study .
_indicated that there ‘[é a subspant[al‘ net base
exchang;e follﬁwing a change in pCDp (Rg. 15).
The results for the first hour following the change
in pCOg are plotted.against pHg in fig, 16, 'I"he'

graph is essentially linear over a pHe range of 6.88' R

+

-
by




L4 r

]

- . T T
e e A AT Y T T

-~

- N -
v

to 7.89.. : o -
) .
Shown for comparison are results cal-
.. : ‘ S . '
" culated from the results of Helsler (1975).
“The values for this line ‘were determined from
the difference between the total bicarbonate

generated in a clés_ed:system {muscle homogenateé)ﬁ

and the intracellilar bigarbonate values estimated

F ] -
. . RN o hd / .
by the' DMO method in intact muscle ngj;er equi~

* libration at ‘dif.ferent‘ CO,, levels while allowing acid

) base"ea'cc‘hange with-the bathing medium: There

s general agreement between the two graphs.
w

ith. the éreat-e?t'devtation occurring at the ’

low pC.Oa value, g ‘
, The net base e'jccﬁ@.ngew Is indicated by
~ . X '

C - ‘ 3
the left-hand side of- the

owing eguation:

A (HCO3)e i = £ - At

J‘ RS Lt . ‘. . _.

.

- where subsgrip"t's l and 2 repretsent respectively:
the .conditions 'before and after a change from
- . . ’ o L8
_(eo2); o (COz)p,

.
: +

- B = intracellulap non,-bicarbonéte buffer

. :
L) . N . B

-

-

HCO3]iz - [Hc‘?g}]u' . _‘.

i

.'7"

-
-
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anci A ApHj represents the total bicarbonate -
forn;ed ‘or d_ecomp,.osed.due t? the nonabicé.r;t)on-
o ate buffer value,: v

7. If.we- accept Heisler's (19"7'5) values

f’for'.lntracellular pH at 'd‘ifferent pCOy,'s with
4 constant bicarbc;nate cohcentration, the}x it

‘will be possible to calculate th\é'total bicar-
"bonate formed or t.:le‘compc')sed- (,B . ApHi)

‘_dug t‘o.r 1,:_he non-blcarbo.riat.e buffer values.

. (fig. 26; F C_—‘:-) 'i‘hese values (column f,
table ITV) can .be compared with the actual
measured efflux of HCO3 (colﬁmn g, table -
IV). . Although there will b'é some error

directly comparing one Q;f experimental s
it ca

results with another, be~seen that N
most of the bicarbona{:;e .fcgr"L"n.ed In response
"’ to 1‘nc1:'¢ased-'COE leaves the mgscle cells
| within one hour folldwing the :'iha%réaise.‘ When
.o .the pCOz wasrdcnacrease'd :(5% to 2% COs5), the

predicted loss of intracellular bicarbonate was

even less than the amount ‘which entered the
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: G
muscle fibres,
| However, these calculations (column. g)
were made on the assumption‘that lactate and
pyruvate effluxed from the muscle fibnes in
the anionic form, independent of the acid base
exchange. If we were to assume that the acid
molecule best represented thé mode of efflux
and subtrac;.ted f'rom’ the‘net acid_efflux' =8
comparable to the measured lactate + pirruvat‘e

1

values, then the measured bicarbonate movements

1

would ‘be somewhat different. Column h of

-

table IV f{llustrates the results obtained from

the non-metabolic net acid efflux. Under these

+

circumstances approximately 64% of the bicar-

bonate formed (or decomposed), enters (or leaves)

t'_he“cell durlﬁg the first hour followiﬁg the change
to a different pCQO,. - . . | -

. Therefore, the rat diaphragm acts as afx
open s}stefn, with respéct to bicarbonate, after

a change in’ pCO£ However using .the pHi-

. ‘i
results of others coupled with my measureé’ acid

!

. -

y-

O RN - DU TR

wk
J
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‘base exchange, it would seem that the intracellular
E.i'carbonate does not retury to the original level

é .p;rio.r to the pCOy cl.iange, Further evidence '
1_?01" an open system is obtained fl;‘orl:l my results
i\\n which thé extracellyar doncentration was de-
creased from 28mM tol&6.6 mM. In this case,
the intracellular blcarbonate and.pH; In fig. 26
"both decrease while following the path of the 5%
COp iscbar from point A

.~

3, Permeability of Bicarbonate

Equilibrium studies have shown that there
Is an 'acid base exchange following exposure to a
\different pCO, which accounts for more than
half of the mtracellular bicarbonate formed or B
decomposed (Heisler and Pliper, 19?1; Heigler,
15’?5). The present experiments whicﬁ measured
net a<.:ic'1‘ efflux \1:1 thg}‘irlst ‘hour following a

1 Q . .
pCO, Lthangé hdve also given similar results. The

.question remains: ‘is it hydj:-‘?gen ions orhgi_carbonate

. ) _ lons that are being transferred? ¢

. R
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Mainwood (1966), in his: m‘:ambre;ne potential
measurement;', of sucrose-washed frog muscle, has
shown that it is mosf iikely‘btcarbonate lons which
cross the membra;me. He obtained a fall in mem-
brane potential in response to incr:eased pcbé. £—iow-
. : éver, a fall in pH in the presence. of phdsphat‘le
| buffer did not produce a decrease En n‘le;gabrané ‘;/
- i} o potentlal pointing to the bicarbonate ion as the
) most 1ik;_a.1y source of the c-urrent‘.' Williams et al

' (1971) also - shq p

hdt the measurement of HY

‘permeability v Wooabhry (1970) was insufficlent

]

to account foy their COp-induced "depolarization
of rat muscle
The driginal suggestion was made by

B.oyle a:;d Conway (19L0) that HCO:; ‘moves out

f’f the muscle in response. to an lncfease in 'the . /J
intracelluldr blca-rbona.te followir'xlg an increase

in pC_Z'OE. This was alsci.in__{pli_ecli-‘ir‘? a papea'f by ’
" S ’ . Harrts_, (1<:363) . However, =2 per'meé.bility cqef%t-,

Ll . J -
;} , cient of HCOB { PHCOB),has not befdir"ectl'y

.

L3

rnea.sureg .- . - I . K

o/

.o . e . T &

* ) / . . oo M L._'A.
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Never:thel.ess,_'a rough estimate of the
ratio of bicarbonate permeabllity to chloride per-
meability (PHCOS/PCi'haS been determined, /

Using excised frog sartdrius muscle and measuring\ -

stransmembrane voltage and resistance after a

.change in I—ICO§ concentration of the bathing

medium, Woodbury (1970) estimated the ratic
PHCO;/ Py~ to be about 0.1. - Woodbury and
Miles ‘(19’?3.) aléo estimated the conductance of
bicarl;onate to be sbout 0.05 the conductance
of chloride in 'frog.'rnuscle based otn changes in .
resistance and transmembrane. potential a.ft;ar

the replacement of one anion by another in the w

" bathing solutim,

_ To make these ratios meaningful it is
’ . -

necessary to know the values of chloride penmea-
bility, = These have been detefmined by two methods,

First, from the flux of chloride and secondly from

1]

‘con{;ﬂ:&nce measurements, Measurements of

chloride flux have given valued for the chloride
- : : - -

6 cmysec
for frog 'sartoril, {(Adrian 1958, 1961). Conductance

~
-

<



m_e;surer;'ier.xts havé given P-values of l.’?-b' vy
9 x 10_6 cm/.'?,ec in frog sé:rtorlus fibrels ‘
_(Adr;ian and Freygang 1962; Hubbard, 1963) .
‘ Usin.g the permeability ratio ( Pucos/
Po-) of 0.1{determined by Woodbury (1970)
we have a\posfsible. range for permeability:
~ coeffictent of bicarboﬁegte from O.E; x 1077
' em/sec to 2.9 x 10"7 em/sec However,'lsf
the ratio of HCOB conductarce to chloriﬁe
conductance GHC(SE/ Gy~ = 0,05 determined
-by Woodbur;r and Miles {s more accura;e the
" -range of valglues is then 0.3'-x 10~7 cm/sec to
1.45 x 1077 cm/sec. Combi;ing the two possible
ext;jemes\f/‘gr the HCOE‘ permeabllity coefficient,

ain values as low as 0.3 x 10-7 to a high

was pdssible

coef ficient for bicarbonate. .

] X

~

147
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change in the.elec.:troch;amical potential of bi-
carbohate across -the celll membrane, This ) ’/’

:ha.nge in net HCOE efflux (A J) can be used g\
to d@fiﬁe-bicarbonata pe.rmeability‘iﬁgmrms. |

of the ceonstant field equatién:

S . | - _VE
{ S - RT
| I = PaNee fe T )
. . L VE
- RT

1 - exp

Ja = anion flux, inward flux being positive

Pa = anion permeability
. Ae = extracellular anion conlce tratio: . |
Ay = intracellular anion concentration |
LS _ s \From equation (1), the changé'ln flux (A Jp)
due to a change in CO, is:
R

. ! . ‘ _‘-Y—E‘— | . :
MG, =P, - VE (4, @) exp T :
12 . - VFE

3» R ™ RT.

‘where subscripts (1} and (2) re:present

-l‘. ’




respectively 'the conditions before and after 4
. -~
y o ‘

ch‘énge from (CfC)g)l to (COe)a..

Thus: -

_VFE .
PA—AJA,I—-exp BT 1
- VE .V (A2 - Ayq)
rRT . VE ’
exp BT

. . , .
a.nsi after a-change in I—]CJO3 from A to Aot

A=AJA.1-exp . 1
VE (Al ~ Ae)!

It {s important that the rnembrane. po-
] . .
tential value does ‘not,‘change stgnificantly. For
the calculations pr_'esentel&' in Table V the mem-

". Brane potentlal was assumed to be -70mV., A

149

range in membrane potentidl from -60-to -80 mV

results in less than a 10% change in the bicar-

bonate permeabilify coefflcl_en{:‘. ) o Ad .

T, Not only will the value for. the membrane

,potent1ai"."£ff'éct\the_,..._??-lcu.lé.ted P 1-1005 but
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consideration must also be glven to the active
transport of 28l (HCO3 or OH" ) and the form
in which the metabolic acids lactate and pyruvate

are transferred across the membrane (molecular

. or ionic). Sinde the change in efflux of "lactate

L al
and pyruva.te was measured- it is possible to

determine the correction factor ‘to the AJ value

£ we were to assume that thése acids were in

'the undissociated form, This correction factor
substantie.lly changes the PHCO§ for the COé
change from 5% to 2% but has relatively little.
effect on the other values (Table v). Itlis
possibleb also to obtain some ldea of the effect
of the H' (HCO3 or OH™) pump on the cal-
culated PHCO3 by comparirig the results ob-
tai‘ned for an inerease in CO, (5% to 20%) and
a decrease in [HCO3] e (28 mM to 6.6 mM).
Inhibition of the pump due to a fall in [Hco3]
and pHg resulted in’ errors leading to high values

of AJ and PHCOE The. esltima.tes' obtained by

‘the two types of experiments vary by a-factor

e - P onalh skt s TR AT




we

of 10 (Table ITI) indicating tht the active
transport has a substantlal ihfluehce.
Table V Indicates a range in estimated '

PHCOB values for the COE..Qhange exper[ments

. ‘ _ .
from 0,80 x 10"7 cm/sec to 2.62 x 10 7 cm/sec,

This is within the minimum (0.3 xllo'-? cm/sec)

| : .
and maxtmum (2.9 x’10_7' cm/sec) values previdusly

determined from the literature Hovgever, ‘t-he’
errors 1ntroduced‘by the inhibitlc!{agaf the active .
pump have resulted in PHCO§ values slightly
higher than the maximum determined from the
results of ethe'riszz $

T e

The ev1dence strongly suggests then,

that HCO doesr cross the rnembrane following \,

3
a ,ch&}nge in pCO2 and that this accounts for much
of the .HCO'B'"'form'ed {or decomposed) in response
to this change
—y
Gilven that the [I—ICOBL is above the
passive equilibri¥m Tevel and the fact that bicar-

bonate ions can“penetrate the cell membrane there

' -

" is therefore, an {nereased workload presented to

the H' pump or armry- other mechanism which exists
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to maintain Intracellular pH. However, a high

PHCO§ would be of value in 1_:he situation in |

which the internal buffer reserves are depleted. -

At this time, fthe '-HCOB flux can be reversed and

- .

«help maintain t e intracellular pH. An example

L]

of this would b¢ during a .‘sudden in¢rease in R

glycolysis. Asspming the condition that thel B

[} . ‘
the amount of tota] internal buffer p ent,

. e -1
changes in the active pump mechanism and the,
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1. A system was deveIOped to medsure
-, . . ! T
tenslon, ﬁﬂux of lactate and pyruvgte and acid
- base exchangJ rat dtaphragm strips Changes

— e : in values for these variables were rnade in response

§

J ' )/? ’ ._ to anoxia, increases in muscle activity, and- changes ' ‘..
in the C_?C)2 level and bicarbonate concentratlon ‘ .

3, An increase in pCOg has a stimulating

o ‘ _ - _effect oh:the maximal tetanus teﬁs_ion while a - 3 !
'\‘ 3 N © * decrease*in bicarbonate eoncentration‘d:epresse.d g )
‘isometric ‘tehslon. This suggests that intracellular |

bioarbonate migl‘;t play a role 11_1 the’ rria?ntenance .

. ~__ - )
A ‘ L _of tetanic tension,. '

b}
b
|
3.. There is & steady lactate ef‘flux-b? ‘ ‘
about 120 nM/g per minute during control conditions

R - - ’ ) Pyruvate efflua:\is about 10% that of the lactate
A\/ \\ efflux. A maxmum '.lactste‘effitx-of 1,00 nM/g -

; per minute was ob_'servedwfiuring. anoxia, Lactate 3
) \gﬂ}:‘c was found’ to be pI—I'depehdent and 'iné:reased |

from 10 nM/g per rr;inute‘to 230 nM/g per- rhinute

for an extracellular ¥ increase from 6.2 to-7.9.

o i “‘, ' \The results have Indicaged that lactate is trans-

il
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ferred across the membrane primarily in the ionic

.

: formf

L. There is a steady; net acid efflux in the
- : o — . .
order of 250 nM/g per minute during control con-
ditions. The ne).t-" cld efflix increases following
a decrease in] p002 and decreases or reverses in
. P )
respeonse to an Increase in pCOz, A decrease in

'b%carboriate concentration 1;1as'{ an effect similar

»

gto that of an ihc‘r'-ease in pCOy5.

-

5. Assuming that the changes in acid base ‘-,\ s
‘ y

exchange In response to changes in pCO, are due
f/. p— » - N

primarily to passive HCQ3 movements, then it

3

'generated within the muscle flbres by non-bicar-

can be s'howr? that a large fraction of the HCO

bonaté buffers is'transferred within':“dﬁe hour
following a cﬁapéé in pCO5;. It is possible to cal-

culate an apparent permeab!lity coefficient for bi- _{:

garbonate' which waries under different conditiéns

7

from a value of 0.8 x{o' cm/sec to 2.62 x 10~7

cem/sec,-
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APPENDIX

Calculation of the Quantity of Acid 'A‘dc{ed

toc a Two Buffer System Determined From

.the Measurement of pH

'1. - Non-Bicarbonate Buffer

The total amount of buffer {(A) is

fixed. At any pH an amount aA is in the

alkaline form and the amount (l-a)A is In ’

the acid form,

pH) =.pKa + log ajA

(1-a;)A
pH; --pK
a_ =10 | 4
l-ay
a) = 1pPHL = PE4

| + 1oPHL = PKa

If x amount of acid is added:

-

. PHz = pKp logiagh

(1 - 8.2)A

i

- ¢ . ‘
- \ :

~ i

- .o

- — ‘

N ‘ (
. i

: ) ]

(1 - . ;
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-aa = 10PHz - PKa (2)
1+ 10pHz - pKa -
- - % } '
x = -Ala ~ a2)'
X = A(az - al)
- - ., . ® '| _ |
. }Stibstituting for a] and a5 from equations (1)
f\ a.nd (2) , LN aw
. pHz - PKa pH) -'PKy
' H., - pK - pH; - pK
ln+10PH2 T PRA PUL T ETA

.

2. Bicarbonate

1 + 140,

%

Buffer

}\his is an bopen system buffer.  Therefore, - -

»

- -

»

the amount of buffer in the acid form (BH) is

, constant which {5 determined by the pCCp,. At P

any pH an amount B

~a

is in the alkaline. form,

~

-BH can be. determined exactly since:

> _
*pKpg determined from

TR et 4 ————

Andersson

(1962)
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BVH = B
10PH) ~ PKB

True value of By:

\,

' !
added is B} then the true value of B is

Bll - ?‘ where y is the b‘lcarbonéte lost

" to interaction with other buffers

Suppose A is added as E—IQPOLI_

then at pHy : DpH) = pKa * log _y

A

where y is the amount of HoPQ,, converted to'

- ¥

(%)

. If the Initial amount of bicarbonata)

jm solution:,

HP‘Oh which must be equal to the bicarbenate

-

lost.

L
{ ' Hy = pK
i Now = lop 1 A
. _ —L—A il )

' ‘ iy, - pK
\ ¥y .= (A-y) lop . A

H - pK
y= A - 10P T A

| + 10PFL - PEa

(5}

i58
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Since Bl = Bll -y
Substitute for y from equation (5)
1 Hy - pK '
B = B.-.A - 171" PTA (6)
S A l K
.1+ PPl T PRA
Substituting B; from eduati-on (6) into equation "
(4} a more precise BH! is determined as: -
. ’ . H - pKA - ‘ a~
BHI =t Bll - A - ].Op ! / 7 ,/n 1 \_\/
= — K
| + 10PH P A . 1gPHL - PPB
(7)
and o //'_‘
pH, = pKg + log Bl . _' .
: B T N
L5 = .
: H; - pKg - :
\ B, = snl - 10P71 B (8) /\)
i £

If x amount of acid is added:

QP\I_IE = pKB + log 52
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" ‘ - el pHz - PKg
- . ="BH . 10 @
B, =} (9).

o~

o
However, x.= -{B] - B}

X = BE_BI' ’ -

Substitute for B; and Bj from equations (8)

and (9)

-'pK
x = BH - 10PHRTPTB

- H) - pK
YT R Tk B

M
1

- bH; - PK
BHl - (10PH2 - PEKB _ oPF} ~ P B) (10)

f

where B il is first determined using equation
{7) from the’ initial bicarbonate added and the
t\ . pH of the solution before tHe addition of any

\ - acid f_rolfn thé muscle,

3. Complete Syst\en

\,-. ) . . If a quantity qf" a.ctd‘ is'adc_ied to the

. system then the total amount of hydrogen jons
. Hp ) added- to the Tyrode solution can be e-

: o ‘termined from the following relationship:

Hp = AHY - AOH™ - AHCO3 ' + AHpPOL (1)

7 . :
. ‘ ) -~ N

'

Ay

LSRR

EETEPN LY PR STEN BN

e LN

it ¥ i o a2 2
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Let V be the volume of solution to which x is

added. - | E ~
‘ -l -pH B}
Then AHY = v- (P72 ~10° ) - - (2]
' _— v
. R ©_~(l4~-pHjp)  ~(l4-pHj) ' -
- AOH =V-(0 . .7 <10 - (13)
from equation (10) <
g -pK ‘
Ho-pK pH}"PLAR )
- AHCO3 = v-BH- 1082 B ot . {1y)
from equation (3) - .
. o] pHs~pK S
AHZPO; = VA | 10PTRT A 1oPEHI-PKA (1s)
-pKa ™ )=
1 4 10PHRTPRAT ) L pPRIPRA
|
If BH and A are in ' umoles/ml and the /

volume is in ml, the answer is in nmoles for

e s . |
- AI—ICC)3 and AHEPOh and mmoles _for AH !

and - A OB . To get the an%qer: in .nmoles,

A B and - AOH" should be multiplied by 10° and

- AHdoE and KH PO} 'should be multiplied by 103,
o >

Substituting equations {i2), (13}, (14)

¢
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and (15) into equation (1) with the appropriate )
changes to obtain' the same units then the final .

form of the equation is:
(=3

. ’ - -pH N
106 . (107PH2 - 10 P +.10% -

(.m-(lh-p'Hgl) _ 10-(1&-13[-31) )

. o ' _ : h - K
+103 - BH - ( 10PHRPEB _ o)PHITPEB

' pKa pHI-PK A
+ 103 . 4 -[10PH2PEA __ o e
1+ 10PH2PRA ] + 10PHIPEA
€

(16)

L, Residual Volume and Changes in HCOE_

‘Concentration S

‘When changing from one bicarbonate con-
centration to vanotli_er it is necessa:ry o know to
what extent .i:he resl.dual amounts of the pre\;ious
solution.affects the concentration of the new

solution, 'When this is knowr then it is possible

.to calculate a correction factor to be applied to

).v

v -

R [ S S A



. can be calculated. N
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a

the calcula.tlon of the amount of acid added 1n

4 order to determine the contrlbﬁ‘tion by the

muscle, , ' B b .
N -
.  For example, when changtng from normal
\/};icarbonate (28 mM) to low btcarbonate (6 6 mM)

the effect of residual amounts of* first solution

[
——

HCC); 28mM (6.6 +'28) mM
. ' ' P A Py

V|1 (VT | #2] V| A3 VT

L
B ! Il
v Bajv CEH Y
tle. Sucrose C, Cl' TCe T 'C3 oo
Alv AE,,. ‘e

volume of \freshly added 6.6 mM HCC}3
solution

B Bz, ... resldual volumes of previous 28 mM
HCO§ soluti jzn remaining

Co = activity (CPM) of 14C sucrose in 28 @M HCO3
solution

C1y Cp, ... activity of J‘LC sucrecse i1 successwe
. sampling periods.

Vo= total volume In muscle b’ath"‘ g

-



o 16k r’.

B =C = € and B = VpoKyidlso A = Vp-Vp
VT : co ) M . -

o ’ N

" [mco3]y = 66 4 2B
. . VT i f&
/ _ o~

<

TN
Bubstituting for A4 andj By:.. N

[HCO3] 1~ 6.6 Vi (1-) + 28 Vpoy
r : VT . .
C [Hco§]1= 6.6 (1-04)) + 28 % (17)

Therefore the increase ig‘\bicarbonate

concentration. above the 6.6 mM of the freshly . 2
added solution-is:
A [I—Icog]l = {Hco3]1 - 6.6 " - (18)
. . ‘_l;\\ . . . " / .

=



e

. . A simllar line of reasening can be used to

e .o
'If equation (16) Is used to calculate the total

amount 6f'hydrogeq fons (Hp) added to the buffer

.System, then during successive sathplings'-_foléw&ng‘

a change to 6.6 mM H__COE from 28 th'H'Cbbg J’

the muscle componént.' (an) is calculated as:

Hm = A[HCO3]- - Hp
A [[—ICOE] béing derived from equations (17)

4

and (18).

determine the change'in bicarbonate concen-
{:ration due to residual volumes of the previous

solution when .returning to 28 mM HCOj from

. 8.6 mM, : : A
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