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ABSTRACT
A
The acidosis accompanying short-term maximal exercise has been
quantified and the mechanism; contribdting to its control examined.
Maximal exercise lasting 30 s was perférmed on a constant-velocity

cycle ergometer. In 3 subjects, acid-base changes were examined

across the working gquadriceps femoris muscle after arterial and
-

femoral venous catheterisation (Part A). The acid-base changes across
the inactive forearm muscle weré examined in 6 subjects following
arterial and dezp forearm venous catheterisation. ' Gas exchange was

- measured breath-by-breath during exercise and recovery (Part’é).

Muscle biopsies were taken from the quadriceps femoris muscle in 6

subjects and analysed for intracellular strong ion changes using
neutron activation analysis (Part C).

Tﬁe intracellular acid Tload was due to both increased C02
production and strong anion production; the muscle [lactate] increased
to 30 mmol/kg w.w. after 30 s exercise. The €0, and strbng jon

concentration contributed 25% _and 75%, respectively, to the increase

S, + . .
~in intracellular [H ]. The weak acid concentration was assumed not to

»

change during exercise and recovery. C02 and strong ions were removed

from the intracellular fluid during recovery.



Initially CO2 output from the muscle reduced the intracellular
PCO, ; the femoral venous PCO, increased to 105 mm Hg. - The increased

CO2 flux to the lungs increased the,CO2 elimination from-the bhody; the

602 output increased to 3060 m1/min by the end of exercise: “The 1un§s ’

were effective in removing the excess tOZ deTiJered te them as the
arterial PCO2 was less than resting levels throughout recovery.

Elimination of excess CO2 from muscle was complete by 3.min recovery.

Strong ion exchangé occurred more slowly; 1acfété\d15agpééred
at a rate of 2 wmol/kg w.w./min. Immediately affer exercise the
intracellular-femoral venoﬂs [Tactate] gradient was 40 mmol/1 and
favoured diffusion of iactate into the circulation. Approximately
556-60% of the lactate diffusea from the muscle, the remaining lactate
was oxidised or converted to glycogen. Lactate was taken up by the
inactive  forearm muscle; the v-a T[lactate] difference was
approximately 4.5 mmol/1. Only about 45% of the lactate taken up by
the inactive tissue was oxidised, the remain{ng lactate was
metabb]ised " to other metabolic end points. Lactate uptake by inactive
tissue reduced the _anidn concentration of the body and increased the
strong ion difference across the inactive tissue. Recovery of
acid-base balance is nott complete until all the lactate has been

removed from the body.
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1. THE ACIDOSIS OFDEXERCISE: THE DEVELOPMENT OF PRESENT DAY

CONCEPTS

The work described in this thesis examined the effects of
Héavy .exercise of 30 seconds‘ dLration on whole body acid-base
homeostésis. As will be seen, even exercise of this short a duration
presénts an  extreme acid load that has to be dea]f with adequately if
serious impairment of metabolic and contractile processes is to be
avoided. fhus the studies to be described examine the size of this
Toad, the bhody's ‘adaptive réesponses and the resultant changes in
pydrogen fion concentration, all topics that ~have been researched

extensively throughout the last century.

1.1 DISCOVERY AND ORIGIN OF LACTIC ACID

Lactic acid was known to be a constituent of muscle since the
early 1800's when Berzelius first observed acid formation in the
muscles of hﬁnted stags. Berzelius (1848), referring to this work
published in 1807, described the acid as being identical to that found
in milk (Needham, 1971). Leﬁﬁann (1850) referred to the early work of
Berzelius and stated "Berzelius recognized the existence of.free
Jactic acid in muscular fluid...Berzelius thought that he had

convinced himself that the amount of free lactic acid in a muscle is



*

proportional to the extent to which it has been previously exercised"

(Needham, 1971). Du Bois Reymond {1859) reported that fresh resting'

muscle had a neut?a] or slightly alkaline reaction which changed to an
acid reaction on activity or death (Needham, 1971). Ranke (1865)
dbserved that excised muscle reached a constant maximal acid content.
However, the maximal acid content of the muscle was reduced if the
muscles were first tetanised in the Tiving animal, demonstrating that
the acfd—forming substance was use&'during activity (Needham, 1971).

-

Ranke also observed that lactic acid injected into frogs

brought on fatigue (Needham, 1971). The importance placed on lactic -

acid formation fowards fhe development of fatiéue by early researchers
can be appreciated in “the following statement: "It is the
accumulation af producté of change and not the exhaustion of supplies
of ox{disable material which leads to fatique and ultimately to death
in rigor...the prime if no; the sole cause of fatigue, and no less, of
deatﬂ in rigor, is the accumulation of lactic acid5 Bofh phenomena
are due to th; effect of this upon the co]]pid machinery of the
muscle" (Hopkins, 1921). fhus‘early workers believed that 1acti& acid

formation from carbohydrate or carbohydrate-1ike substances was the

immediate enerqy source for muscle coentraction and that excess

accumulation of lactic acid without its removal was responsible for -

the conditions of fatigue and rigor mortis,

The origin of lactic acid was thought by Hermann (1874) to

Y



arise from an "inogen molecule", a complex oxygenacentaiﬁing molecule,
tocalised 1in the muscle. Hermann described the function of “inogen”
in the following way: "The simplest expression for the chemical
processes during onset of rigor and. the activé state is therefore
probably the following: The muscle contains at any momept a store of
-é éomp1icated N—coﬁtaining substance, dissolved in thp/ﬁﬁSCIe contents
and plasma (which one ocan designate: for sake of brevity the
energy-generating or 'inogen' substance) which is capable of splitting
with development of energy; the products of the splitting are, amongét
others: CO2 , sarcolactic acid, perhaps glycerophosphate and a
gelatinous protein body separating out and later contracting firmly"

{Needham, 1971).

- Bernard (1859} described the presence of glycogen in muscle
and later Nasse (1869) discussed the possibility that glycogen was the
source of Tlactic acid (Needham, 1971). Nésse (1877) observed a lower
glycogen content in muscle after rigor and aésumed that it would also
be reducea by activity. When Nasse compared carbohydrate 10ss with
the 1acti§ acid content of the muscle he found the loss of
carbohydrate to be greaté% and concluded that the lactic acid was
Tikely derived from. glycogen (Meedham, 1971). However; Parnas and.
Wagner '{1914) found that during fatigue and rigor, the disappearance
of glycogen was equivalent to the formation of lactic acid (Needham,

1971}.  Meyerhof (1920b) ‘confirmed and extended these findings and

showed that during recovery the glycogen content of the muscle



- ~
increased in proportion to the difference between the total amount of
lactic acid disappearing and the amount calg¢ulated as being oxidised

(Needham, 1971).

1.2 LACTIC ACID, HYPOXIA AND CARBON DIQXIDE EVOLUTION

.

1.2.1 The effect .of oxygen on lactic acid and carbon dioxide

production

Pasteur (1861) demonstrated the importance of okygen in
regulating metabolism when he discovered that less sugar was used by
yeast in the presence of oxygen than under anaerobic conditions
(ﬁeedham,_ 1971). Fletcher (1902) demonstrated that the carbon dioxide
oufput of stimulated, isolated muscle was greater in-an atmosphere of
oxygen compared to that of nitrégen or air. In addition, the time to
fatigue was prolonged and the fatigue process, once initiated, could
be reversed when the -musc1e wWas p{aced in an atmosphere of oxygen.
Fletcher (1902) believed that the "chemical processes of muscular
activity, like the surviva]_processes of resting muscle, do not reach
their natural end in the production of COZ without an adequate oxyqgen
supply. With or without oxygen avai?abje at the moment, the excised
muscle gives rise. s1ow1; i? at rest, rapidly during activity, to
bodie§ believed to be precursors of C02, and known to be poiscnous,
whose action s marked by the onset of fatigue and hastening of riger

mortis. It is reasonable to suppose that the beneficial action of



oxygen, in delaying both fatigue and rigor mortis, is a sign of the
greater comp]etengss‘with which in its presence the metaholic products
of muscle are expressed iq the form of liberated C02." Fletcher
be]ieveq that in the presence of oxygen, lactic acid was oxidised tg
carbon dioxide, thereby preventing its accumu1qtion and delaying the

onset of fatique.

Fletcher and Hopkins (1906-07) demcnstrated that the lactic
acid content of resting, excised muscle was-1ess than 0.02 gm% (2
mmo]/lj and_ increased to approximately 0.22 gms {24 mmol/1) following
stimulation to fatigue. They demonstrated that the Tlactic acid
content of fatigued muscles was reduced during recovery and that the

removai of lactic acid was faster in an atmosphere of oxyéen than in

nitrogen or air. ,

1.2.2 The effect of exercise intensity on lactic acid and carbon

dioxide production

Fﬁetchef (1913-14) showed that the carbon dioxide output from
isolated muscle was related to the production of lactic acid,
believing it to be "preformed toz displaced from loose combination by
“the acid and escaping by diffusion from the wmuscle." Fletcher

determined that the acid yield in the muscle was large enough to

account - for the total yield of carbon dioxide after excision if it was

assumed that one molecule of acid displaced one molecule of carbon



dioxide "from combination within muscle substance."

Hi11 {1912) examined the heat production of isolated muscle
and compared his results with those obtained by Fletcher and Hopkins
(1906-07). Hi11 noted a similarity between the carbon dioxide oitput,
lactic acid production and heat liberated by the muscle and was
convinced that the three processes represented di fferent aspects of
the same reaction. According to Hill, muscle contraction was
éssociated w{th the formation of lactic acid "from some precursor" -
with evolution of heat. As the acid was formed it combined with the
«sodium bicarbonate (NaHCO3 ) of the tissues to form sodium }actate
(NaLa) and carbon dioxide. Carbon dioxide was liberated at a rate
proportional to the prﬁduction of Tactic acid.' Hill's view was

summarized according to the following reactions:

AHLa —A + HLa + Heat 4

HLa + NaHC03———-NaLa + water + carbon dioxide
where A was the unknown chemical precursor and HLa was lactic acid.

The oxygen utilised by the isolated muscle during recovery
from stimulation is in  excess of that utilised by resting,
nonstimulated, nonfatigued muscle. The excess oxygen was believed to
be wused for the oxidation of a portion of the lactic éci?}produced

during stimulation, thus providing the energy necessary to convert the



remaining lactic acid to glycogen (Meyerhof, 1920b). The efficiency
of  this 'process (fe. the total lactic acid removed/portion of lactic
acid oxidised) in isolated muscle was between 4:1 and 6:1 (Meyerhof,
1920a; Meyerhof, 1920b; Hartree and Hill, 1923%. Hi1l and Lupion
{1923} measured the excess recovery oxygen (O2 debt} in humans and
were able to estimate the total amount of lactic acid prodﬁced during
the exercise period by assuming an efficiency of 6:1 {ie.
approximately 8.1 gm lactic acid/l 02 debt). They observed that the 02
debt and the estihated. lactic acid broduction was related to the
severity of the exercise. The fatique associated with heavy exercise
was attributed to an imbaiance between Tlactic acid production and
removal, more specifically to the increase in intramuscular hydrogen

ion concentration associated with an excess lactic acid production.
*

Hi1l and Lupton (1923) also observed that Fo]]qwing light to
moderate exercise the respiratory exchang; ratiec ({carbon dioxide.
output/oxygen intake) remainea between 0.8 and 1.0. After heavy
exercise the respiratory exchange ratio increased to values greater
than 2.0 indicating that the carbon dioxidetoutput was in excess of
that predicted for the oxidation of lactic acid. The autﬁors
speculated that during moderate exercise the majority of the lactic
acid liberated in the muscle did not combine with bic8rbonate but was
buffered by the protein and phosphates of muscle, a process which does
not liberate carbon dioxide. However, in heavy exercise “only when

the supply of suitable protein buffer has run out, and when the H+



concentration inside the muscle has risen far enough, may we suppose
the Tlactic ™ acid to attack the bicarbonate, and so to drive off Co,"
(Hi11 and Lupton, 1923). H111; Long and Lupton (1924) emphasized that
"lactic acid 1in muscle does not, to any serious extent, directly turn
out carbon dioxide from bicarbonate. It combines with sodium-protein
and raises the hydrogen ion concentration: the elimination of carbon
dioxide which results is the consequence of the induced éﬁtivity of
+ the respiratory system." According to this view it was not the
combination of excess hydrogen jons with bicarbonate that elevated the
carbon dioxide output ‘but the stimulating effect of hydrogen jons -on
the respiratory Centre that increased ventilation. The excess carban
Jioxide output ~was presumably due "to a mass action effect between
carbon dioxide and bicarbonapg;
Early studies by Hi1l, Long and “Lupton (1924}, Barr and
Himwich (1923a; 1923b), Barr, Himwich and Green (1923), Owles (19309,
Margaria, Edwards and Di11 (1933) and Bang (1936) Fescribed the
relationship between the blood lactic acid concentration and the
intensity of the exercise. The work of Owles (1930) and Margaria et
al. (1933) suggested that there was some critical lTevel of energy
output and exercising above this critical level led to increasing
levels of lactic afid appearing in the blood. The stimulus for acid
formation was thought to be an inadequate supply of oxygen in the
working tissues. Bang (1936) demonstrated that for moderately severe

exercise the appearance of lactic acid in the blood was confined to

%



those periods when the musc]es?weré contracting.anaerobically such as
at the onset of exercise and during very severe exerc{ge.'
- ) .

Much of this early work examined lactic acid levels 1in
1501atéd animal muscle and in the blood of exercising humans. It was
not until the introduction of the needle biopsy technique (Bergstrom,
1962} that acid-base balance and lactate metabolism could be studied
in tissue of exercising humans. Karlsson and Saltin (1970) showed
that constant-load exercigé\to exhaustion was associated with a sééady
increase in both blood and $usc1e Tactate concentration to some peak
value. The authors suggested that the high muscle lactate levels {16
mmol/kg w.w.) could be a limiting factor to performance. Karlsson,
Diamant and Sa]ﬁin (1971) found that during exercise of progréssive]y
increasing intensity, 1ittle lactate appeared in the muscles or}b?ood
until the intensity reached approximately 50-60% of the individual's
maximal aerobic power, after which there was a rapid accumulation of
both muscle and blood lactate until the individual Qas unable to
continue.

H;sserman and colleagues (1973) ap}empted to account for the
dpparent simultaneous risé iﬁ blood 1actate'concentration and carbon
dioxide output. They proposed the term “anaerobic threshold" to
describe a critical oxygen intake above which further exercise was
associated with increasing reliance on anaerobic energy metabalism.

According to Wasserman, exercise at intensities below 50-60% of the
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o ——maximal aerobic  capacity was accomp]ished' with no lactic acid

formation because the oxygen tension within the tissues was high
enough to .meet the oxygen requirements for aerobic metabolism.
However, ldétic acid was formed at.exercise jstensities above this
.critical level because the oxygen tension was réduced to levels too
18w to support - aerobic metabe¢lism. . The b)ood lactate concentration
increased as lactic acid.wag removed from the exercising muscle. The -
rise in plasma lactic acid concentration caused an equimolar fall in

the plasma’ bicarbonate concentration. Carbon dioxide output at the
] 4 +

* lungs increased with increased formation of carbonic acid.

&
§

, Jébsis and Stainsby {1968) examined the NADH concentration to’
determine  the' mitochondrial’ redox state during exercise. They
demgnstrated that at exercise “intensities associated with lactate
prdduction the NADH -concentratjon was reduced findicating that the
oxygen tension in the mitochondrion was high fenough to support
e]edtran transport and MNADH bxidation. Connett, Gayeski and Honig
(1984) observed that lactate accumulated in fully aerobif, working dog
hindlimb muscle. - They concluded that lactic acid production was due
to féétors other  than oxygéﬁ limitation of mitocﬁondria] ;TP_

production.
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1.3 LACTIC ACID PRODUCTION AND PLASMA ACID-BASE BALANCE

1.3.1 Lactate and carbon dioxide-combining capacity

Early work in acid-base regulation during exercise in humans

examined changes in carbon dioxide-combining capacity and "reaction"

of  the blood (ie. pH) with changes in the blood lactic acid

concentrafion The carbon d1ox1de -combining power is a measure of the
‘metabolic, nonresp1ratory component of the blood ac?érbase status and
is measured\g§>the bicarbonate concentrat1on of separated plasma after
equilibration to a PCO, of 40 mm Hg. Barr, Himwich and Green (1923)

studied acid-base equilibrium in arterial and venous blood at rest and

at 1 or 3 minutes recovery from'éxercise. They observed that mila

exercise could be completed with minimal changes 1in arterial and

venous carhon dioxfde-combinfﬁg capacity, PCQZ and_ Sﬂ, these

variables all decreased with increasing severity of the exercise. The

fall  in.carbon dioxide- -combining capacity was always accompanied by.gp
increase in the blood Tlactate concentration. Owles (1930) and Laug
(1934) observed that the fall in carbon dioxide-combining capacity or
bicarbonate concentratgon was invgrse]y re]ated to the increase in the
blood lactate concentration and observed that these changes occurred
in approximate1y equimolar amouﬁts.' Tﬁis relationship would be
expected if lactate and hydrogen ions were released from muscle in
eqﬁimo]ar amounts and if the hydrogen-ions were not buffered by other

noncarbonic buffers. Laug (1934) demonétrated'that the changes in the

5T
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© concentrations of Jlactate and bicarbonate were not as closely related
in situations where the venous PCO2 increased, presumably because the

bicarbonate concentration increased as the P002 increased.

Barf and Himwich1£1923b) examined the time course of acid-base
changes during exercise and recovery and. showed that the greatest
changes in carbon dioxide-combining capacity and pH did not occur
during exercise but occurred within the first few minutes of recovery.
These changes were followdd by a slow return to resting levels. The
change in carbon dioxide-combining capacity and pH were related to
lactate release from the previously active muscle. The authors were
aware . that the 1level qf lactate in the blood was a balance bétweeA
lactate output from the muscle and lactate ‘removal from the blood;
only when Jlactate ou;éut} from working tissue was less than 1a€tate
removal ffom the "blood did the Zarbon dioxidéucombining capacity and
pH‘begin té return slowly. to control conditioni. . .L’ T \/

Hill1, Léng and Lupton (1924) measured the lactic acid
concentration of the blood at various times during recovery from
moderate or heavy exercisa. Lactate appeared in the blood scon after
short bouts of heavy exercise indicating that the muscle and plasma
capillary membranes were.permeable to lactic acid. However, the peak
blood lactate voncentration was not observed until some minutes later.
The authors beliéved that this delay was due to the fact that the

lactate concentration in the muscle was higher than that found in the

W

\\:
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blood immediately after exercise. They were aware that at the end of
exercise the cohtent of lactate within the muscle was reduced by
diffusion into the blood and by "local oxiﬂative recovery” (je.
restoration of lactic acid to giycogen) anq believed that an
equilibrium was eventually reached between the muscle and plasma. It
was not known whether oxidative removal of Jactate could occur in
tissues other than those responsible for the initial hreakdown but the
authors attributed the slbwness of recovery following severe exercise
to diffusion of Jlactic acid from other tissues to the "localities
where it can be dealt with by the recovery mechanism", suggesting that

inactive tissue could not take part in the recovery process.

Barr and Himwich (1923a) observed that if heavy exercise was

. performed,-'ith the arms thev1actate concentration was higher and-the

carbon dioxide-combining capacity was 1ower_in the forearm.vein than

in«¥ the artery. However, after heavy 1leg egérci;e. the Tactate

concentration in  the forearm veiﬁ was Jower and the carbon
dioxide—combining capacity was higher than that found ig the artery.

The higher carbon dioxide-combining capacity of the inactive forearm
vein was attributed to rémova] of lactic acid by the inactive tissue.

Eggleton .and Evans (1930) examined the concentration aof

Tactate in arterial and venous blood and in rested and electrically

stimulated hindlimb muscles of dogs and cats. They. demonstrated that

after maximal stimulation Tactate was not in equilibrium throughout
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the  body. In the first 12 minutes of recovery the lactate
cencentration was higher in the muscle than in arterial blood, but
later in  recovery this gradient  was reversed. The Jlactate
concentration gradients favoured the diffusion of lactate from the
previously active muscle into the blood and from the blood into
inactive muscle. Blood returning from the 1liver contained lower
lactate levels than arterial blood indicating that the liver was also

a source for lactate removal.

1.3.2 Lactate and hydrogen ion release from muscle

Much of the information regarding the acidosis of heavy
exercise was gained by measuring the lactic acid content and the
carbon dioxide-combining power‘of blood. The early workers found that
the carbon dioxide-combining power decreased as the blood lactic acid
concentration increased h(Barr, Himwich and Green, 1923 Owles, 1930;
Laug, 1934). More recently, interest has focussed on whether the
lactate concentration accurately reflects the acid output by the
muscle.  Bouhuys and coworkers (1966) observed that duri#g exercise
the base deficit overestimated the acid .output by the muscle as
measured by the blood lactate concentration. The base deficit is a
measure of the non-CO2 acid prddqction and is calculated from whole
blood equilibrated to a PCO2 of 40 mm Hg and a pH of 7.4 (Siggaard-
Andersen, 1963). These authors attributed the discrepancy between the

two measures to a difference between the in wvitro and in vivo
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equilibration curve for carbon dioxide (ie. the change in base deficit

would be greater in vitro than in vivo).

Osnes and Hermansen (1971) demonstrated that foTlowing either
continuous or intermittent exercise to exhaustion the increase in the
blood Tlactate concentration was associated with an almost linear fall
in plasma pH and plasma bicarbonate concentratidn. The. increase in
the. plasma base deficit was greater than the increase in the plasma
lactate concentration suggesting that more hydrogen icns appeared in
the blood than lactate ions and/or that base was removed from the

blood.  Hermansen and Osnes (1971) observed that the pH of muscle

‘homogenates decreased from 6.92 at rest to 6.41] immediately following

maximal exercise to exhaustion and that the pH of arterialized

'cabi11ary blood decreased from 7.42 at rest to 7.17. Dd:?hg the first

few minutes of recovery the muscle pH began increasing whereas the

plasma pH continued to decrease.

“ Sahlin and coworkers (1978a) demonstrated that during heavy
exercise the arterial base deficit and lactate concentration inéreasedl
in equimolar amounts indicating that hydrogep jons and 1actate‘ions
were Simu]taneous1y removed from the working muscle. fmmediate1y
after exercise the lactate concentration did not change but the.base
deficit continued “to increase. The authors attributed .this to a
faster release of hydrogen ions compared to lactate ions in exhausted

tissue. In support of this hypothesis, Sahlin and coworkers (1976)
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demonstrated that by 20 minutes of recovery from maximal exercise the

muscle pH had returned to resting levels but the muscle lactate .

concentration was still 20-30 mmol/kg d.w. higher than resting levels.

Benadé and Heisler (1978) measured the relative rate of efflux
of hydrogen jons 63 Tactate idons from stimulated muscle. They
observed that hydrogen ion efflux was faster and exceeded lactate

efflux by a factor ,of 14 and 50 in rat diaphragm and frog sartorius

./

Stainsby and coworkers {Barbee, Stainsby énd Chirtel, 1983;

muscle, respectively.

Chirtel, Barbee and Stainsby, 1984) observed that the non—CO2 acid
output (determined -by blood flow x arterial-venous base deficit
difference) from an electrically stimulated <canine hindlimb
preparation exceeded the lactate output by 5 and 11 times during
steady-state and non-steady-state, progressixg exercise. ey arqued
that 1in addition to lactic acid, other acids were released from muscle
and that strong ions -may have exchanged between the plasma &hd the

muscle. v K

1.4 METABOLIC PRODUCTION OF HYDROGEN IONS IN MUSCLE DURING MAXIMAL

EXERCISE

a Maximal exercise 1is associated with an increase in the

in;ramuscu1ar hydrogen ion concentration. The increase in hydrogen

2
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ion concentration occurs when hydrogen jons are produced in excess of
their removal from the intracellular fluid. This section describes
several reactions which are important to both enerqy and hydrogen ijon

production.

1.4.1 ATP hydrolysis

Adenosine triphosphate (ATP} is the immediate energy source
for muscle contraction. Hydrolysis of ATP releases hydrogen jons -

according to the following reaction:

ATP—ADP + Pi + nH' + energy

The stoichiometrical release of hydrogen ions depends upon the'ionicy
state of ATP,‘*ADP and Pi, and thus upon the concentration of
maggesium, potassium ‘and hydrogen ion complex-bound to the adenine
nucleotides. The améunt of hydrogen ions released pev,mo]e of ATP

hydrolysed 1is 0.52 and 0.03 at PH 7.0 and 6.4, respectively {Hultman

and  Sahlin, 1980). The maximal observed increase in® ADP is “\

approximately 0.5 mmol/kg d.w., corresponding to a maximal release of (i/
0.25 mmol H' /kg d.w. (0.05 mmol/1 muscle water) at pH 7.0 and 6.02
mmo H+/kg d.w. {0.005 mmol/1 muscle water) at pH 6.4. The release of
hydrogen ions from ATP hydrolysis is small because ATP levels change

very little during exercise.
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1.4.2 Creatine phosphate hydrolysis

Creatine phosphate (CP) was described by Fiske and Subbarow
(1929) as being an important component in muscle. Hydrolysis of CP
was associated with the 1%beration of a relatively large amount of
base that could function to neutralize any acid formed during muscular
contraction. Lipmann and Meyerhof (1930) demonstraéed that a greater
amount of base was Tliberated when the pH of the reaction medium was.
reduced (Needham, 1971). They pointed out that intracellularly, a
fall in.pH would not only limit the formation of lactic acid but would
also enhance the ‘breakdown of CP. This pH effect would operate to
maintain a neutn@] pH within the muscle.

™

Hydrolysis of CP is one_'of the mechanisms available for

resynthesizing ATP and occurs according to the fo]]owing-reaction:

N . \

CP + ADP + nHi—mpTP + creatine °

The concentration of ADP and ATP changé very little during execgise,

thus it is more appropriate to consider thé net reaction:
L

[

CP + nH+———>creatine + Pj

pKa = 4.5 nKa = 6.4

The stoichiometric uptake of hydrogen ions is 0.38 mole per mole (P at

~
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pH 7.0 and 0.70 mole per mo{é CP at pH 6.4. The maximal observed
decrease in CP is 75 mmol/kg d.w., corrgsponding to an uptake of 29
mmo] H+/kg d.w..(6.7 mmo1/1 musc]e-water) and 52‘mm01 H+/kg d.w. (12.0
mmel/1 muscle water) at pH 7.0 and 6.4, respectively (Hultman and
Sahlin, 1980). During heavy exercise, CP Tlevels may decrease to
10-20% of resting levels (Karlsson and Saltin, 1970) and produce a
brief alkaline pH shift within the muscle. CP is rapidly
resynthesized 1in recovery (Harris et al., 1976), a process which

liberates hydrogen ions (Hultman and Sahlin, 1980).

1.4.3 Lactic acid formation

During . heavy exercise energy production is assocjated with the
formation of 1lactic acid. Lactic acid (pKa 3.7) is fully dissociated
at  physiological pH values, thﬁs the formation of lactate is
associated with the production of hydrogen jons in eqdimo]ar amounts.
Lactate values of 150 mmol/kg d.w. have been abserved following heavy
exercise and gre ass;ciated with the production of 150 mmol H+/kg d.w.

'(35 mmol/1 muscle water) (Hultman and Sahlin, 1980). [Lactic acid
production is the major factor resp?nsible,fgr the increase in the
hydrogen ion concentration during exercise. Sahlin et al. (1976)
observed that the decrease in muscle pH following dynamic exercise was
inversely related” to the rise in >must1e (lactate + pyruvate)
concentration. Since the pyruvate concentration is normally very low,

the change in pH s essentially related to the change in lactate

-
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concentration.

1.4.4 Formation of hexose phosphates

The concentration of hexose phosphates in resting muscle is
very low but during heavy 'exercise the concen;ration of glucose-6-P,
fructose-6-P and fructose-1,6-bisP increases by as much as 35 fold
{Jones et al., 1985). Associated with the increase in hexose °
phosphate concentration is. the production of hydrogen ions according

to the following reactions:

glucose + Pi—glucose-6-P + nH*

pKa = 6.8 pKa = 6.1

B + s +
glucose~6-P + nH— fructose-6-P + nH
fructose-6-P + Pi——mfructose-1,6-bisp + ni'

pKa = 6.11 pKa = 6.31 W -

The amount of hydrogen ions released by the hexose phosphates may be

only 25% of that produced by lactic acid. ,)
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L)
1.5 EFFECT OF AN INTRACELLULAR ACIDOSIS ON ENERGY METABOLISM AND

MUSCLE FUNCTION

Failure to remove hydrogen ions from within the workigs muscle

will eventually lead to an inability of the muscle to function

\K\//__\fj//, efficiently.  Hydrogen fons can, affect performance by acting at a
number of intracellular sites., -

Q

1.5.1 Eﬁzyme activity ‘ . ﬁ?
., ,

The immediate energy source for mUsc]e-contraction is ATP.
_ * The ATP -<content in resting muscle is very 1qy, approximately 24
) Tmo]/kg H.;., anq/duqfﬁg exercise, fhe ATP levels would be depleted in
~\ a2 .matter of se%%nds if not for the fact that ATP is continually being
resynthesized by cp breakdown, . glycolysis and oxidati;e
phosphbrylation Muscle tissue has a highlglycolytfc capacity and can

change its g1yc01yt1c rate by about 100 times in a mattg} of seconds
JNith heavy exercise the ATP requirement 15%Fet by an 1ncreased rate of
. glycolysis, thé associated qccumu]at1on of lactic acid will 1ncrease
the intrace]]u]af‘hydrogen ion(cgncentration. Hi11 (1955-56) reported
that 1a6tic acid production ceased at a 'pHi of approximately 6.3
indicating that excess hydrogen {on 'prodgction has an inhjpitory

effect on energy production.

A change in hydrogen ion concentration can affect enzyme

AN

3
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activity in two ways. First, the enzyme mo]ecﬁ1e may be directly
affected by a change in the charge of the jonizable groubé of the
enzyme, thereby altering the affinity of the enzyme for substrates and
products or altering the native conformation of the protein molecule
and influence catalytic actfvity. Second, a change in hydrogeh ion
contentg&tion can chaﬁge the jonic state of the substrate, .product or
inhibitors or activators of the enzyme, thereby indirectly influencing,

the catalytic activity.

L]
Glycogen phosphorylase and phosphofructokinase,{PFK), enzymes

catalysing nonequilibrium reactions in the glycolytic pathway, are
inhibited at low pH. Glycogen phdsphory]ﬁse exists in two
interconvertible forms; phosphorylase b, which is inhibited by ATP;and
g]ucose-G—phosphate, and phosphorylase a, which is 1éss sensitive to

o
these metabolites. Conversion of phosphorylase b to the more active

1 il

?
a’ form is $ﬂta1ysed by phosphorylase b kinase, which is inhibited by
Tow pH (Newsholme and Start, 1973). \ R
.\

Phosphofructokinase catalyses the  phosphorylation off
%rucfosg-ﬁ—qhosphate to fructose—l,S-bisﬁhosphate. _ Trivedi and
Danforth (1966) demonstrated that the activity of PFK in isolated frog
and mouse mﬁsc]e decreased rapidly as the pH of the incubation medium

was lowered. The inhibiting effact of hydrogen ions could be due to
3-

accumulation of HATP s @ potent inhibitor . of PFX  (Lowry and

Passonneau, 1966), or to a direct effect of hydrogen ions on the

i
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protein molecule (Hultman and Sahlin, 1980).

Pyruvate ‘undergoes oxidation to acetyl-CoA in the mitochondria.
This reactionl is cata?ysed;l by the enzyme complex pyruvate
dehydrogenase (PDH). The POH complex 1is subject to two types of
regulation, product ‘inhibition (acetyl-CoA and  NADH) . and by
interconversion of\ an inactive to an active fo?m. Ward and cowprkers
(1982) demonstrated that ratio of active/total PDH was greatest after
aerobic exercise (88%),‘ least after maxfmé1 isomet&ig exercise (39%)
and intermediate after intermiftent supramaximaf short-term exercise

(60%). The - authors speculated that . the enzymes controlling the

_interconversion between the inactive and active forms of PDH may be pH

sensi{ive.

1.5.2 Chemical equilibria

1

- Besides having an effect on enzymatic reactions through a
Py .

diregt effect on the enzyme, hydrogen ions may also be consumed or

produced in an equilibrium reaction. Acting in this way, an increase

in intracellular hydrogen jon concentration can affect the position of

the equilibrium and thus the concentration of substrates and products.

Related to this is the possibility that the increase in the
hydrogen ion cohcentration could interfere with energy production by

ATP  hydrolysis. The energy liberated when one mole of ATP is
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hydrolysed to ADP and Pi is dependent on the concentrations of ATP,
ADP, Pi, free magnesium and hydrogen ions. During heavy exercisé the
concentrations of ATP,\ADP, Pi and hydrogen ions change in such a way
'that 'tge energy liberated by ATP hydrolysis is reduced; the energy
Tiberated is approximately Eﬂ kJ/mole ATP qt rest and 50 kJ/moie ATP
following heavy exercise (Sahlin, Palmskog ahd Hultman, 1978}. This
decrease iﬁ energy  output may” fé%] below tﬁe minimum  energy
requirement for hcross—bridge formation between actin and myosin, thus
preventing muscle contraction.

1.56.3 Effects on the contractile apparatus

. Muscle contraction is initiated by the release of calcium from
the = sarcoplasmic reticulum into the cytosol. An increase 1in

7

intracellular free calcium concentration to 10 ° - 10-6 M stimulates

—_— , -
the myosin ATPase andj causes splitting of ATP and cross-bridge
formation. Portzéh1, Zaoralek and Gaudin {1969) demonstrated that at
2 given free cq]cfum concentration; a2 decrease in pH reduced the
myosin . ATPase activity of rabbit muscle fibres: At low pH values
maximal ATPase‘ activity could only be achieved by raising the freé
calcium concentratian. Fuchs, Reddy and Briggs (1970) showed that a
fall in pH was associ;ted with. a decrease in the abparent binding‘
constant for* ca]ciumftroponin interaction suggesting that hydrogen

ions interacted with the calcium-binding site on tropenin. Nakamaru

and  Schwartz  (1972) <demonstrated that ca1cium~binding_ by the
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sarcoplasmic reticulum was increased by a fall in pH. In skinned
muscle fibres, a decrease in pH Towered the tension developed by the
fibres and increased the calcium requirements to develop half-maximum

tension (Donaldson and Hermansen, 1978).

1.6 DEFENSES AGAINST AN INTRACELLULAR ACIDOSIS

1.6.1 The steady-state distribution of hydrogen ions according to a

Donnan ‘equilibrium

It is now generally accepted that hydrogen ions are not in
equilibrium across the cell membrane. However in the 1920's and early
1930's it was believed that small permeable ions, including hydrogen
ions, were distributed across the wmuscle membrane according to a
Donnan’ equi]ibriﬁm (Donnan, 1924) and that regulation of intracellular
pH  {pHi) involved the redistribu£¥én of ions according to the
relation:  [HT)i/[H 0 = (" 1i/tk* 10 = exp-{-¥m F/RT), where Vm is the
membrane potential, F is the Faraday constant, R is the gas conétant,
and T s the absolute temperature. According to the Donnan theory of
ionic equi1ibﬁium, the pHi should be approximately 5.9 if the membrane
potentiai is -90 mV and the extracellular pH (pHo) is 7.4. Netter

{1928) estimated the pH' of the "pressed juice" of frog muscle and

found it to be higher than the value predicted from the potassium

ratio (Roos and Boron, 1981). Netter did not question the validity of

applying Donnan's theory to the distribution of hydrogen jons but
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attributed the discrepancy' to either compartmentalization or to loss
of carbon dioxide. Mond and MNetter (1930) observed that péiassium
efflux  from frog muscle was not reauced following lrepetit{ve
stimulation even though pHi was assumed to fall (Roos and Boron,
1981); A~ fall in pHi would be expected to Tower the extracellular
potassium  concentration and/or raise the intrace]]uld;‘ potassium
concentration thereby wmaintaining the, equality of hydrogen jon and
potassium distributions as required“by the Donnan equilibrium. Since
there was no evidence that the. potassium concentration changed the

authors postulated that the pHo fell in parallel with pHi.

1.6.2 The steady-state distribution of hydrogen ions according to an

energy-requiring process

Fenn and Cobb (1934) yere the first to demonstrate that
hydrogen ions were not in equilibrium across the muscle membrane.
They  showed that ' freg « ské1eta1 muscle inéubatea at pHo 7.0
(equﬂibr-atedﬂ‘ with 5% C‘OZ) had a pHi of 7.5, much higher than a pHi of'
- 5.6 predicted from the potassium di;tribution. They conc]uaed that
potassium was distributed according to a Dbnnan equilibrium but that
there was "“some independent mechanism within the myscle which
regulates the pH to approximate neutrality in spite of the demands_of
the membrane equilibrium."  They also stated that "some continuous
‘supp1y of energy would obvicusly be necessary for this purpose.” Fenn

and Maurer (1935) obtained an in g&fo pHi of 6.9 after correcting for

»
LY
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the extracellular (chforide) spaceland assuming a pHo of 7.34. These
“authors believed that phosphocreatine and lactic acid mechanisms
controlled the pHi more or less independently of the membrane
equitibrium, at some continuous expenditure of energy, and kept the
pHi on the alkaline side of the equi]ibridm value in spite of the

physicochemical forces tending to make it more acid.

Hi11 (1955-56) observed that isolated frog muscle stimulated
anaerobically to exhaustion was still able to produce lactic acid even
when incubated at pH 4.5; the pHi would have to be 3.3 or less if
governed by a Donnan equilibrium. Since lactic acid production ceases
at apprbximate]y pH 6.3, Hi17 arqued that the oHi of the muscle must
still be above 6.3. Hill reviewed other evidence argdfng against the
passive distribution of hydrogen ions across the muscle membrane? He
coﬁc]uded that the muscle cell regqulated its internal hydrogen ion

concentration against diffusion and electrical potential gradients by

actively removing hydrogen ions, analegous to the sodium pump.

. Caldwell (1958) presented direct evidence that hydrogen ions
were not passively distributed across the cell membrane. lUsing
microe]ectéodes implanted inside muscle fibres of the crab and squid
giant axons, Caldwell demonstrated that the pHi was norwally near 7.0
and not related to the pHo in a manner predicted by a Donnan
equilibrium. When fidbres were incubated in solutions of‘varying pH,

the internal pH approached but in most cases did nat reach the



28

theoretical pH calculated fr?TSthe Donnan equilibrium. In those cases
where the pHi approached the theoretical vajues the fibres showed
signs of "serious deterioration. Caldwell conc}uded that "in vivo the
pH of the fibres may be majntained at a valu¢ higher than that
required by the Donnan theory by some process which leads to the
extrusion of _hydrogen Jfons from them at the expense of metabolic

-energy."

Compensatory processes appear to function within the resting,
nonstimulated wmuscle to maintain the intracellular hydrogen ion
concentration at levels Jlower than would exisf if they were
distributed according to a Donnan equilibrium. Diffusion of hydrogen
jons inte thé cell would be expected based dn its electrochemical
gradient, the continuous removal of hydrogen djons from the
intracellular space has to occur at the expense of some continual
supély of metabolic energy. The maintenance of intracellular
acid-base  homeostasis is dependent on a system which not only
neutralizes the passive transfer of hydrogen ions into or out of the
cell, as would occur during resting qpﬂditions, but it must also
regulate large changes in hydrogen ions occurring when hydrogen ions
-are :produced or consumed through metabolism or through fluxes of weak
acids and basés, as would occur during exercise. Siesjd and Messeter
(1971)  stated that the factors determining the hydrogen ion
concentration in living tjssue during acid-base changes may be divided

into physicochemical buffering, ‘consumption or production of non-C05

]

T
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acids and transmembrane fluxes of hydragen ions or bicarbonate ions.

1.7 PHYSICOCHEMICAL BUFFERING

1.7.1 Properties of weak acids and bases

When acid is added to the interior of a muscle fibre the
immediate change in pH will be determined by the internal buffering
power or physicochemical buffering of the cell. Physicochemical
buffering is a prdben y of weak acids and bases whereby these
compounds, minimize shifts in pH by reacting with exoqgenous hydrogen
ions%/méor'ding to the reaction: M" + H+2H!‘-1n+1, where Mn/'is a weak

n+l | ] :
base of valence n and HM 1s a weak acid of valence n+l. The

resistance to a pH change depends on the concentrations of the buffers

-~ -~

and their pK values. Henderson (1908) and Washburn (1908) were the
first to observe that maximum buffering by a weak acid occurs when its
dissociation constant equals the hydrogen ion concentration (ie. pKa =

pH o and [NV 1 =[]

1); both authors Timited .their analysis to the
neutral range of pH values ‘around PH 7. Koppel and Spiro (1914)
extended this gbservation to a wide range of pH values and in. doing so

they introduced the first general measure of "buffer action" (P):

P = d(S - So)/dpH -



30

where dS is the amount of strong acid requ1red to produce a small pH
change*"(de) in the buffered solution, and dSo is the amount required
to .produce the same pH change fn an unbuffered solution of the same
pH. The authors demonstrated that for a monobasic weak acid (HA*——"H
+ A ) of apparent dissociation constant Ka:

i

= (2.3 x Ka x [H'1)/(ka + TH'1)2 x [TA]
o
3 .
where the total concentration of acid [TA] = (HAT + [A"]. Koppel and
Spiro {1914) were the first to derive the conditions for maximal
buffering by demonstrating that by setting dP/dpH = 0, P achieved its
maximal value of -0.58 [TA] when [H'] =

Michaelis (1922) modified the definition of buffering power
(B') such that:. l

B' = dB/dpH

where dB is the amount of strong base added (Roos and Beron, 1981). A
similar definition was developed by Van Slyke (1922). Within the oH
range 3 to 11, Van Slyke's buffer value, B', 1s almost numerically
1dez:fza1 to Koppel and Spiro's buffer value, P, except for being its
negative value. This definition of buffering power is now generally
accepted and the unit of buffer power {mmo1/1/pH unit) is termed the
"slyke" (Woodbury, 1974).
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The reaction defining the buffer action "P" is valid on]} when
the buffer concentration (ie. [TA]) is constant but not when one of
the buffer partners can exchange with the surroundings. Van Slyke
(1922) showed that in a closed system, where the carbon dioxide buffer
concentratéon ([c02] + [HCO&]) is constant, the buffer value of the CO2
—HCO} pair, B'C02 » 1s wvery small (less than 3 mmol/1/pH) and
contributes only about 10% to the total buffering of the blood in a
closed system (Roos and Boron, 1981). However in an open system when
carbon  dioxide rather than ([CO2 1 + [HC05 1) is constant the
contribution of the coz—Hcoé pair to overall buffering is substantial.
In blood, B'CO2 is more than twice as great as the buffering provided
by all other buffers combined. In an open system with PCO2 constant,

B‘CO2 is given by:

B'co2 (d'[HCOé]/d'pH)

2.3 x s x PCO, x 1oPH-PK

2.3 x [Hcogl
o

where s is the solubility of carbon dioxide.

1.7.2 Physicochemical buffering in muscle

The muscle membrane is highly permeable to carbon dioxide so

that the cell interior can be considered an open system with respect
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to  carbon dioxide. The  total ‘Buffering power (B't) of the
intracellular f1u1dl is given by B't = B'C02 + B'ﬁ,‘where B'i is the
intrinsic or non-—CO2 buffering power. Genera11ylt6ta1 buffering power
is measured and if carbon dioxide is constant, thé'buffering power due
to the co,, —HCO§ pafr can be calculated. Hultman and Sahlin (1980)
have calculated that the total amount of hydrogen ions taken up by
physicschemica1 buffering 3uring exhaustive cycle ergometer exercise
(pHi change 7.0 to 6.6) is approximately 24-25 mmol/1 muscle water,

the main buffers being phosphates, bicarbonate and proteins.,

Phosphate | compounds include ATP, ADP, AMP, Pi,
9lyceraldehyde-~P, dihydroxyacetone-pP, glycerol-1-pP, fructose-1,6-bisP,
glucose-};-P, g]ucosé-6~P, fructose-6-P and CP. A1l these phosphate
compounds, except for CP, have pKa values in the range 6.1-7.0 but for
mest, their concentration in resting musc]é is either too low or they
are  complex-bound to magnesium or proteins and have limited
effectiveness as buffers. The concentration of inorganic phosphate in
resting muscle is approximately 12 mmol/1 (39 mmol/kg d.w.). The
stoichiometrical uptake of hydrogen ions when the pH is re&uced from
7.0 to 6.6 is 0.27 mole per m01ef9f Pi, resulting in a fota1 nydrogen

ion uptake of 3.2 mmol1/1 muscle water (Hultman and Sahlin, 1980).

The concentration of hexose-P is very low in resting muscle
but increases with exercise. Formation of these compounds during

exercise will release hydrogen ions (Hultman and Sahlin, 1980}, The
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concentration of CP in resting muscle is high (76 mmol/kg d.w.) bué
its  contribution to buffering is limited because of its jow pKa value
{4.5) (Hultman and Sahlin, 1980).
— {
The concentration of bicarbonate in restihg muscle s 10
mmol/1 and falls to 3 mmol/1 following heavy exercise (Sahlin et al.,
1978).  This decrease in bicarbonate is associated with an equivalent

C e

uptake of hydrogen jons.

The buffering power of free amino acids within the cell is low
because of the pKa of the carboxyl and amino groups is less than 3 and
greater than 9, respectively. In amino acids, peptides and préteins
the buffering power is dependent on the acid-base behaviour of the
R-group.  Only histidine has a pKa value of the R-group (pKa 6.0)
which  falls within the physiological range. Howev;r, the
concentration’ of histidine in muscle is low (0.38 mmol/1) and
contributes little to intracellular buffering ({(Hultman and Sahlin,
1980). When amino acids are incorporated into peptides and proteins
the pKa of the R-group changes. The pKa of the imidazole group of
histidine increases from 6.0 to 6.8 when incorporated into the
dipeptide carnosine. The carnosine content of human duadriceps
femoris 1is 5.5 mmol/1; the stoichiometrical uptake of hydrogen ions
when the pH falls from 7.0 to 6.6 is 0.27 mole per mole of carnesine,
resulting 1in a total uptake of 1.5 mmol KH'/1 muéc]e water (Hultman and

Sahlin, 1980). The protein content in muscle is approximately 200

e,
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9/kg w.Ww.. With a histidine concentration of human muscle protein of
46 mmol/1 (pKa 6.8),'12.5 mmo 3 H+/1 muscle water will be taken up with

a pH change from 7.0 to 6.6 (Hultman and Sahlin, 1980).

1.7.3 Buffer values of muscle

Heisler and Piiper (1972) determined that the total buffer
value for rat diaphragm was 68 slykes.  Larsen and Burnell (1978) .
reported a value of 66 slykeg in dog skeletal muscle. Buf{sr values
ranging from 40-70 slykes have been reported for leg muscle of various
species (Roos and Boron, 1981). Sahlin, Harris and Hultman (1975)
determined the buffer value in human quadriceps muscle to be 57 slykes
during  isometric leg. exercise to fatique. Similar values were .
obtained 1in trained (58 slykes) and untrained individua1;/i50 slykes)
following i;ometric leg exercise to fatigue (Sahlin and Henriksson,
1884).  During dynamic cycling exercise, tﬁe buffer{ value of the
quadriceps musc1? was 73 slykes (Séh1in et al., 1976). The~&fference
was attributed to the different conditions existing in the muscle
during isometric and dynamic exercise; in the former, the muscle is
considered a closed system and the C02 —HCOE buffer system has a

minimal effect on intracellular buffering.

*

1.7.4 Buffer values bf blood

/
5
The blood, 1ike muscle, contains a number of weak acids andf/
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bases which 1imit pH changes “when acid or alkali are added to it;
these include bicé&bonate, hemoglobin and plasma proteins. Plasma
proteins contribute only about one-sixth of the total buffer value of
the blood. The buffer Qa]ue of separated plasma, containing only
plasma proteins, is approximately 3.9 slykes (Woodbury, 1974). The
buffer value of hemogiobin in blood is é2.7 slykes (Woodbury, 1974).
/ The buffer ‘vaTue of whole blood determined in vitro, separated and
titrated with carbon dioxide, is approximately 26.6 slykes; that is,
the buffer value of whole blood is equal to the sum of t;e buffer
"values - of plasma proteins and hemeglobin. The buffer value of whole
blood determinéd by titration with carbon dioxide without separa}ion
is approximately 31 slykes; the higher value 1is because of the¥
negative transmembrane potential of red blood cells causing the
bicarbonate concentration in the plasma to be greater than that of the

red blood cells.

1.8, ACID EXTRUSION

Léng-terﬁ, steady-state regulation of intracellular pH
requires that the accumulation of hydrogen ions within the cell be
balanced by the active removal of hydrogen ions {ie. acid extrusion). |
While active removal of hydrogen ions from the cell interior had been
proposed for some time (Fenn and Cdbb, 1934; Hi11 1955-56), it was not
until the early 1970's  that hydrogen ion remaval from the

intracelluiar space was demonstrated. The mechanisms for acid

N,

£



36

N, B
extrusion hawe been examined by

acid loading the cell interior and
monitoring the recovery of the intrace11u1a; pH. The methods of actd -
loading have been reviewed by Roos and Boron (1981) and Thomas (1984)
and include exposure to weak acids, intraée11u1aa£ig§ﬁgtion of acid,

A transient exposure to ammonium, intracellular dialysis or perfusion
\/’ p

and reduction of external pH.

Messeter and‘ Siesjo (1971) observed that when rat brain was

exposed to carbon dijoxide the pHi fell from pH 7.06 to approximate]ﬁ

6.93 after 15 min. After continued exposure to cérbon dioxide the pHij

o gradually recovered, reaching 7.03 after 3 hr. The authors‘concIuded
thgt the recovery of pHi was due to active transport of hydrogen ions
or bicarbonate across the c¢ell membrane. Subsequent. work examining
the nature of_ the hydrogen ion extrusion have demonstrated at least
three separate mechanisms for requlating pHi: & sodium-dependent,
ch]oride?gicarbonate h exchange; a sodium-independent,
ch]oride/bicarbonater excﬁange; and a sodium/hydrogen exchange. These

th:ee mechanisms will be reviewed separately.

1.8.1 Sodium-dependent, chloride/bicarbanate exchange

&

Requirement for external bicarﬁonate :  Thomas (1977)

N .demonstrated 3n'snai1 neurones that recovery of pHi during exposure to
carbon dioxide was related to the bicarbonate concentration in the

incubation medium; a fall in pHi of 0.25 units below control (at

L
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external pH 7.5) was associated with acid extrysion rates of 0.2

- ¢ - e
mmol/1/min  at 0 mmol HC03/1, 1.3 mmol/1/min at 4.5 mmo]l HCO3/1 and 2.3

mmol /1/min at 21 mmol HCOQ /1. A similar dependence on external
bicarbonate was reported for squid giant axons {Boron and De -Weer,
1976; Boron and Russell, 1983), crayfish neurones (ﬁoody, 1981) and
barnacle muscle (Boron, McCormick and Roég, 1981). Boron and
coworkers (1981) demon;:rated in barnacle musc1g that thé depeﬁdence

on external bicarbonate followed simple Michaelis-Menton kinetics. 1In

these studies, movement of strong ions were not carefully controlled.

Requirement for internal chloride : The dependence of acid

extrusion on internal chloride was firsqqexamined in squid giant axons
(Russell and Boron, 1976). Recovery of pHi was observed only in the
presence’ of dintracellular chloride and external bicafbonate. A
unidirectional efflux of C1-36 occurred from the axon fellowing an
acid load, but only wﬁen bicarbonatg 'was present in the bathing
medium. In squid axons, acid extrusion was related to | the
intracellular chloride concentration by Mfchae1is—Menton kinetics
(Boron and Russell, 1983). Thomas (1977) used indwelling Cl-selective
microelectrodes and demonstrated in snail neurones that recovery of
pHi  from an acid load was accompanied by a decrease in the
intracellular chloride concentration; reducing the intracellular
chloride concentration tg Tow Tevels (2 mmol/1) almost eliminated the
recovery of pHi. Moody (1981) a15b used Cl-sensitive microelectrodes

in crayfish neurones and obs&ived a "small But reproducable" fall in

J
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the intracedlular chloride concentration as the pHi recovered from an

K

acid load. Boron and  coworkers {Boron et al., 1978; Russel}, Boron

and Brodwick, 1983} also demonstrated .2 requirement for internal

~
chloride in barnacle muscle.

2

Requirement for external sodium : Thomas (1977) observed that

recovery of pHi in snail neurones was inhibited when external sodium
was removed from the incubation medium. Recovery of pHi during a CO2
-induced acid 1load was accompanied by a transient rise din the
intracellular sodium concentration (as determined by indwelling
Na-selective microelectrodes). Thomas proved. that . the riéz in the
intracellular sodium concentration was not related to inhibition of
the sodium/potassium pump; inhibition of the sodium/potassium pump
caused the intrace11u1ar- sodium concentration to 1ncré}se but an
additiona1‘ influx of sodium occurred as the pHi recovered from an acid
load. In Barnac1e muscle, a unidirectional Na-22 influx occurred
simultaneously wifh pHi recovery (Russell et al., 1983). The rate of

Pl .
acid extrusion was related to the external sodium concentration by

simple  Michaelis-Menton  kinetics ~“{Boron et “al., 1981).
Sodium-dependent acid- extrusion has als%:been observed in squid giant.

axon (Boron gand Russell, 1983) and crayfish neurones (Moody, 1981).

Inhibition by stilbene derivatives : The disulfonic stilbene

derivatives 4,4'-dfisothiocyanosti]bene—z,2'—disu1fonic ~acid ({DIDS)
and 4—acetam1d0—4'—isothiocyanosti]beneﬁZ,Z'—disuTfonic acid (SITS)

Fad
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are known to block anion .ex ange in erythrocytes. In barnacle

muscle, addition of SITS to th incubation medium blocked pHi regovery

{Boron et al., 1978), C1-38 efflux {Boron et al., 1978), and Na-22

influx (Russell et al., 1983} Similar effects were observed in squid

4
giant axons *(Russell and Boron, - 1976; Boron and Russell, 1983).

Thomas (1977) demonstrated that addition? of SITS or removal of
external sodium inhibited pHi recovery in snail neurones to a similar
extent suggesting that both treatments were inhibiting the same

A
process.

Dependence on internal and external pH :  Thomas {1976)

obsefved that  the pHi  of snail neurones recovered "roughly
exponentially”. after exposure to carbon dioxide. Boron and cowarkers
(Boron, McCormick and Roos, 1979;. Boron et al., 1981) demohstrgted'
that the.acid extrusion was greatest at low values of pHi and declined
to zero as pHi approached control levels {pHi 7.4). The rate of acid
extrusion increased as the pHo was raised either by increasing the
external bica;honate concentration (at constant PCOZ) or by deéreasing
the PCOZ (at a constant external bicarbonate concentration). The pH

also has an effect in squid axons (Boron and De Weer, 1976) and snail

neurones (Thomas, 1977).

Thus  regulation of pHj by means of a sodium-dep&ndent ,
chloride/bicarbonate exchange requires the presence of extracellular

sodium and bicarbonate, and intracellular chloride. Acid extrusion is
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activated by a fall in the #H1 and widening of ‘the pHi-pHo gradient
increases -the rate of acid extrusion. Blocking chloride/bicarbonate

4 -
exchange prevents pHi recovery.

1.8.2 Sodium-independent, chloride/bicarbonate exchange

Rickin and Thomas (1977) demonstrated acid extrusion in mouse_
soleus muscle fibres. Reducing the external sodium concentration
slowed but did not prevent the recovery of pHi. Addition of
amiloride, a sodium/hydrogeh exchange blocker, also reduced the rate
of pHi recovery but did not completely inhibit the recovery process.
Thus  this acid extrusion mechanism does not have an absolute ™
requirement for external ™ sodium. Addition of SITS or removal of
bicarbonate from the incubation medium also slowed pHi reco@ery
{Aickin and Thomas,1977) indicating that external bicarbonate and
possibly intracellular chloride were reﬁuired in the recovery process.

However the requirement for chloride was not rigorously investigated.

Thus mouse soleus muscle fibres possess a pHi regulating
s&stem which exchanges extracellular .bicarbonate for intracellular
chloride, but does not have an absolute requirement for external
sodium. This mechanism contributes approximately 20% to the pHi

regulating system in this partitular system.



1.8.3 Sodium/hydrogen exchange

Aickin and Thomas (1977), demonstrated that although the acid
extrusion mechanism .in mouse soleus fibres does not have an absolute
requirement for  external sodium, reducing the external sodium
Concentration or adding amiloride to the incubation medium partially
inhibits the -recovery process. In mouse soleus muscle _fibres
sodium/hydrogen exchange accounts for approximately 80% of thé pHi
recovery. Addition of SITS and amiloride to the incubaticn medium
completely abolished recovery of pHi'foT]owing an acid load. Hoody
(1981) demonstrated that when crayfish neurones were acid loaded in a
HCO; -free incubation wmedium, pHi recevery was slowed. Addition of
SITS to- a HCO& ~containing medium slowed the rate of pHi recovery to

3
process was also demonstrated in  frog semitendinosis muscle

that observed in the HCQ, -free medium. A sodium/hydrbgen exchange
(Abercrombie, Putman and Roos,1983; Abercrombie and Roos,1983).

Thus in some preparations a sodium/hydrogen exchange mechanism
appears to regulate intracellular pHi following introduction of an
acid Toad. The exchanger requires -external sodium and is inhibited by

amiloride.
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1.9 STEWART'S RE-EXAMINATION OF THE FACTORS INFLUENCING ACID-BASE

CONTROL -

4

Regulation of intracellular acid-base balance requires tﬁat
the hydrogen ions produced during metabolism be bufferéd within the
cell or rapidly removed from the cell interior to prevent excessive
increases in the hydrogen ion concentrétion. Evidence has bheen
presented which suggests’ that following a rise in intracellular
hydrogen ion concentratioé‘the hydrogen ions. are removed from the cell
interior by at 1g§st thrée ;eparate mechanisms: a sodiuﬁ—dependent;
ch]oride/bicarboﬁate | exchange; -a ébdium—independent,
ch]oride/bjcarbonate exchange; and a sodium/hydrogen exchange. .A11
three mechanisms require that bicarbonate move into the cell and/or
hydrogen %dns ”e out of the cell to remove or neutralise the excess
acid in thé cell interior. Howevér, as hydrogen and bicarbonate ions
are influenced by several mechanisms these concepts require careful
examination, including those of "ion exchanges" with hydrogen ions.énd
bicarbonate. As will be developed below, éctuaT exchange may not
occur; the apparent exchange may be the result of independent changes

occurring in or outside the cell.

Stewart (1981, 1983) argued that the concentration of hydrogen
ions and bicarbonate ions within a system must be regarded as
dependent variables rather than independent variables. The values for

the dependent variables are determined by the independent variables
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within the system and the equations which govern the system. Only
changes  in the independent variables can cause changes in the
dependent ones. Dependent variable values cannot be set'arbitrar11y

but must always adapt to the independent variable values. Considering

. intracellular acid-base regulation in terms of the exchange of

‘- .

/

hydrogen 1ions or bicarbonate jons between the intra- and extracellular
space is meaningless since only changes in the independent variables

. /
will change the hydrogen fon concentration. .

1.9.1 Factors determining the hydrogen ion and bicarbonate

concentrations

Tﬁe independent variables that regulate the concentrations of
hydrogen ions and bicarbonate jons within a body fluid are the PCOZ,
the strong ion difference ([SID]) and the concentration of weak acid
(CATOT]).  The [SID] is equal to the difference between the sum of the
strong base catioh concentrations and the sum gof the strong acid anion
concentrations. The important strong cations are sodiﬁm, potassium,
calcium and magnesium, and the strong anions are chioride, sulphate

. . . > . .
and lactate. Lactate is considered a strong anion because lactic acid

(pKa 3.7) is completely dissociated at physiological pH values.

The relationship between the dependent and independent
variables requires that certain physical and chemical principles be

obeyed. They include the principles of conservation of mass and
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electrical neutrality, and Athe requirement for dissociation
equi]jbrium of water and weak acids. The components of most
.biologica1 solutions are water, strong ions, bicarbonate, weak acids
and their conjugate bases, dissolved COZ’ carbonate, carbonic acid,
hydroxyl ions and hydrogen ions. In considering biological solutions

~ containing strong ions, a weak acid {HA) and CO2 at an externally

regul ated PCOZ, the following six equations must be satisfied:

,Water dissociation equilibrium:

[H'] x [OH™] = K'w

ﬁeak acid dissociation equ11ibrium:
[H'T x [A"] = Ka x [HA]

Conservation of mass for "A":

[HA] + [A™] = [ATOT]

Bicarbonate ion formation equilibrium:
[K'] x [HCOJ] = ke x Pco,, '
Carbenate ion formation equilibrium;

COH'T x [0S = K3 x [HCO])
£1ectf1ca1 neutra]ify:

[s10] + [H'] - [HCo) ~ [A”] - [cog‘] - [OH'] =0

where K'w is the ion product of - water, Ka 1is the weak acid
« . »
dissociation constant, K¢ is the dissociation constant for bicarbonate

into dissolved 002 and hydroxide ions, and K3 is the dissociation

constant for bicarbonate ions into hydrogen ions and carbonate. These
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six simultaneous equations contain six unknown dependent variables,
[HAT, [A™ 1, [HCO& 1, [cog' 1, [OH™ ] and [H' 1, and three known,
independent variables, [SID], [ATOT] and PCOZ. The concentrations of
dissolved carbon dioxide and carboni¢ acid are proporticnal to the PCO

2
and  not affected by the [SID] or the [ATOT]. Stewart (1983)
emphasized that "the behaviour of .[H'] and al1 the other dependent
variables 1is determined, and completely explained, by their having to

obey all six of [the equations]. Nothing less than the whole set of

six equations is sufficient.'”

Plasma and muscle intface11u1ar fluid contain strong ions,
carbon dioxide and weak acids in differing cqncéntrations. Compared
to the extracellular fluid, the intracellular fluid has a higher
potassium  concentration and lower concentrations of sodium and
ch1oride; thus makiné the [SID] higher in the intracellular fluid.
The [ATOT], comprised of weak organic acids such as proteins and
organic phosphates, s higher in the intracellular fluid. Stewart
(1981, 1983) demonétrated mathematically that the intra- and
extracellular concentration of hydrogen jons and bicarbonate jons is
determined by the [SID], PCOé and [ATOT] in each fluid compartment.
The hydrogen ion concentration is increased by increasifg the PCO2 or
[ATOT], or by decreasing the [SID]. The bicarbonate concentration is
increased by increasing the PCO2 or‘[SID], or decreasing the [ATOT].
Thus the regulation of the intra- or extracellular hydrogen ion

concentration cannot be examined simply by measuring changes in pH or ¢
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bicarbonate concentration since these measures say npthing about the

J

reason for the change.

1.10  PURPOSE OF THIS THESIS

The existence of Jlactic acid in exercising muscle has been
known since the work of Berzelius in the early 1800's. The lactic
acid content of muscle and blood was shown to increase with increasing
severity of exercise. The {ncrease in the intra- and extracellular
lactic acid coqcentration was considered the primary cause of the
acidosis of heavy exercise. Hydrogen ijons have heen implicated as one
of the fact0r§ responsible for the development of fatigue during heavy
exercise. If hydrogen "ion accumulation is responsible for fatigue
then  removal of excess hydrogen dions from the intracellular
compartment of ﬁuscle has to occur to maintain a normal acid-base

balance and prevent or slow the fatigue process. i}

Changes in the plasma concentration of the 1actatg Qpion ha§
been used to estimate the output of hydrogen ions from musc{; during
exercise or recovery. It has been debated as to whether hydrogen ions
are released in excess of lactate ions or whether hydregen ion and'
lactate r%]ease are coupled. In addition, hydrogen ion release from
cells was sho&n to be associated with the coupled transmeerane

" movement  of ions inte and out of the cell, either via a

sodium/hydrogen exchanger br a chloride/bicarbonate exchanger.
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As  reviewed above, the quantitative study of acid-base
behaviour in a solution can be made if the PCOZ, the concentration of
strong ions and the concentration of weak acids are Known for that
sﬁ]ution. This approach implies that the increase Ln intracellular
hydrogen ion concentratioﬁ during maximal exercise and the subsequent
removal of hydrogen jons during recovery are mediated through changes
in  the PCQ2 » the strong ion difference ([SID]} and the concentration
of weak acids ([ATOT]). Stewart has shown this to be trye by means of
mathematical modelling, but this approach has not beemy physiologically

tested.

\

The work in this thesis has examined (thé changes in the
acid—ﬁase status of the body during and immediately following 30 s of
maximal cycle ergometer exercise. The main objectives wer; to provide
qdantitative data of the responses to the acidosis of short-term
exercise in muscle and in the circulating plasma, to exaﬁine these
atid-base changes in‘ terms of changes in PCOZ’ strong ions and weak
acids, to determine the raole played by the lungs and inactive tissue
in the recovery of acid-base balance, and ﬁm exaéine the fate of

w7
lactate after heavy exercise.

The following chapters describe an experimental approach to
the study of a severe ‘;E?Hosis that accompanies heavy leg exercise

through the measurement of the acid-base variables in femoral venous
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blood, arterial blood and a deep arm vein, and of C02 output by the

lungs. ¢

-y,

-
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y METHQDS

2.1 INTRODUCTION

This thesis examined the acid-base changes associated with 30
s of maximal exercise. The acidosis which accompanied the exercige
was analysed with respect to changes in PCO2 , the strong iJon
difference ([SID]) and the concentrafion of weak acids ([ATOT]). This
thesis was alsoc concerned with the whole hody requlation of acid-base
baiance, 1in particular, the role played by the inactive muscle and the
Tung in restoring acid-base balance to normal levels. As it was
difficult to examine all the aspects of this topic 1in a single
expériment, the work .was divided into three parts. Part A examined
the magnitude of the acid load developed in the active'quadriceps
muscle during 30 s of maximal exercise and the subsequent removal of
the acid from the muscle during recaovery, 'Femora1 venous and arterial
blood were sampled and analysed for changes in PCO, and strong ions.
Changes in tissﬁegPCO2 and strong ions were estimated using data from
the femoral wvein and from previously published data (JOHEE\et.al.,
1985). In Part B, recovery from the short-term exercise was studied
to determine the contribution of , the lung and inactive tissue as

potential sites for removing the acid load from the body. The forearm

muscle was used as being representative of inactive tissue in the

49
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body. Arterial and deep forearm venous blood were sampled to examine

the contribution of the inactive forearm muscle to .the recovery

Process.  Ventilation and gas exchange were measured-Eq determine the
pu]monqry contribution. to the recovery process. In Part C, muscle

JDiopsies were obtained- from the quadriceps femdris muscle (vastus
lateralis) and ana]yéggf for intracellular concentrations of specific

strong ions to determine whether strong ion moveﬁents occurred during

maximals exercise and recovery and whether these éhanges contribﬁted to

the'\acidosis of heavy exercise and to the recovery of intracellular

acid-base balance. Although the study was divided in this way,

‘comparability of ’data between subjects was established by performance

indices obtained in all the studies.
/ ’
2.2 SUbd%CTS

The subjects were healthy male students and employees of
McHaster University. Three subjects, age 33 %7 yrs (mean = SD),
height 182 = 3 cm, weight 78 « 8 kg, participated in Part A (subjects
1,2 and 6 in Table 1). Six subjects, age 30 = 5 yrs,‘height 181 + 2
cm, weight 79 =+ 8 kg, participated in Part B (subjects 1-6 in Table
1).  Six subjects, age 25 =+ 6 yrs, height 181 + 5 cm, 81 = 7 kg,

participated in Part C (subjects 7-12 in Table 1).

The experimental protocol and n ssible risks involved in the
. q'* -
experiment were outlined to each subject before obtaining a written



Table 1. Summary of subject characteristics.

Subject Age, yrs Height, cm ~ MWeight,

1 27 ‘181 75.0
2 40 185 86.5
3 27 180 70.0
4 26 180 83.5
5 29 182 87.0
6 a7 180 . 72.0
7 20 185 79.5
8 22 185 78.0
9 20 188 890
10 19 178 91,0 -
11 19 179 79.0
12

ki f 170 73.0

>
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consent to participate. The experimental protocel and all procedures

were approved by McMaster University's ethics committee.

-
El

2.3 GENERAL PROTOCOL

The studies were performed in the morning. Diet was not
controlled "but the subjects were advised to eat only a light breakfast
on the morning of the expe;iment. Whenever the suﬁﬁect performed a
second éxperiment on a different day he was told to eat a comparable
meal on eacﬁ occassion. |

An outline of the experimental orotocol is presented in Figure
1.  Prior to the exercise test the subject rested supine on a bed for
30 min before taking the resting contrdl b{ood samples (barté A,B,C)
‘and | bionsies (Part (). The subject then moved to the
con%tant-ve1oc1ty cycle ergometer (McCartney et al., 1983), the saddle
héight was adjusted for optimal '1eg extension, the torso was
stabilised on the saddle with a restraining Qarness wrapped around the
hips and the feet were secured to the pedals with toe clips and tape.
The subject sat quietly on the ergometer and specific instructions
were given regarding ‘the exercise protocol. Ventilation and gas
exchange data were collected for 5-10 mih (Part B}. After all resting

measurements were completed, the motor of the ergometer was started

and the subject was allowe tch up to the predetermined speed of

100 rpm before exerti al force; the time taken was
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approximately 5 s. Immediately upon attaining fhe correct speed the
subject was instructed to pedal maximally for 30 s. The subject was

encouraged verbally throughout the 30 s exercise. At the completion

) ‘yf' the exercise test the subject sat quietly on the ergometer for a 10

min recovery period. Heart rate was monitored continuously throughout
exercise and recovery using a V5 ECG lead placement. Blood samples
(Parts A,B,C) and muscle biopsies (Part C) were taken immediately
post—exercise- and at specific times during the 10 min recovery.

V;nti1ation and gas exchange were monitored continuously during
exercise and throughout recovery {Part B). A schematic representation

of the experimental setup is presénted in Figure 2.

2.4 MEASUREMENT OF FORCE OUTPUT\\““‘/{‘x

Thﬁ 30 s of maximal exercise was performed on a
constant-velocity cycle ergometer (McCartney et al., 1983). The
modified eAbometer consisted of a 3-hp DC electric motor connected in
series to a DC regenerativg?éontrol]er. This system maintained pedal
speed c3§sxaﬁf)'despite the maximal efforts exerted by the subject. A
urwgirectional clutch housed in the front sprocket assembly allowed
the subjf?f)q;o start and. . stop pedalling immediately. An emergéncy
stop button was attached t;>the handlebars within easy reach.of both

e
investigator and subject. e

. 2

Forces applied to the pedal cranks were recorded continuously

Y
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9

Figure 2.  Schematic representation of experimental set-up used

in Parts A, 8 and C. Gas exchange was measured in
Part B only.
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by strain gauges attachfd to the leading and trailing quhs of the
pedal cranks. Force data were transmitted via brass slip-rings from a
strain gauge, Wheatstone bridge system to "a .Hewlett—Packard 7700
Series Recorder and to a féboratory computer (Digital Equipment PDP
11). The computer sampled force data at 10 ms intervals and
integrated the tgrce data with respect to timsﬁ Calculations of peak
torque, average torque, peak power, average power and work for each
leg during each pedal stroke wefe made by the computer (McCartney et
al., 1983). Data were smoothed by continuous averaging of three
successive pedal revolutions. The fatigue index was calculated as the
percentage decline in power from the maximum value to that }ecorded at
the end of the 30 s test (McCartney, Heigenhauser and Jones, 1983).
The ergometer was calibrated statically immediately before each test;
baseline for each pedal was established at a point 90° fram top dead
centre, the pedal was locked into place and a weight was placed on the
pedal. The torque that was generated was sampled by the laboratory
computer and its value was used in the calculation of the various

performance variables.

2.5 MEASUREMENT OF GAS EXCHANGE

In Part B, ventilation and gas exchange were measured at rest,
throughout exercise and recovery. The subject breatiggd through a
low-resistance;~ low dead-space nonrebreathing valve (Hans Rudolph no.

2700). Expired gas was passed through flexible, low-resistance tubing



59

»

and analysed for volume and gas concentration by one of two methodsf

Resting measurements were made as 15 s averages using a Beckman
Metabolic Measurement Cart Horizon System (SensorMedics) (Norton,
1982; Jones, 1984). Exercise and recovery measurements were made
breath-by-breath using an open circuit gas analysis system. The use
of two gystems for measuring gas exchange was necessary because the

computerised breath-by-breath system could sample fer only 10 min.

2.5.1 Metabolic Measurement Cart
[ ]

The Metabolic Measurement Cart is a microprocessor-controlled
system for measurement of gas exchange dﬁ%ing rest and exercise. The
system is operated by an INTEL 8085A microprocessor which controls the

transducers, sensors and sampling equipment.

Expired air was passed through a jewel-mounted turbine
incorporating electro-optical detectors to- measure gas volume.
Expired gas concentrations, temperature and pressure were measured in
a fifed volume mixing chamber. The oxygen concentration was measured
with a temperature-controiled, fast—re5ponse; polarographic sensor
similar to the Beckman OM-11 Oxygen Analyzer. Carbon dioxide was
measured with a dual-beam nondispersive infrared optical system with a
pneumatic detector, similar to the Begkman LB-2 Medical Gas Analyzer,
Tempe;E?ure was measured with a Yellow Springs 440088 transducer and

pressure with a Honeywell 140PC transducer. Calibration procedure®



60

for pressure, voﬁume, temperature and gas concentrations were built
into the system and controlled by the microprocessor. Volume
calibration required delivery of a fixed volume (1.0 1) at varying
flow rates with a manually driven pump. Gas'calibration was made with
standard calibration gases previously analysed for coﬁcentration of
oxygen andﬁcarbon dioxide by the Lloyd-Haldane technique. Calibration

of the instrument was performed immediately prior to the test.

2.5.2 Breath-by-breath system

During exercise and recovery expired gas was passed through
low resistance tubing and air flow was measured by a pneumotachograph
(Fleisch no. 3) with a differential pressure transducgr
(Hewlett-Packard 270). Signals from the pressure transducer were
passed to a chart recorder (Hewlett-Packard 7700 Series Recorder) énd
a laboratory computer (Digital Equipment PDP 11} sampled the flow
signal every 50 ms. Breath temperature was measured with a
thermometer placed approgimate1y 1 m upstream from the
pneumotachograpﬁ. A probe was placed-in the mouthpiece and expired
gas was sampled by a m;!E spectrometer (Perkin Elmer MGA-1100) at a
flow of 60 ml/min; signals from the mass spectrometer were sampied by
the computer every 50 Jms. validation data for the breath-by-breath
system are presented in Appendix A and show that ventilation, 002
output and‘O2 intake were measured\}o 0.9 1/min (= 959 con%idence), 35

ml/min and 42 ml/min, respectively.
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The entire system was calibrated immediately before each test.
A calibration curve for air flow was constructed by thg computer; ten
steady-state rates of flow ranging from 0-300 1/min were introduced
into the expiratory circuit by means of a rotameter/power vaccum
system and sampled by the computer. Signals from the pneumotachograph
and t;ansducer were compared to the flow 6311bration curve to
calculate flow for each sampling period. A ca]ibration’purve for gas
concentration was constructed with four standard reference gases which
had  previously been analysed by the Lloyd-Haldane technique.

Concentrations of oxygen, carbon dioxide and nitrogen in each breath

sample  were calculated by comparing the output from the mass

~ spectrometer to the calibration curve constructed by computer.

The flow signals from the pneumotachograph and pressure
transducer were converted to individual breath data by the computer.
The time taken for a singie breath corresponded to the total time
between two periods of zero flow lasting approximately 250 ms.
Expiratory time during a breath corresponded to periods.of changing
positive  flow. Expired volume ‘was cbtained by integ;ating the
positive flow signal with respect to time for each sampling period and
summing the values to obtain the total volume for each breath. Minute
ventilation corresponding to each breath was calculated using the

volume/breath ratio and the time/breath ratio.



Signals from .the pressure transducer and mass spectrometer
were adjusted by the computer for the temporal delay between air flow
measurements and gas analysis. The concentration of oxygen and carbon
dioxide in each sample were integrated with respect to time and summed
to obtain a volume of oxygen and carbon dioxide for each breath.
Minute values of oxygen intake and tarbon dioxide cutput Eorregponding
to each breath were calculated using the volume/breath ratio and the

time/breath ratio.

2.6 - ANALYTICAL METHODS

2.6.1 Arterial and venous catheterisation

Catheters were placed into the artery and vein while the
subject rested supine on a bed. Local anesthesia was first achieved
with 'subcutaneous admininstration of 2% Lidocaine Hydrochloride {Astra
Pharmaceutigﬁl). A percutaneous teflon catheter (20 gauge, 4-5 cm
Deseret Angiocath)} was introduced into the hrachial,or radial artéry
at  the point of the arterial pulse (found by palpation). A
percutaneous teflon catheter (18 gauge, 5 ¢m Deseret Angiocath) was
introduced retrograde into a deep forearm vein. The femoral venous
catheter (14 gauge, 30 cm Déseret Cut-Down Catheter) was introduced
surgically using aseptic techniques. An incision was made in the skin
distal to the inguinal ‘1igament. The femoral vein was located by

paipating the femoral arterial pulsg and the catheter was passed

v
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through a point slightly medial to the pulse, retrogradely into the
femoral vein. The patency of the arterial and venous catheters was
maintained with a saline (0.9% sodium chloride) drip. ,The pressure in
the arterial 1ine was maintained in excess of 250 mm Hg with a
pressure cuff placed around the saline bag. All catheters were
secured to the skin with tape to prevent them from becoming accidently
dislodged from the vessels.

4

2.6.2 Blood sampling

Blood was sampled according to the protocol outlined in Figure
1. 'Blood was drawn simultaneously from the artery and vein. At rest
and later 1in recovery, approximately 1 ml of blood was first drawn
from the catheter to clear the degd space of sa]%he and blood.
However during the first 2 min recovery when samples were drawn every
30 s, the cétheters remained open and blood allowed to drip slowly

from the line thus obviating the need to clear the dead space.

Approximately 6 ml of blood was drawn into a heparinised glass
syringe and immediately divided into two portions. The blood
remaining in the glass syringe was mixed, cleared of #ir bubbles,
capped and stored on ice for analysis of blood gases, pH {JHH
electrolyte concentrations. The second - portion of blood ,was
transferred into tubes containing ethylenediaminetetraacetic acid

(EDTA), mixed andg éi?red on ice for analysis of Jactate concentration.

;
4

.

-

»
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2.6.3 Analysis of b1ooa gases and pH
¢ ¢
Plasma pH, PCO, and POZVEEEEJﬁeasured by electrodes {Corning

178 pH/Blood Gas Analgzer}. The pH and biocod gas analysers are
routinely checked in this laboratory with tonometered blnod samples.
The mean difference between duplicate analyses on blood samples was
0.5 '+ 0.4 nm Hg (mean : SD) for carbon dioxidesand 0.9 « 1.3 mm Hg for
oxygen. The mean difference between duplicate pH measurements was
0.004 . = 0.065 units. Hemoglobin concentration and oxygen saturation
were measuréd photometrically {Radiometer 0SM2 Hemoximeter). Al1
measurements were made at 37o C. The analysers were calibrated
immediately before and thfoughout the period of anéﬁysis with known
standards. = The hydrogen ion concentration was calculated as the
antilog -pH. Plasma bicarbonate concentration was calculated from pH
and PCO2 (Siggaard-Andersen, 1963).

* The hydrogen ion concentration was also calculated from the
PCO, , strong don diffebence ([SID]) and concentratfon of weak acid

([ATOT]) according to the following equation (Stewart, 1981):

o
tH*1% + (xa + (s101) (W13 + (Ka (CSID] - [ATOTY) -
(Ke x PCO, + K'w)) [H'1 - (Ka (Kc x PCO, + Klw) +

K3 x Ke x PCO,) TH'] - Ka x K3 x Kc x PCO, = 0.
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The PCOZV was measured and the [SID] wap calculated as the difference
between the sum of the measured;concékxpétions of sodium, potassium,
calcium and the sum of the measured concentra¥ions of cﬁ]oride and
lactate.  The resting [ATOT] was taken as 20 mEq/] (Stewart, 1981) and |
the change in [ATOT] after maximal exercise was estimated from changes
1ﬁ the hemoglobin concentration. The constants were those used in
Stewart (1981, 1983): Ka = 3 )(/_10--7 : /1, Kc = 2.46 x IO-iI(Eq/T);mm
Mg, K3 = 6 x 107 Eq/1, and K'w = ltr.é x 107 (£¢/1)%. The ehuation\
was so]yed by computer using an Applesoft BASIC version of the

programme listed in Stewart (1981).

2.6.4 Analysis of plasma electrolyte concentrations

Plasma sodium, potassium and jonised calcium concentrations
were measured by jon-selective electrodes (Radiometer KNAL
Sodium-Potassium Ana1yzer; Radiometer ICAl IJ;ized Calcium Analyzer).
Measurements wére made at 37° C. Plasma chloride concentration was
measured by titration (Buchler-Cotlove Chloridometer Mbdel 4-2008).
A11  analysers were ca]iﬂE;%ép immediately before and throughout the
period of analysis using known standards. The mean difference between
duplicate measurements~ were: sodiu@, 0.4 = 0.6 mmo1/1; potassium,
.02 & 0.04 mmol/7; calcium, 0.005 + 0.005 mmol/1; chloride, 1.2 + 1.0

mmol/7. -
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2.6.5 Measurement of plasma lactate concentration

The second portion of the samp;;:bontéining blcod and EDTA
were centrifuged and the separated plasma was stored frozen. An
-aliquot of plasma was Femoved} deprotéinised in cold 6% {w/v)
perchloric acid and centrifuged. The acidified supernatant was
analysed for lactate concentration by a flucrometric enzyme technique
(Lo&ry and Passonneau, 1972). The mean difference between duplicate
lactate measurements was 0.21 = 0.20 mmol/.1 |

«

2.6.6 Muscle biopsy procedure

Fd

A
"Muscle biopsies. were obtained from the lateral portion of the

quadriceps femoris mﬁsc]e (vastus Tateralis). The technique was
£ ) -

similar to. that described by Bergstrém (1962), but modified by
applying suction to the needle at ﬁhe time of the biopsy. All

instruménts were cleaned and sterilised before use.

The subject . rgf!@d supiné on the.bed and thg skin and outer
layers of subcutanéous tissue were anesthetised with local
admiéistration , of Z%AL{doca%ne Hydrochloride (Astra Pharmaceutical).
The skiq and subcutaneous tissue were punctured with a scalgel blade:

" The _biopsy’ needle was introduced into the musq]e;‘suction was applied
“and the biopsy wa§ .taken. The needle Was.rgpidlyvre@bﬁgd'froh the
muscle and immediéte]y placed in liquid niirogen.' Tﬁe mﬁ%%]e sample
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was removed from the needle under Tiquid nitrogen, wrapped in Foil and
stored in  liquid nitrogen for future analysis. Pressure was
maintained over the incision toc minimize excessive bleeding. The

incision was sutured and protected with tape.

_ The biopsies taken prior‘to the ‘exercise and at 4 and 10 min
recovery were taken while the subject restee:gfdi:f\:ed. The biopsy
taken immediately " post-exercise was takéﬁ with thé S Pject seated on

. 4@e cycle ergometer. The elapsed time between introducing'the needle
into the muscle and placing the needle in liquid nitrogen was
"~ approximately 5‘5.

1

"2.6.7 Measurement of intramuscular ion concentrations by neutron

.

activation analysis

-

Tissue preparation : The frozen muscle samples were finely

ground under liquid~nitrogen and visible fat and connective tissue
were removed. The ‘muscle sample was freeze-dried _to a powder in
po]yethy]ene_ vials~ and weighed to determine the muscle wet weight/dry

weight Fatio. The biopsy dry weight ranged from 10—3Q mg.

o Neutron activation analysis : The technique of neutron

activation analysis 1is based on the formation of radioactive isotopes
occurring when stable isotopes are <irradiated with neutrons. [n the

reaction with thermal neutrons, a neutron is captured and an isotope
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of the same element as the target element is fofﬁéd except that it has
\ .
an atomic weight which is one mass unit higher than the original

element. If the new isotope 1is radiocactive it can.be detected and

-

counted. S,

e ,
l -

fVials containing the . freeze-dried tissue were carried to the
nuclear reactor cope (McMaster University Nuclear Reactor) via
pneumatic lines and irradiated with thermal neutrons for 10 s, then
delivered back for detection and counting of isotopic activity of the
desired "elements {sodium, potassium, calcium, magnesium énd chlcride).
ﬁfﬁg\\ge1ay time for transport of the vial from the reactor core,
\transfer of the irradiated tissue into tared, unirradiated vié]s and
posifioning of the tissue on the detector for counting was
approximately- 100 5. The tissues were transferred from the
coentaminated Qia]s to fresh vials. The irradiated tissue was counted
for' 10 min wusing a Tithium/germanium ag£ector coupled to a Canberra

multichannel analyzer (Series 40 or Series 905.

The content of element X" in thé muscle was determined by
comparing the irradiation intensity of element "X" in the muscle
sample to the irradiation intensity of element "X" in the standard .
(citrus leaves, National Bureau of Standards #1572) according tq,the
following equatidn: '

\

Wx/Ws = Cx/Cs o,
AN

<
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where Wx s the amount of the element in the-sample, Ws s the amount
of the element in the standard, Cx is the radioactivity of the element
in the sample and Cs is the ‘radioactivity of the element in the
standard. The content of "X" was calculated by computer; the
irradiation time, half-life of the isotope, delay and counting times
of the sample and standard, and weight of the sample and standard were
accounted for by the computer program. The extracellular content of

"X" was calculated from the plasma value of "X" corrected for water

content and Donnan factor (0.96 for sodium, potassium and chloride,

and  0.92 for calcium and magnesium). The extracellular water content
was assumed \to‘_be 0.39 mi/g d.w. at rest, 0.58 ml/g d.w. immediately
post-exercise, 0.53 ml/q d.w. at 4 min recovery and 0.50 mi/g d.w. at
10 min recovery (Sahlin et al., 1978b; Sjggaard, Adams and Saltin,
1985).  The intracellular content of “X" was the difference between
the total muscle content and the extracellular content of X".OA

sample calculation is presented in Appendix 8.

- N 5
f2.7 STATISTICS 3

A1l values are reporteq‘ as the heqn + SD. An analysis of
variance was hsed to coﬁpare pe%formaﬁcb measurements in Parts A, B
and C. The Student Newman-Keuls post Hoc:ggst was used to compare the
means if a significa&t F ratio was obtained. A paired t-test was used

to compare pre-exercise and recovery blood measurements. The paired
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t-test was also used to compare argieﬂ and venous blood measurements

at specific times in recovery. Statistical significance was accepted

at p<0.05.
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3 RESULTS

This thesis examined the acidosis associated with short-term,
maximal exercise and recovery of acid-base balance back, towards
control levels. The development and subsequent reso]utioﬁ of the
acidosis was examined "in terms of changes in the strong jons in the
working tissue, and changes in C02 and strong ions across the working
and nonworking muscle, and in the lung. It was impossible to examine
all these aspects 1in one experiment, thus it was necessary to divide,
the thesis into three studies examining the acidosis of heavy exercisg
in the working muscle (quadriceps muscle) and femoral venous and
arterial blood (Part A), recovery of the acidosis across the lung and
inactive muscle (Part B) and the impgrtance of strong ion movements in
acid-base ~ba]ance during heaJy ‘exercise (Part C). Maximal exercise
was  performed on a constantwelocity cycle ergometer for 30 s
duration. Performance was assessed during each 30 s exercise test,
thereby. Jmaking it possible to compare measurements between the

T &

different parts Pf the thesis. :

3.1 ™ PERFORMANCE VARIABLES DURING 30 s MAXIMAL CYCLE ERGOMETER

EXERCISE

9 - -

During the 30 s maximal exercise, no differences were observed

71
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between any of the performance variables in Parts A and B (Tab1;\ ).

The maximal peak power output generated during one complete revolytion
of the pedals was 1575 + 338 W {mean * SD). The maximal average power
output maintained throughout the 30 s of exercise was 967 * 224 \.

The total work performed during the exercise in Part B was 21.0 + 4.8
kd. The fatigue index represents ’xhe decline 1in peak poyer (or
torque) that occurred during the™30 s of exercise. The fatique index
for maximum peak power output and*maximal average power cutput was 50+

10% and 49 * 8%, respectively.

z T~

3.2 PULMONARY GAS EXCHANGE ASSCCIATED WITH SHORT-TERM MAXIMAL

EXERCISE

Ventilation (VE), 0, intake (VOE) and CO2 output (VCOZ) were
-measured at rest and during exercise and recovery to assess the lungs'
contr}bution in reguiating ‘acid~base balance (Part B),
Breath-by-breath data for a single subject are presented in Figurequ’"
and mean data for all the subjects at discrete times during recover;
are shown in Figure 4. Re$ting VOz was 343 £ 37 ml/min and increased
over 7 )ﬁmes during the 30 s of exercise; the VOZ at the end of
exercise was 2687 * 253 ml/min (Fié. 4). The total volume of 02 used
during ‘the 30 s of exercise (jﬁa the cumulative 0, from each breath)
was 908 + 117 ml. The VO began to decrease immediately " upon

2

f <
comp]itiqn of the exercise; the half-time (ti/?) for recovery of Voz

(ie. the time taken to fgéEFéase to 50% of/fhe peak VOZ - rest V0
. -~ K

S ué"b | C/\

-

7 - 3
\\\y—,/y\\a " |
. .

2
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Table 2.  Summary of performance data during 30 s of maximal
exercise.
Part A Part B Part C
e (n=3) (n=6) (n=6)
'
o
max. peak torque, N.m 127 149 166
+19 +30 +22
max. average torque, N.m 80 91 106 -
e +9 +20 12
. 4
max. peak power, W 1330 1575 1799
~ +209 +338 +265
max. average power, W 845 967 1143
o +100 +224 +142
. .
total work, kJ 18.6 21.0 25.9"
. 1.2 - +4.8 +1.9
fatigue index, %:
peak torque 45 49 41
B +6 +9 +16
peak power 46 - 50 43
+6 +10 +16
average power S 48 | 49 51
+6 +8 =11
¢
values are mean + SD 5
. ‘.1- R
* significant difference Metween Part A and Part C (p < 0.05) »
. - L
.\‘-\../\\ ! “
o« P e & o \
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difference) was 47 = 4 s, The 002 at 10 min recovery {502 *+ 106
ml/min) was still elevated above rest 1eve1§.

The VCO2 was 273 & 43 ml/min at rest and increased to 3238 =
195 ml/min at the end of 30 s exercise. After exercise, the VCO2
decéeased at a slower rate compared %o the VOZ; the t1/2 for the
recovery of \'(CO2 was 105 £ 15 s. The ‘7(202 at 10 min recovery fSSO *

105 ml/min) was still elevated above rest levels. The slower fall in

\7C02 compared to VOZ contributed to the increase in the respiratory”

exchange ratio (RER) in the first few minutes of recovery. The RER
was 0.79 = 0.06 at rest and increased to 1.22 + 0.13 immediately
.

post-exercise and 2.15 * -0.20 at 1.5 min of recovery. The RER

Sdecreased for the remainder of the recovery (Fig.54).

The VE was 10 + 1. 1/min at rest and increased to 124 + 17
1/min  at the end of 30 s exercise (Fig. 4). The t1/2 for recovery of

VE was 107 * 19 s. The VE at the end of the 10 min recovery (23 =

~ 3
- 1/min) was greater than rest levels.
—_

3.3 ACID-BASE CHANGES ACROSS THE ACTIVE MUSCLE DURING AND AFTER
: ]

MAXIMAL EXERCISE (PART A)

AN

- . N ‘
\\\“r;{/,//)During maxima] leg cch1’§>exercise an acid load de!e1ops in

g §he act1ve @iscle. A generalisedacidosis develops in the whole body

\u

—

7

¥y Y B

1
\\\\\\jcid is removed from the intra- to the extracellular-



compartment.
\\ o
. ) L}
- 1N

-

3.3.1 Hydrogen icn concentration across the ‘active muscle

7 -

. .
At rest the hydrogen ion concentration ([H 1) in the femoral
vein was 41.2 %35 nmol/1 (pH 7.39 * 0.04). After exercise the

femoral vencus [ﬁ€ 1 increased to 95.3 = 11.7 nmolf1, (pH 7.02 = 0.05)

(Table. 3, ¥ig. 5a). The [H!] began to decrease i”,ﬁll subjects after -

e £ ,
1 min recovery (Table 3, Fig. 5a). Norm;T\§ﬁ 1-was not achieved

during the course of the recovery; the femoral venous [H+] was 63.5 +
3.65nmo1 /1 (pH 7.20 * 0.03) at 10 min.

The arterial [H+ ] was 37.8 + 2.1nmol/1 (pH 7242 + 0.04) at
rest.l After maximal. exercise the arteriad [H'] gradually increased
and reached 53.6 = 1:9 nmol/1 (pH 7.27 + 0.02) at 10 min recovery
(Table 3, Fig. 5a). The arterial acidosis was ﬂ@is marked than that
found in the femoral vein; the venous-arterial [H'] dQ??erence ranged
from 48.5 * 9.2 nmol/1 at 30 s recavery to 9.9 + 1.8 n@%]/] at 10 min

. -

recovery (Table 4).

v
The [H+ 1 of the intra- and extracellular compartments were
examined with . respect ‘to changes in the-PCO2 . sfrong jon difference

and concentration of weak acids.

N



Figure 5 a.

Arterial and femoral venous hydrogen ion
concentrations (nmol/1) at rest and during
recovery from maximal exercise (n=3).

Arterial and forearm venous hydrogen ion
concentrations (nmoi/1) at rest and during
recovery from maximal exercise (n=6).
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the femoral vein and

m

» SID, ATOT) variables

5) and independent (PCO
during recovery from mgxima] exercise.

Dependent (H*, HCO
artery at rest and

Table 3.

Time Post-Exercise, min

3.5 55 7.5 9.5

2.5

o 0.5 1.0

Rest

Femoral Vein

85.3 73.0 76.4 74.9 63.0 63.45
£15.5  +10.0 7.7 +5.8 4,1 3

92.6
+17.1

95.3
+11.5

79.8
£11.7

ut,

[aa IRV}

85.6 67.5 53.9
£20.9 :1B.6 +9.7 +8.2

105.8
£17.7

99.6
+22.0

45.8
4.8

40.3
£3.7

42.8
3.7

23 22 22 22 22 22 21 21 20

*n
20

ATOT, mEq/)

19.3 16.7 15.3 15.4
1.6 :1.0 £1.2 +1.3

22.6
1.5

21.5
22,4

30,2
2.8

7.3

2
0.9

HCO&. mmol /1

Artery

40.1 46.8 48.6

37.8

H, mmalfl

1.4

2.0

2.8

2.2

-

3.1

1.3

.

29.2
3.6

t].4-

30.6
12.3

3.6
+2.8

33.4
+3.4

36.5
2.0

35.3
2.1

41.0

PCOZ, mm Hg

L
40.3
2

41.8 39.4 41.9 41.8 40.3 41.6
+1.3 +5.6 12.7 +0.8 +2.8 £3.2

44.2
1.5

46.3

SID, mEq/l

L]

20

ATOT, mEg/1

values are mean + SD

L4

significantly different from rest (p < 0.05)

82

estimated from Table 7.3 (Stewart, 1981} and from the mean % change in femoral venous and arterial

hemoglobin concentration.
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at rest and during

Femoral venous-arterial differences for selected acid-base variables

recovery from maximal exercise,

Table 4.

1s€, min

Timg Post-Exerc

1.5 2.5 3.5 5.5 7.5 9.5

1.0

0 0.5

Rest

9.9
+1.8

25.4 22.6 20.6 15.1

35.0
+13.6

K'Y, nmol/1

2.8

4.7

+5.7

+7.2

.1

+14

35.9 23.13 17.8 18.0 13.4 8.3
+17.8 +9,8 £7.1 +5.9 +2.9 +2.8

52.2
+18.8

4.9 64.3 69.4
122.2 +16.

+5.6

PCO,, mm Hg

-0.2

0.7
+1.1

7.1 4.7 0.9 -1.5
+3.5 1.8 3.5

+3.5

7.6
+4 .3

8.2

+3.8

3.9
+8.8 .

SID, mEq/1

1.1

1.0
+1.0

+3.2

1.8
+0.6

2.2
+1:1

1.6
£1.3

2.6
+2.0

3.8
2.0

8.3 5.7
+1.4

1.5

8.5
2.2

0.7
+2.6

HCO}, mmo1/1

values are mean =

SD
t difference between femoral ve

d artery (p < 0.05)

in an

1can

* signi



84

& .
3.3.2 Plasma PCO, across the active muscle

Thé femoral venous PCOz was 45.8 = 4.8 mm Hg at rest. Co,
output from muscle increased during and immediately after maximal
exercise (Table 4); the PCO2 increased to 105.8 + 17.7 mm Hg at 30 s
recovery (Tables 3, Fig. 6a). The PCO2 began decreasing by 1 min
recovery and was reduced below resting levels by the end of the
recovery (Table ;, Fig. 6a). The arterijal PCO, was less than resting
levels for most of the rebgvery period (Table 3, Fig. 6a).

r

. 3.3.3 Strong ign difference across the active muscle

The strong dion difference ([SID]) is the difference between
the concentration of strong basic cations and the concenEration of
strbng acid anions. The plasma [SID] was calculated as {([Na"] + [K']
+ [Ca?*]) - ([C17] + [lactate])}. The femoral venous [SID] was 52.3 *
8.1 ﬁEq/] at rest and decreased rapidly after exercise, reaching
steady levels (approximately 41 £ 4 mEq/1) by 2 min recovery (Table 3,
Fig. 7a}: The arterial [SID] was 48.4 + 1.2 mfq/1 at rest and
decreased below resting levels by 30 s recovery (Table 3, Fig. 7a).
The arterial and femoral venous [SID] values were similar after 2 min
of recovery (Table 4, Fig. 7a). The decrease in the plasma [SIDs]
after exeréise was due to an increase in the concentration of strong

anions relative to the concentration of strong cations.
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Figure 6 a. Arterial and femoral venous PCO., (mm Hg} at rest
and during recovery from max1ma? exercise (n=3).

b. Arterial and forearm venous PCO, (mm Hg) at. rest
and during recovery from max1ma? exercise (n=6).
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* Figure.7 a. Arterial and femoral venous strong ion difference

(mEq/1) at rest and during recovery from maximal
exercise (n=3).

b. - Arterial and forearm Venous strong ion difference

(mEg/1) at rest and during recovery from maximal
exercise (n=6). .

———
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3.3.4 Strong jon concentrations in the artery and femoral vein

The calculation of [SID] is based on the plasma concentration
of strong jons. However, when estimating ion movements aéross-the
muscle the venous and arterial ion concentrations should first be
corrected for the decrease in plasma volume that occurs with heavy
exercise. The ion concentrations measured in the femoral vein and
artery are presented in Table 5. and the mean values corrected for
changeé in plasma volume are bresented in —Téb1e 6. The fv-a
differences for measured and corrected values are presented in Tables

7 and 8,‘respectiv¢1y.

Lactate The  femoral venous and arterial lactate
concentration ([lactate]) increased after exercise (Table 5 and 6,
Fig. 8a);: 1act§te levels averaged 15.0 + 1.0 mmol/1 and 13;1 = 1.1
mmol/1 in the ‘femora1 vein and artéfy, respectively. The fv-a
“[Nactate 1 difference was positive throughout recovery and represented
a net re]eage of lactate from the muscle into the extracellular space-

(Table 7 and 8).

Sodium : The femoral venous sodium cancentration ([Na+])
increased from 138 + 2 mmol/1 at rest to 150 + 3 mmol/1 immediately
post-exercise (Table 5, Fig. 9a). The [Na¥ ] decreased for the
remainder of recovery, reaching resting levels after S_min. The

arterial [Na¥ ] was 137 + 1 mmol /Y at rest and increased to 144 * 2

21



Figure 8 a.

Arterial and femoral venous Tactate concentrations
(mmo1/1) at rest and during recovery from maximal

exercise (n=3). Values have not been corrected
for the decrease in plasma volume.

Arterial and forearm venous lactate concentrations
(mmoi/1) at rest and during recovery from maxima

exercise (n=6). Values have not been corrected
for the decrease in plasma volume.
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(lactate, Na®, Kk, Ca2+, £17)

Femoral venous-arterial difference for plasma strong ions
at rest and during recovery from maximal exercise.

?

Table 7.

&

Time Post-Exercise, min

3.5 5.5 7.5 9.5

2.5

1.5

1.0

0.5

Rest

3.5
2.4

2.9

1.7
+2.2

3.7

+2.8

3.0
+1.4

2.2

+2.5

2.6
2.5

<t O

™M™
+i

lactate, mmol/1

Na*, mmol/1

0.3
+0.6

0.7
+0.6

1.7
+1.2

1.3
+1.2

6.0 4.3 3.3
+1.5

+5,3

1.0
+1.0

1.0

2.1

0.5
0.5

0.5 0.7 0.7
+0.6 0.6 0.5

0.6
0.6

k', mmol/1

-0.01
+0.05

-0.01 0.01 0.03
+0.02  :0.04

+0.07

0.05

Q

Ca2+, mmoT/]

-1.3
e x1.5

-2.0
4.6

-1.0 -1.3
+4.0

-5.7 4.7 -1.7
+2.5 5.3

-6.0
+4.0

-4.3
+2.5

+3.1

+3.8

SD
significant difference between femoral vein and artery (p < 0.05)

values are mean +
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Figure 9 a.

b.

Arterial and femoral venous Na+,.K+ and C1°
concentraticns (mmol/1) at rest and during
recovery from maximal exercise (n=3).

Arterial and forearm venous Na*, k¥ and c1~
concentrations (mmol/1) at rest and during
recovery from maximal exercise (n=6).

:
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+
mmol/1  after maximal exercise (Table 5, Fig. 9a}. The arterial [Na ]

decreased and  reached resting levels after 7 min of recovery (Fig.

98} .

The femoral venous and arterial [Na+] decreased when corrected

for changes in p1asma'vo1ume {Table 6). The fv-a [Na+] difference was

variable but positive throughout recovery indicating that sodium was
being. released from the working muscie (Table 8). -

Potassium : The resting potag§ium concentration ([K+]) was
higher 1in the femoral vein (5.4 %.1.1 mmo1/1) than in the artery {4.5+
9.4 mol/1).  The [K+] increased during maximal exe;cise; peak values
océurred immediately after exercise and were 7.8 * 1.2 mmo1/1 and 6.9x
1.0 mmol/1 in ;he femoral vein and artery, respectively (Table 5, Fig,
9a). During recovery the [K'] decreased and reached resting levels

after 1-2 min.

An dincrease in the plasma’ [K+ ] was observed even after
correcting for the decrease in plasma volume (Table 6). The fv-a [K+]
difference was small but positive throughout recovery indicating a net
release of potassium from the muscle into the extracaellular space

{Table 8).

Ionised Calcium : At rest the concentration of ijonised

calcium ([Ca2+ 1} was 1.11 + 0.044amo1/1 in the both the femora1.vein'

-
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and artery. After 30 ; maximal exercise the [Ca2*] increased to 1.35 =
0.03 mmol/1 in the femoral vein énd 1.21 £ 0.08 mmol1/1 in the artery
(Table 5). The [Ca2+] decreased during recovery; resting levels were
reached after 3 min ih the femoral vein, but the arterial [Caa+]

remained above resting levels for the entire recovery.

The [Ca2+ 1. increased when corrected for the change in plasma
volume ({Table 6}. The fv-a [Ca2+] difference demonstrated a small

increase in calcium across the active muscle (Table 8).

Chloride : The femoral venous chloride concentration ([C1 ]
was 92 £ & mmol/] at rest and did not change sigqificant]y after
maxinal exercise (Table 5, Fig.- 9a). The arterial [C1 ] increased
from 94 + 2 mmol/1 at rest to 101 * 2 mmol/1 immediately pﬁst—exercise
(Table- 5, Fig. 9a). The [C}_]’decreased te resting levels after 1 min

of recovery.

+  The corrected [C1 ] decreased in the femoral vein and artery
after exercise {Table 6); the fv-a [C1”] was negative and represented

3 net uptake of chloride by the active muscle {Table 8).

3.3.5 Bicarbonate concentration across the active muscle
» -
The femoral venous bicarbonate concentration ([HCO&]) was 27.3+

0.9 mmol1/1 at rest. The [Hcog] began decreasirig by 1 min recovery and
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reached steady Tlevels (15.4 £ 1.2 mmol1/1) by 3 min recovery (Table 3,
Fig. 10a). The arterial [HCO; ] was 26.6 = 1.7 mmol/1 at rest and
decreased immediately after exercise, reaching steady levels {14.1 =

1.1 mmo1/1) after 3 min recovery (Table 3, Fig. 10a).

3.4  °ACID-BASE CHANGES ACROSS THE INACTIVE MUSCLE DURING AND AFTER

MAXIMAL EXERCISE (PART B)

Maximal cycling exercise produces a generalised acidosis in
the body as the intracellular acidosis is corrected. The inactive
tissue may play a role in regulating the whole body acid-base ba]ance;
The ‘forearm muscle was studied to determine the role played by the

inactive tissue in the recovery process.

3.4.1 Hydrogen ion concentration across the inactive muscle

The arterial [H' 1 was 37.7 ¢ 2.2 nmol/1 (pH 7.43 + 0.03) at
rest.  An acidosis developed in the artery after maximal leg exercise;
the [H" 1 reached steady Tlevels (60.8 = 10.9 nmol/1) after 3-min
recovery (Tab1e’9: Fig. 5b).

The forgarm venous [H+] was 42.5 = 2.9 nmol/1 (pH 7.37 = 0.03)
at rest. The Qenous {H+] increased rapidly and reached steady levels
(68.3 =+ 15.6 nmol1/1) by 1 min recovery (Table 9, Fig. 5b). The vencus

[H" 1 was higher than arterial values throughout the recovery (Table
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Figure 10 a. Arterial and femoral venous bicarbonate
concentrations (mmol/1) at rest and during
recovery from maximal exercise (n=3).

b. Arterial and forearm venous bicarbenate
concentrations {mmol1/1) at rest and during
recovery from maximal exercise (n=6).
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5) and independent (PC0O,, SID, ATOT} variables in the forearm vein and
during recovery from mgximal exercise.

Dependent (H+. HCO
artery at rest and

Table 9.

Time Post-Exercise, min

a: 1-0.5 1.0 1.5 2.5 3.5 5.5 7.5 9.5

Rest

Forearm Yein

66.7
+18.9

66.8

£15

69.1
+16.8

67.7 67.7
£17.6  :15.8

57.1

42.5

H+. nmol/)

uy .

+16.5

1

+

:16.9

9.5

2.9

63.1 69.9 68.8 67.4 64.6 63.4 58.4
1.5 +10.7 $9.9  £10.3 :10.0 8.5 :4.8

47.1
24.3

PCOZ, mm Hg

53.0 51.7 50.5 49.] 48.3 46.3 45.2 43.9 43.9

48.9

SiD, mEg/1

1.8 +4.9 14.2 +1.9 1.9 +1.5 +3.4 +3.3 6.1
23

3.2

23 23 23 22 22

23

23 23

"
20

ATOT, mEq/)

26.1 25.5 24.5 23.4 22.8 21.7 19.6
3.7 +2.8 £3.2 £3.3 +3.7 £3.5 +3.3

27.4
2.4

27.4
2.2

HCO}. mmol/1

Artery

43.8 50.3 53.4 55.8 57.8 60.1
6.8

37.7

H*. nmal/1

27.9 9.9 :11.5 :11.6 13

+8.4

+4.5

4.9

2.2

32.6 30.5
+2.0 2.5

4.5
2.0

35.3
+1.9

39.9
+2.5

PCDZ. mmol/1

38.3

44.5

45.2
22,2

SID, mEq/]

+2.8 +2.6 24,2 +3.4

22,1

22 22 22 22 22 22 22 22

e
20

ATOT, mEq/]

HCOS, mol/1

-
- M

o O
—

-

values are mean : SD

ificantly different from rest {p < 0.05)
estimated from Table 7.3 (Stewart, 1981) and from the mean ¥ change in forearm vein and arterial

sign

L3

-k
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hemoglobin concentration.
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10).

3.4.2 Plasma PCO, across the inactive muscle

Arterial PCO2 was 39.9 + 2.5 mm Hg at rest and decreased to
035.3 % 1.9 mm Hg immediately after maximal exercise (Table 9, Fig.
6b). The arterial PCO2 was less than resting levels throughout

recovery.

The forearm venous PCO2 wa§ 47.1 + 4.3 mm Hg at rest and
increased to ﬂgf.Q + 10.7 mm Hg at 30 s recovery.(Tab1e 9, Fig. 6b).
The venous PCO2 decreased slowly for the remainder offrecovery,

reéching resting levels after 7 min recogery: The PCO, was higher in

2
the vein than in the artery throughout recovery (Table 10).

3.4.3 - Strong ion difference across the inactive muscle

At rest the [SID] was 45.2 + 2.2 mEq/1 in the artery and 48.9*
3.2 mEg/1 in the fdrearm vein. The arterial [SID] decreased following
maximal "leg exercise {Table 9, Fig. 7b). The forearm venous {s1p]
48.9 = 3.2 increased to 53.0 + 1.8 mEq/1.immedjate1y after exercise
and thea decreased for the remainder of the recovery. The [SID] was
higher 1in the forearm vein than in the artery duriﬁg the entire

recovery (Table 10, Fig. 7b).r

‘e &)



Forearm venous-arterial differences for selected acid

recovery from maximal exercise,

Table 10.

-base variables at rest and during

1se, min

Time Post-Exerc

3.5 5.5 1.5 9.5

2.5

1.0 1.5

0.5

Rest

5.6
5.7

5.7
+4.3

7.3

+5.7

10.5
+8.5

+13.8 9.7 29,1 +9.3

5,2

27.9 34.8 36.2 36.9 35.6 35.0 31.5 22.8 16.3
6.9 £12.0 +8.8 9.4  +10.3 +8.3 +7.0 +7.2 5.1

7.2
+4.8

PCO,, mm Hg

6.4
+4.3

9.0

+8.5

12.6 11.0 10.2 7.7 7.4
~+3.3 +1.8 +6.5 +1.5

9.9
+4.4

8.5

+3,1

3.8
3.6

SID, mEg/)

6.7

HCO&, mmot/1

5.2
+2.0

7.5 9.1 10.5 11.3 11.2 11.3 10.8 7.5
1.4 +2.4 +1.56 +1.6 +1.5 +1.9 2.0 2.1

1.3
2.3

SD
t difference between forearm ve

values are mean +

d artery (p < 0.05)

m an

ican

f

signi

*
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The decrease in the [SID] indicated that after maximal leg
exercise the concentration of strong anions increased relative to the
concentration of strong cations. In addition, the strong anion

concentration was higher in the artery than in the forearm vein. . ow

3.4.4 Strong ion concentrations in the artery-and forearm vein

The measured concentration of strong dfons is presented in
Table 11. These values were corrected for the decrease in plasma
volume and are presented in Table 12. The forearm venous-arterial

difference for the measﬁtsgﬁﬁand corrected values are presented in

>

Tables 13 and 14, respectively.

Lactate : The arterial [lactate] was 0.§ 0.2 mmol/1 at
rest. After maximal exercise the [lactate] increased, reaching steady
Tevels (14.2 + 1.7 mmol/1) aftér 1 min recovery (Table 11, Fig. 8b).
The forearm venous [lactate] was 1.1 +-0.2 mmol/1 at rest. The venous
[lactate] increased immediately following maximal exercise and
continued to increase gradually throughout thé recovery (Table 11 and
12, Fig. 8b). . The venous Jflactate] was less than the arterial
concentration throughout recovery indicating that lactate was being

taken up by the inactive muscle (Table 14).

Sodium : The resting [Na'] was similar in the artery (137 + 2

mmol/1) and forearm vein (138 + 2 mmol/1) at rest. After maximal leg

\
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ions (lactate, Na', k', ca®t, ¢17)

Forearm venous-arterial differences for plasma strong

Table 13.

1 exercise.

axima

at rest and during recovery from m

&

e

14

min

Time Post-Exercise,

\-

2.5

1.0

7.5 9.5

5.5

3.5

1.5

0.5

Rest

*

*

-3.3

-5.3

V7

-3

0.2

lactate, mmol/T

+2.2 1.5 2.1 1.7 1.1

+1.8

*
O I~

wy —
1

0
+0.5

+1.0°

+0.5 +0.6 +0.5 +0.6

0.6

+0.7

0.7

+1.0

-0.02
+0.06 0

0.03
+0.10

0.03
+0.05

0
+0.05

-0.01
+0.06

-0.02
0.08"

*

0.02

+071]

-0.03 -0.01
+0.02 +0.80
-9.4

, Mmol/1

Ca2+

-11.7
2 o£3.3

-4.2

-1.8
+2.8

-5.7 -2.0
+6.0

6.3

-9.7

4.0

+6.2

+4.3 +2.7 +2.4

+3.6°

+3.4

, mol/1

c1”

SD
t difference between forearm vein and\é
r )

values are mean +
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exercise, the [Na' ] increased in both the artery and vein (Table 11,

Fig. 9b). The [Na*] decreased to resting levels by 10 min recovery.

The corrected [Na+ ] decreased below resting levels after
exercise 1in the forearm vein and artery (Table 12). The v-a [Na']
difference was negative throughout recovery indicating that sodium was

taken up by the inactive muscle (Table 14).

Potassium : The arterial and forearm venous [K+} were similar
at rest (4.3 & Q.B- mmd1/1). Immediately after maximal exercise the
[K+] increased; the [K'] was higher in the artery (7.2 + 0.8 mmol/1)
than in the vein (5.9 + 0.4 mmol1/1) (Tables 11, Fig. 9b). The [K™]
decreased 1in  recovery and reached resting levels by 3 min of recovery
(Table 11).

The corrected plasma [K+] increaséd immediately after maximal
exercﬁée "and decreased to below resting levels by the end of recovery _
(Table 12). The negative v-a [K'] difference indicated that potassium
Qa; taken up by the inactive mﬁsc]e (Table 14). P

i

lonised Calcium : The resting [Ca?*] was 1.11 = 0.05 mmol/]

and 1.08 + 0.05 mmo1/1 in the artery and forearm vein, respectively. .
Immediately after maximal exercise the [Ca2+] increased in both the
artery and vein (Table 11). During recovery the [Ca2+ 1 slowly

decreased towards resting levels (Table 11).
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The venous and arterial corrected [Ca2

+ ..
1 were similar to
resting levels immediately after maximal exercise but began to
- +
decrease later in recovery (Table 12). The v-a [Ca2 ] difference was

small but negatiﬁe during recovery indicating that the [Ca2+ ]

decreased across the inactive forearm muscle (Table 14).

Chloride : The resting arterial [C17] was 97 + 3 mmol/1. The
[C1™ 1 idncreased immediately after maximal exercise but returned to
resting 1é§els by 1.5 min recovery (Table 11, Fig. 9b). The resting
venous [C17 ] was 93 £ 3 mmol/1. The venous [C1 ] tended to decrease
after maximal exercise, returning to resting levels by 3 min recovery
{Table 11, Fig. 9b). -

Y

The corrected [C17 ] decreased after maximal exercise in both
the forearm vein and artery (Table 12). The v-a [£17] difference
indicated that chloride was taken up by the inactive muscie throughout

. r\"‘
recovery {Table 14). o

3.4.5 Bicarbonate concentration across the inactive muscle

The arterial [HCO; ] was 26.1 = 1.2 mmol/] at rest and
decreased immediately after maximal exercise {Table 9, Fig. 10b). A
relatively steady [HCO& ] (12 + 2 mmol/1) was reached after 3 min

recovery. The forearm venous [HCOQ] was 27.4 £ 2.2 mmol1/71 at rest and
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remained steady for the first 30 s recovery (Table 9,‘Fig. 10b). The
venous [HCDE] began decreasing by 1 min recovery and continued to fall
for the remainder of the recovery. .The venous [HCOQ] was higher than

the arterial [HCO&] throughout the recovery (Table 10).

3.5 THE CONCENTRATION OF STRONG IONS IN THE ACTIVE MUSGCLE DURING

AND AFTER MAXIMAL EXERCISE (PART C)

3.5.1 Performance variables during 30 s maximal exercise

Performance during the 30 sA of maximal cycle ergometer
exercise was assessed and compared to the performance of the subjects
in Parts A and B. The subjects in this section (subjects 7-12 in
Table i) performed more work during -the 30 s of exercise than the
three subjects in Part A (subject 1,2,6 in Table 1}; the total work
performed was 25.9 + 1.9 kJ igPart C and 18.6 * 1.2 kJ in Part A.®
There were no other differences in performance between any‘of the
groups indicating that the exercise conditions were similar for the

) ;hree groups.

3.5.2 Arterial acid-base and strong ion concentrations after

maximal exercise

~

Arterial blood was sampled for acid-base {hydrogen ions, PCOZ,

(SID]) and 'strong ion (lactate, sodium, potassium, calcium and

o .
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chioride) concentrations. These variables were similar to those
obtained at comparable times in Parts A and B and indicate that the
response to maximal exercise was similar in the three groups {compare

Table 15 with Tables 3, 5, 9, 11).

3.5.3 Fluid vo]umé'changes in the active muscle after maximal

exercise

Maximal exercise is associated with Ffluid shifts from the
plasma into the interstitial and 1ntrace11u1ar compartments of the
active muscle. The wet weight/dry weight (w.w./d.w.) xatio of muscle
biopsy samples was calculated. to determine the  effect of 30 s of
maximal exercise on the fluid volume change in muscle. The Q.w./d.w.
ratio was 4.08 + 0.32 mg w.w7/mg d.w. at rest andxincregééd after
maximal exercise; the w.w./d.w. ratio wa§ 4.30 * 0.20 mg w.w./mg.d.w.,
4.43 + 0.26 mg w.w./mg d.w. and 4.41 * 0.20 mg w.w./mg d.w. at 0, 3.5
and 9.5 min recovery, respectively. Therefore the water conteqt of
the quadriceps muscle increased from 0.75 ml/gm w.w. at rest 'to 0.77

m1/gm w.w,.;ﬁroughout exercise.

3.5.4 - Intracellular strong jon concentrations in active muscle
1]

after maximal exercise

The intraceliular strong ion content and concentration were

measured in the active quadriceps femoris muscle (vastus lateralis) to



Table 15.  Acid-base variables and strong ion concentrations in
the artery at rest and during recovery from maximal
exercise (Part C).

115

Time Post-Exercise, min

Rest 0 3.5 9.5
HY, nme1/1 36.0 . 54.3 66.6 66.8
+0.8 +4.6 £10.0 +10.6
PCO,, mm Hg 38.9 37.2 29.8 29.4
+1.9 2.1 +2.4 +3.0
\ SID, mEq/) ' 50.6 44.6 40.2 38.8
™ +1.4 +2.0 +2.4 +0.6
HCOS, mmol/1 26.6 17.0 11.3 11.2
. +1.2 2.6 2.5 +3.
lactate, mmol/1 0.8 14.2 17.5 '\ 16.4
. +0.2 £2.4 #2.6 +2.6
Na*, ‘mmo1/1 138 148 143 140
e R *] +1 +1
kY, mmol/1 4.2 6.5 3.8 3.9
+0.4 +0.3 0.1 0.2
ca?, mol/1 112 1.26 1.20 1.18
=0.03 £0.03 £0.05 +0.05
€17, mmol/1 93 # g9 92 91
+1 +] *1 1

values are mean + SD
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determine  whether jon exchange occurs between the intra- and
extracellular compartment during maximal exercise and recovery. Ion
exchange could change the intracellular -[SID] and thus affect the

~

intracellular acid-base status of the muscle.
?
The intracellular strong ion contents of resting muscle were:

sodium, 26 = § umel/gm  d.w.; potassium, 347 + 57 umol/gm d.w.;
calcium, 6.1 ¢+ 1.5 umol/gm d.w.; magnesium, 80.0 * 8.6 umol/gm d.w.;
and chloride, 28 '+ 16 umol/gm d.w.. The intracellular strong ijon
concentrations in  resting muscle were: sodjum, 9+ 3 mmol/1;
potassium, 124 * 16 mmol/1; calcium, 1.1 + 0.3 mmol/1; magnesium, 14.3
£ 1.0 mmoi/1;' and >chforide, 10 = 6 mme1/1. No significant changes
were observed in strong ion contents or concentratidns following 30 s

maximal exercise (fablgs 16 and 17).

3.6 SUMMARY ‘3
‘ .

Maximal exercisg lasting 30 s produces an acid load within the
muscle that may impair the metabolic ind contractile processes in the
muscle anq lead to fﬁtigue. “In this study the acidosis of heavy
exercise and the recovery of ﬁorma] acid-base balance ‘was examined
with respect to changes in PCO2 » Strong ions and weak acids; that is,
those variables responsible for regulating the intra- . and
extracellular [HY 1.  This section summarises the main changes

occurring in the, independent .variables during maximal exercise and
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Table 16. Intracellular strong ion content (uEg/gm d.w.) in the
quadriceps femoris muscle at rest and during recovery

from maximal exercise.

Time Post- Exercise, min

Rest 0 3.5 9.5

Nat 26 44 47 6

+5 *6 +27 +8

(2) (2) (3) (3)

K" 347 342 357 344
+57 +56 +63 +54

catt 6.1 6.1 7.7 5.8
1.5 ¥  +1.8 +3.4 +1.0

. (4) (6) {6) (5)

2+ ‘ -
Mg 80.0 74.6 79.5 80.9
+8.6 +11.0 +21.3 *9.4

(4] (6] (6) (5)

c1” 28 58 56 21,
+16 +50 +51 +13

(4) (4) (6) (5)

values are mean + SD

J

values in parentheses denotes number of samp]es'ﬁsed in the analysis
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L

Intraceilular strong ion cﬁncéntration (mmol/1 i.c.

Table 17.
water) and intracellular strong jon difference (mEg/1
i.c. water) in the quadriceps femoris muscle at rest
and during recovery from maximal exercise.
Time Post-Exercise, min
-~  Rest 0 3.5 9.5
Na* 9 ° 16 17 2
+3 A +4 +11 +3
(2) T (2) (3) (3)
K" 124 1126 123 118
16 +22 +13 +15
(4) (6) (5) (5)
ca®t 1.1 1.1 1.3 1.0
W +0,3 +0.3 +0.5 0.1
Y (4) (6) (6) (5)
Mg2t 14.3 13.7 . 13.6 ° 13.9
=1.0 1.8 +5.0 +1.5
(4) (6) (6) (5)
Gl p 10 17 - 20" 7
R +6 17 - +19 +4
(4) (5) (6) (5)
* H
lactate 3 46 - 15
e *d
[sip} 151 109 115 - 128.
B ¥ )

-

values are mean = SD

LY

values in paFentheses denotes number of samples used in t?g'ana]ysis

* estimated from muscle lactate concentration presented®in Table
18 and wet weight/dry weight ratio measured in muscle biopsies

in this
** assumes
water

study
an intracellular lactate concentration of 35 mmol/1 i.c.
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" extracellular [H'].
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recovery, and describes how these changes affect the intra- and

3.6.1 The acid load in the active muscle

An‘ increase in  intracellular [Hf ] occurs when the
intracellular PCO, or weak . acid concentration ([ATOT]) increase, of
when the [SID] decreasés. The muscle wet weight/dry weight ratio
increased during the 30 s of maximal exerci;e indicating that the
fluid content of' the tissue- increasaq. Hhen the strong ion

concentrations were corrected  for changes in plasma vo1umet/the fv-a

concentration differences indicated that _%gdium, potassiu%, calcium

and lactate were released from the muscle and ch]orid% was taken up bxﬁ,,___;_de/

the muscle immediately after maximal exercise (Fig. 1la).  However,
o
the  intracellular concentration of sodium, potassium, magnesium,

?
calcium or chloride did not change during exercise or recovery (Table

17).  The intramuscular [lactate] was not measured in-tffis study but

previous studies in which I was-a co-investigator demonstrated that
Y

the muscle [lactate] increased to approximately 30 mmol/kg; w.w.

] (Tables 18 and 19) or approximately 45 mmo]]? i.c. water. This

increase  in  the intracellular [lactate] would decrease the

intracellular [SID] by 45 mEq/1 and raise the intracellular [H+].

Phosphate “compounds in the muscle contribute to the [ATOT].

The intracellular [ATOT] was not measured in this study but previous

- (

N



Figure 11 a.
~

120

Femoral venous-arterial difference fMr strong ions
and bicarbonate ‘at rest and during recovery from

maximal exercise. Strong ion ¢oncentrations were
corrected for the decrease in plasma volume.

¢ .
Forearm venous-arterial difference for strong ions
and bicarbonate at rest and during recovery -from
maximal exercise. Strong ion concentrations were

corrected for the decrease in plasma volume.

e
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Table 18. Musc]ehmetabo1ite concentrations (mmol/kg w.w.) at

rest and during recovery from maximal exercise

(pedal speed = 60 rpm).

122

Time Post-Exercise, min

Mefabo]ite Rest

0 10
ATP™N 4.9 3.1 4.0
\\»J#F +1.1 1.3 +0.8
cP ' 16.2 6.4 15.4
1.9 +3.0 +2.9
glucose-6-phosphate 0.15 4.80 0.28
+0.07 +*1.14 +0.24
fructose-ﬁ-phospﬂife C.05 1.19 0.14
+0.01 +0.62 +0.16
fructose 1,6-bisphosphate 0.22 2.01 0.31
' +0.15 +0.83 +0.17
lactate 1.8 31.0 10.5
0.6 +4.3 2.2

values are mean + SD
data taken from Table 1 (Jones, et al., 1985)
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Table 19. Muscie metabolite concentrations’ (mmol/kg w.w.) at rest

and after a single bout of maximal exercise
(pedal speed = 100 rpm).

a
7 .
. Inmediately
Metabolite ! Rest Post-Exercise
“ aTe - 5.2 3.1
+0.4 =0.3
cp . 14.3 4.2
0.7 +0.9
glucose-6-phosphate 0.52 6.86
x0.11 +0.28
fructose-6-phosphate ~ 0.12 1.23
=0.03 #0.11
fructose-1,6-bisphosphate 0.27 1.22
. , ' : +0.06 +0.46
™ Jactate ~ T 1.4 28.9
. +0.3 #2.7
glycogen : © 85.8 67.6
+9.4 +2.8
values are mean + SD . i} .

data taken from Table 1 (McCartney, et al., 1985)

%)
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studies  have demonstrated that ATP and CP decrease and hexose
phosphates  (glucose-6-P, fructose-6-P, fructosell,ﬁ—bisp) increase
during 30 s exercise (Tab]es 18 and 19). It cannot be determined to
what extent these changes actually affect the [ATOT] or [H'] since the

total phosphate cencentration may not change.

3.6.2 Acid-base balance across the active tissue

Following 30 s of maximal exercise there were large changes in
the plasma caﬁcentration of various acid-base variables. The fv-a
concentration difference for hydrogep ions and bicarbonate increased
after hegvy exercise indicating an "apparent efflux" of these jons
from the active muscle. CO2 output from the TPSC]E occurred rapidly;
The femoral venous PCO2 increased briefly after gxercise (Fig. 6a).
The increase in femoral venous PCO, produced a respiratoé& acidosis in
the plasma.

. o~ |

The plasma [SID] was calculated from the plasma concentration
of strong ions. Strong don exchange across the muscle occurs more
slowly than CO2 exchange. lLactate was released from the muscle
throughout recovery (Fig. 1la) and caused the femoral venous and
arterial [lactate] to increase (Fig.‘sa). The increase in the plasma
[lactate] was the main factor responsible for the decrease in the
femoral venous and arterial [SID] after heavy exercise (Fig. 12). The

decrease in the plasma [SID] produced a metabolic acidosis in the

5
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Figure 12. Recovery-rest differences for femoral venous, arterial
and forearm venous strong ion concentrations and strong
ion differences. '
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plasma after exercise.

<

The plasma volume decreased after maximgk exercisé (Table 7)

as fluid moved from the plasma into the muscle. The LATOT] was not

 measured in this study but the decrease in plasma volume would tend to -

increase the protein concentration (as determined by the increase in
the hemoglobin concentration) and thus increase the [ATOT] (Table 3).
An increase in [ATOT] also contributed to a metabolic acidosis in the

<
plasma.

3.6.3 Recovery of whole body acid-base balance

As the [Hf] is mediated by changes in PCO,, [SID] and [ATOT],
recovery of normal acid-base balance requires removal of CO2 to reduce
;ﬁe PCd2 , removal of lactate to increase the [SID] and increase the
plasma volume to lower the [ATOT]. CO2 output increased during
exercise and ‘was maintained during the early part of recovery (Fig. 3
and 4).  The VCOZ decreased as COp efflux from the muscle reduced.
The efficiency with which the lungs removed the excess 002 was

ated by the fv-a PCO, differencevacross the lung; the arterial

PC 2 Was reduced below resting levels after exercise {Fig. 6).

Strong ijon exchange occurred across the inactive forearm
~muscle; the v-a concentration difference demonstrated that sodium,

potassium, chloride and lactate were taken up by the forearm muscle
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(Fig. 11b). Although the increase in the forearm venous [Tactate] was
mainly responsible for the fall in the venous [SID] (Fig. 12), lactate
uptake by the forearm maintained a higher [SID] in the forearm vein

compared to the artery.
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4 DISCUSSION
4.1  INTRODUCTION ' ' _ .

- It has' been known since the early 1800's that heavy exercise
leads to a rapid production of lactic acid, although the magnitﬁde of
this acidosis has only recently b;en appreciated. Also, the
mechanisms  controlling muscle contraction and the associated
* metabolism bave become better understood, and the extent to which
decreases in pH may impair both contraction and metabolism have been
emphasised.  Although the control of muscle pH {n heavy exercise
assumes  great importance, our understanding of the quantitative
contributions of different processes is very limited. The extent of
buffering within muscle, of removal of CO2 and lactate and the
extrusion of hydrogen ions have been debated 'for many years but
largely 1in the absence of quantitative data. Recently Stewart (1981)
has re-examined the concepts underlying the acid-base behaviour of
biological solutions and has argued that the [H*] of a solution should
be .considered a dependent varinge. He has demonstrated using
physicochemical principles that the [H+] of a solution is determined
by . the independent variables PCDZ’ the strong ion difference ([SID])

and the qpnbentratioh of weak acids ([ATOT]), and a set of equations

i
4 "

witich govern the solution. Although this approach is theoretically’

129
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Natid and has been shown mathematically to conform to theory, this
approach has not been used to examine acid—base- behaviour under
physiological conditions. Therefore, the work in this thesis had as
its main object;;es: to provide quantitative data of the responses to
a massive acidosis due to short-term, maximal exercise{ to examine the
acid-base changes in "terms of changes in CO,, strong ions and weak
acids; to determine the imporyance of the Tungs and inactive tissue as
sites for regulating acfa:base balance after exercise, and to

_determine the fate of lactate after maximal exercise. )

o

4.2 MAXIMAL CYCLE ERGOMETER EXERCISE

Constant-velocity cycle ergometer exercise lasting onty 30 s
was used to generate an intracellular acid load. This protocol was
shown previously to raise’ the muscle 1actate"tontent to 30 mmol/kg

'-w.w.. (Jones et al., '{995; McCartney et al., 1985). Work, powe; and
torque were' measured \fb assess performance during the 30 s of
3

exercise. he heavy nature of the exercise was reflected in the peak

and average XRower output, and the total work generated during the

exercise test; ¥ average powe? output and the total work perFormed
were in excess of 800 W and 18 kd, respectively. A1l performance
variables were similar to those reported previously using a comparable

exercise protocol (McCartney, Heigenhauser and Jones, 1983; Jones ety

al., 1985}.
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The 0, intake (\702 ) increases linearly with increasing-
intensity of exercfse and thus can also be used to evaluate the heavy
nature of the exercise task. The VOZ increased more than 7 fold above
rest levels during the 30 s of exercfse. Preliminary studies
demonstrated that the 902 at the end of 30 s exercise represents

approximately 60% of the individual's maximal aerobic capacity.

" The onset of heavy exercise is associated with an increased
turnover of ATP, a breakdown of CP and aqtfctivation of oxidative
phosphorylation and glycolysis. The energy required during the

exercise test was calculated to determine whether the increase in VOZ

could sustain erergy production through aerobic metabolism or whether
7.g1yco1ysi§ Was afso necessary. The total work performed in Part B, 21
kd, required approximately 5 kcal of energy {0.239 kcal/kJ) or an
equivalent of 5 1 0, (5 kcal/1 0, x 20% efficiency (Pugh, 1974)). The
902 measured at the end of tgb exerc{se Qas approximateiy 2700 m1/min
but only approximately 910 ml 02 {cumulative 902) were actually used
dur{ng the exercise. The 0, stored in the body is small (25 mi Ozlkg)
(Cherniack and Longobardo, 1970) and coq]d contribute a maximum of
2000 Km 02. Complete utilisation of phosphagen (ATP + CP = 21 mmol/kg
w.w. (Table 18)) in working muscle represents approximately 1000 ml 02
(2.4 m 02/nmgﬁ phosphagen (Margaria, 1976)). The O2 requirepents of
exercise exceed the wmaximum 02 available (3.9 1 02) by approximately
1106 ml 02 » thus requiring ‘;hat glycolysis also be activated for

energy pﬂbducfion. //

!

’
v

\

\\~
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553 INTRACELLULAR ACIDOSIS IN THE WORKING MUSCLE AFTER MAXIMAL

EXERCISE

At the onset of maximal exercise phosphorylase is rapidly
activated, leading to maximal flux down the glycolytic pathway; the
maximal rate  of  phosphorylase activity measured in vitro is
approximately 50 mmol glucose/kg/min (Newsholme and Start, 1974). The
flux through glycolysis is greater than can be accommodated throughy

the pyruvate dehydrogenase reaction into the citric acid cycle {Ward
et al., 1982) and leads to an increase in qucol&tic intermediates and
lactate, The intracellular acidosis which acc&mpanies heavy exercise
is generally attributed to an elevated 1§ctic acid production.
Ma%ima1 cycle ergometer exercise raises the intramuscular [lactate]
(Hermansen and Osnes, 1972; Sahlin et al., 1976; Sahlin et ... 1978a;
Jacobs et al., 1982; Jacobs et al., 1983; Boobis, Williams and
w00ttoﬁ, 1983) and fowers the intramuscuiarapH as determined in mu§c1e
homogenates (Hermansen and Osnes, 1972; Sahlin et al., 1976). fhe“
/exercise protocol wused in this study was also expected to produce an
intracellular acidosis. Maximal exercise simi]ar_to that used in this
study increased the intramuscular [lactate] to 30 mmo]/Eg w.w. [Table

18 and 19).

Although the intramuscular [Hf] was shown to be related to the

tissue [lactate] (Sahlin et al., 1976; Sahlin et al., 1978a), Stewart
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(1981) arqued that the [H'] offﬁiz intra- and eﬁtrace]]u]ar fluids is
determined by the re]ationship between the independent variables,
PCOZ' [SID] and [ATOT], within each fluid compartment, .Stewart ({981)
demonstrated that the [HY ] of igpolution increased when the PCO2 or
[ATOT] increased, or when the [SID]~decreased. In this study, the
acid load produced during 30 s of maximal exercise was examined with
respect to changes 1in the intracellular PCOZ, [SID] and [ATOT]. The
relationship  between the estimated intracellular [H* 1 and the
estimated intracellular PCOZ’ [ATUT] and [SID] is pfesented in Figure
13. ‘ ' . ]

4.3.1 Intracellular weak acid concentration in the active muscle

after maximal exercise

Weak acids are only partially disﬁociated in solﬁtion;_the
molecules -of the .parent acid (HA) and the products of dissociation
(H*, !A') exist together in solution. According to Stewart (1981) weak
acids have dissociation constants ranging between 10_4_10_12 Eq/1 {pKa
4.0-12.0).  The total concentration of weak acid ([ATOT]) is defined

as the sum of [HA] and [A™ ] (Stewart, 1981). The tissue [ATOT]

- consists mainly of proteins and-phosphates.

L]

-

The [ATOT] of festing muscie is unknown but was assumed to be
approximately 200 mEq/1 (Stewart, 1981). The phosphagens {ATP and CP)

and hexose phosphates - ({glucose-6~phosphate (glucose-6-P),

L
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Relationship between the intracellular PCO,, strong
jon difference and hydrogen ion concentrat%on in the
quadriceps femoris muscle at rest and during recovery
from maximal exercise. The intracellular PCO2 was
estimated from the femoral venous PCO,; the
intracellular strong ion difference wgs estimated

{rom the muscle strong ion concentration and Stewart
1981). ‘ 7
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fructose-6-P, - frugtose-1,6-bisP) are weak acids and contribute to the

{ATOT] (Hultman jand Sahlin, 1980). These weak acids cannot cross the
cell membrane afid must be metabolised within the cell. Maximal
exercise  reducds the phospﬁagen concentration and increases the
concentration of the hexose phosphates (Table 18 and 19); the
concentration_'of phosphagené’and hexose phosphates returned to near
. resting levels by 10 min recovery ({Table 18). Although the
cdncentration change of individual metabolites may be quite large, the
total phosphate concentratiﬁn - (ie. [phosphagens] + [hexose
phosphates]} changes very 1little; the total phosphate concentrqtionﬁ?
was approximately 21 mmol/kg w.w. at rest, 17 mmol /kg w.w. after
maximal eercise and 20 mmol/kg w.w. at the end of recovery (Table
.~18).  Thus the intracellular [ATOT] may not change during exercise or
recoveryuand will not eontribute to the change in‘intracé]]u]ar [H7]. ™
il

The pKa does not directly contribute to the [ATOT] but affects
the relationship between the weak acid (HA) and its conjugate base
(A7). Protein buffering is Tlargely attribuiab1e to the imidazole
groups of histidine (pka 6.4-7.0) with a lesser contribution from
N-terminal amino groups (pKa 7.4-7.9) (Hultman and Sahlin, 1980). %or
physiological purposes'it is necessary to use a single "effective" pKa
to account for all buffering in the physiolegical range (Stewart,
1980); a 'pKa of 6.82 and 6.52 were used for imffra- and éxtrace]]ular
fTuids, respectively (Stewart, 1981, 1983)ﬁ{ Any factor tending to

change the average pKa of the intracellular fluid will affect the
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acid-base status: within the ce]];-for example, the pKa of water, the
imidazole groups of histidine and the C02—bicarbonate buffer system
change with temperature (Rahn, Reeves and Howell, 1975; Reeves, 1976).
An increase in pKa of the cell tends to decrease the [H'] of the cell.
NMR  studies demonstrated that CP (pKa 4.5) breakdown to inorganic
phosphate (pKa 6.8) at the onset of exercise is associated with a
transient alkaline pH shift within-the muscle {Mgle ef,al., 1985) and
that the rapid resynthesié of CP after exercise (Harris et al., 1976)
would -~ be expected to acidify the tissue. Fomation of' hexose
phosphates .(pka 6.1-6.3) and breakdown of ATP (pKa 7.6) may also
contribute to changes in the average pKa of the cell. The combined
effect of these changes on the intracellular pKa cannot‘ke determined

with any ceélainty.

4.3.2 Intracetlular PCO, in the active muscle after maxjmal exercise

Maximal exercise causes an increase in CO2 production within
the muscle. The muscle membfane>%s highly permeable to 002 and the
CO2 formed within the w&rking muscle rapidly equilibrates  with the
extracellular fluid. Aercbic CO2 production in. the muscle probably
ceases at the completion of exercise but CO2 efflux from the muscle
will continue for some time until the CO2 gradient between the intra-

and extracellular spaces decreases and the ~intracellular PCO2 has

returned to resting levels,
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Few studies have estimated the muscle PCO during heavy

2
exercise. Sahlin and coworkers (1978) used the Krogh tissue model to
calculate the theoretical PCO2 in muscle after maximal exercise. They
detennined. that the tissue PCO2 was close to the arithmetic mean of
the arterial and femoral venous PCO2 . Tney argued that during
exercise the high density of open capillaries in muscle would diminish
the C02 gradient between muscle and capillary bloed and prevent the
tissue 002 from significantly rising. This model was tested during
steady-state condftions in brain tissue and was found to accurately
reflect the PC02 as measured by electrode (Gleichmann et al., 1962;
Ponten and Siesjd, 1966). However brain tissue, unlike skeletal
musc]e; maintains a relatively constant C02 produétion. This
relationship may not exist in tissues like skeletal muscle where the
metabolic rate may increase more than 7 fold. 1In addition, a highe;
venous PCO2 relative to the intracellular PCO2 réquires that the CO2
diffuse out of the muscle against a substantial concentration
gradient. Thus, the femoral Qenous PCO2 may be more repfesentative of

the intracellular PCO2 after maximal exercise.

The 1’ntrace11u1ar‘B PCO2 ‘was not measured but was assumed to
equal the femoral venous PCDZ; This being the case, the intracellular
PCO, would increase from approximately 45 mm Hg at rest to 105 mm Hg
after 30 s of maximal exercise. The increase in intracellular [H+]

associated with this increase in PCO2 was approximately 24 nmol/1, or

approximately 25% of the total increase in [H+] {Fig. 13).- Changing
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the dintracellular PCO2 at constant [SID] (110 mEg/1) and [ATOT] (2Q0

mEq/1) changes the intracellular [H')] approximately 0.4 rmol/1/mm Hg
4 .
(calculated agLording to equations for the dintracellular [H'] in

Appendix B2}. Although the PCO2 is important in regulating the [H']
of biological fluids, the intracellular fluid appears to be relatively

protected against excessive increases in PCO. that could occur during

2
heavy exercise. In addition, excessive increases in intracellular

PCO2 are prevented since the elevated muscle b]ood(ilzzjfrovides an
i

infinite sink for CO blood with a high PCO,. is vered to the

2’ 2
lungsrfand ‘b1oéd with 1ow PCO2 returns to the muscle. 'During recovery
Cbz diffuses from inside the muscle and reduces the intracellular PCO2
to resting levels and the intracellular [H"] deéreaﬁes by 24 nmol/1.
This 1is a relatively fast process and is prebably complete by 3

Mtes recovery (Fig. 6a and 13).

4.3.3 Intracellular strong ion difference in the active muscle after

.maximal exercise

Strong ions are completely dissociated in biological fluids;
that 1is, there are no undissociated parent molecules in solution. The
important strong idons in biological solutions ;re sodium (Na+),
potassium (K™ ) and chloride (C17). Lactate being almost completely
dissociated at physiological pH (pKa 3.7) is also considered an

important strong anion, especially during heavy exercise. Other

strong ions such as calcium (Ca2+), magnesium (M92+), and sulphate
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(502_], occur in low concentrations. The strong ionm difference ([SID])

concentrations and the sum of the strong anion concentrations. The
, + + 2+ 2+ -

intracellular [SID] was calculated as ([Na + K + Ca” + Mg" ] - [CI

+ lactate]).

. Muscle biopsies were taken from }he quadriceps femoris muscle
to” determine the effects of 30 s of maximal leg exercise on thé
intracellular strong ion concentrations. The intracellular strong ion
concentrations for sodium, potassium, calcium, magnesium and chloride
did - not change during or after_the exercise. However, the estimated
muscle [lactate] increased to approximately 30 mmol/kg w.w. {Tables 18
and 19); the corresponding intracellular [lactate] was approximately
45 mmol/1 i.c. water (assuming that the wet weight/dry ratio was 4.3
antt  the .intrace11u1ar water/total muscle water ratio was 0.8
(Bergstrdom, Guarnieri and Hultman, 1971; Sahlin et al., 1978a;
Sjggaard and Saltin, 1982; Sjggaard, Adams and Saltin, 1985)). The
increase ~in the intracellular [lactate] was responsible for the
decrease in the intracellular [SID] (Table 17); the [SID] decreased
from approximately 150 mEq/1 at rest Eo approximately 110 mEq/1 after

maximal exercise. The estimated decrease in [SID] increased the
intracellular [H" ] approximately 75 mol/1, or 75% of the total

increase in the intracellular [H'] (Fig. 13}.

Thus the intracellular [H'] increased from 70 mol/1 (pH 7.15)

—~
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at rest to 170 mmol/1 {pH 6.77) after maximal exercise (Fig. 13). The
ca]cu]atgd pPH at ,rest was somewhat higher than the pH (6.90-7.10)
reported in homogenates of resting muscle (Hermansen and Osnes, 1972;
Sahlin’ et-al., 1976; Sahlin et a].; 1978b) .. The pH measured in muscle
homogenates after heavy exercise ranged between 6.4 aﬁa 6.6 (Hermansen
and Osnes, 1972; Sahlin et al., 1976; Sahlin et al., 1978b), Tower

that the intracellular pH calculated after exercise in this study.

Thé- intracellular [SID] increased to approximately 130 mEq/1
after 10 min of recovery (Table 17) and 1owered the intracellular [
by approximately 45 .nmol/l (Fig. 13}. The [SID] increased primarily
because of the decrease in the intracellular [lactate] as no changes
occurred 1in the intracellular concentration of the other strong ions
(Table 17). Thus the. production and removal of lactate from muscle
are important processes contributing to the intracellular acid-base

status during and following maximal exercise.

The constancy of the infrace11u1ar concentrations of sodium,
potassium, magne%ium and' chloride was unexpected ' since previous
studies  reported increases of 10-80% ifor intracellular [¥a§§§§
decreases of 13-20% for intracellular [K*], and decreases of 13-é0%
for intracellular EM92+ ] (%ah]in et a]i, 1978b; Sjpgaard, 1983;
Sjggaard, Adams and Saltin, 1985). An apparent intracellular [SID]
calculated from the stroné ions concentrations (not including chloride

or lactate) reported in these studies was shown to decrease

8"
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approximately 10-15% after heavy exercise. In addition, the femoral
venous-arterial (fv-a) strong jon differences demonstrated that sodium
and potassium were released from the active muscle and chloride was
taken up by the activéﬁ muscle immediately after exercise (Table 8,
Fig. 11}. Factors confributing to the differences in intracellular
strong ion behaviour between this study and previous studies include
use of a different exercise protocol (30 s cycling vs 6 min cycling
(Sahlin et al., 1978), 3 x 3 min cycling (Sipgaard and Saltin, 1982;
Siggaard, 1983), one-legged, dynamic knee extensions {Sjdgaard, Adams
and Saltin, 1985))‘ or differences in the muscle [lactate] leading to
changes 1in ion fluxes. In additipn methodol ogical errors may have

hidden real changes in the intracellular concentration of strong ions.

Sources of error in determining the intracellular strong ion

concentrations : The intracelluiar concentrations of sodium,

potassium, magnesium, calcium and ch]origzh';;re analysed in muscle
biopsy tissue using neutron activation analysis. This method was used
previous]y' to study the ion content of resting. ske1eta1‘\musc1e
{Bergstrom, 1962). A large range of mean values have been reported for
the  intracellular” strong ion concentrations of resting skeletal
mgsc]e: sedium, 4-20 mmol/7; potassium, 150-170 mmol/1; magnesiuﬁ,
14-16 mmol/1; chlioride, 4 mmol/) (Bergstrom, 1962; Graham, 1967;
Bergstrom, Guarnieri - and Hultman, 1971; sahlin et al., 1978b;
Siggaard, 1983). The large range reported for intracellular values

may be attributed to the different methods of analysis (neutron
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activation, atomic abscrpticn spectrophotometry) and to the method of
estimating the fluid volume of the intrace]]u]arland intgrstitjal
space in muscle (chloride space, inulin space). In general the
resting sodium, magnesium and chloride are similar to reported values,
while thé potassium concentration is Jower than reported values {Table
17).
1

Interpretation of the tissue strong ion data must be made with
caution because of the Tlarge variability displayed in their
measurement.  Potential sources of error 1in neutron activation
analysis include variation in the flux density of the neutrons and
counting errors. Variations in flux density would not be a factor due
to the short-irradiation time. Counting errors are a major source of
error and include errors in determining the sample and standard peak
and background. The error within a single determination is
propertional to the square root of the total number of counts in the
sample. Elements counted with a 1ow peak/background ratio will have a
greater erro;. In this thesis the maximum counting error for a single
determination was‘ less than 13% for calcium (mean error, 10.1%}, but
less than 5% for the remaining ions; the mean errors were sodium,
0.6%; potassium, 1.7%; magnesium, 2:3%; chloride, .0.6“. Therefore,
the errors associated with the anatytical methods were small for all
ions except for calcium.

J

Contamination of the muscle biopsy samples with blood will
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introduce errors in the measurement of the 1ion contents and the
estimation of the water content. Steps were taken to minimise
excessive bleeding but it was not Lompletely prevented. Blood in_the
sample will raise the content of those ions: that exist in low
concentration in muscle but in high concentration in the plasma (ie.
sodium /and chloride) and reduce the contentﬂéf those jons that exist
1n‘*pj concentration in the muscle but in low concentration in the
plasma, {ie. potassium). In addition, the tissue wet weight/dry weight
ratio wil]‘ be overestimated if the muscle sample is tontaminated with
blood. ¥ |

PN

The water content of the intra- and extracellular space of
I

rested\ ang exercised muscle was not measured but was estimated from
reportea\”;alues. The interstitial fluid volupe. must be known so -that
the djon content can be converted to an ion concentration. The water
content of the muscle increases during heavy exercise. ‘The_water
distributes in both the interstitial and intracellular compartments
(Bergstrém, Guarnieri and Hultman, 1971; Sahlin et al., 1978; Sjggaard
and Saltin, 1982; Sjggaard, Adams and Saltin, 1985); the interstitial
water cegzgnt. 1ncﬁiﬁses reTativeTy more than the intraceliular water
contenfﬁ {Sjggaard and Saltin, 19é2). The inability to determine

changes in muscle water content, especially during heavy exercise of

the type used in this study, may intreduce a measurement error.
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4.3.4 Summary of intracellular acid-base changes after maximal

exercise -
i -

]
The intracellular [H+ ] of the quadriceps femoris muscle was

. calculated at rest and after 30 s of maximal cycle ergometer exercise

using the approach of Stewart (1981). The intracellular [H+] at rest-
and after exercise was determined-by the intraceliular PCO, (estimated
from the femoral venous PCO, ), the intrace]]ulgg_&gﬁD] {calculated
from measured strong ion levels) and the intracellular [ATOT]
(esfimated from Stewart, 198%3+. The intracellular [H+J of resting
skeletal muscle was approximately 70 nmol/] {pH 7.15) (PCOZ, 45 mm Hg;
[SID], 152 mEq/1; [ATOT], 200 mEq/1). This was somewhat higher than
the pH range (6.90-7.10) repqrted for homogénates of resting muscle
(Hermansen and Osnes, 1972; Sahlin et al., 1976; Sahlin et al.,
£1978b) .
An intracellular acid load was produced during 30 s of maximal
cycle ergomefer exercise as the intracellular [H*] increased from 70
mol/1 at rest to 170 rmol /1 (pH 6.77) immediately after exercise
(Fig. 13). Approximately 25% (or 25 nmol/1) of the total--change in
[Hh] was accounted for by the incregse in P002 and 75% (orl7§/nm01/1)
was due to the decrease in [SID] (Fig. 13). The intracellular [H+]
calculated in this study (ie. 170 rmol/1} was lower than values.
reported for muscle homogenates ([H' ] 220!390 mmol/1; pH 6.4-6.6)

after heavy 'exercise (Hermansen and Osnes, 1972; Sahlin et al., 1976;
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Sahlin et al., 1978b) and Tower than the [H+] (295 nmol/1; pH 6.53)
calculated according to the relationship between the [1aétate] and pH
of muscle- homogenates (Sahlin et al., 1976). These differences are
even greater when considering that the homogenate PCO2 will be Tow and
probably not representative of the intracellular PCO2 after exercise.

The reason for the differences between the [H+] calculated in this
study and the [H+ 1 calculated from pH measyrements of muscle
homogenates is unknown The discrepancy could be attributed to an
inappropriate choicé of value for the intracellular pKa or [ATOT], or
movemeﬁt of :1ntrace11u1ar strong ions may have taken place and;the
actual - [SID] may have decreased more than was measured. The

quantitative resolution of this problem awaits further study.

The process of neutralising the acid 1cad began immediately
afte; exercise. C02 production decreases after exergise and diffusion
of CO2 from the muscie lowered the intracellular PC02. The pfocess of
eliminating the excess CO2 from muscle was probably Eomp]egélby 3 min
recovery Lactate was shown to contribute to the intracellular
acidosis through its effect on the {SID] and thus removing lactate
from inside the cell is important for reco ry of nermal intracellular
acid-base balance. Lactate disappearancé {n muscle occurs more §1owly'
than _COZ remoQal; the intramuscular [Tactate] was still elevated after
10 min recovzry. " The changes in PCO2 and [SID] o;cﬁ??ing during

recovery decreased the intracellular [H+] to Spproximately 100 amol /1

(pH 7.00). Removal of CO2 and Tactate from the muscle established a
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plasma acidosis (Fig. 14, 15 and 16) that must be neutralised before
whole body acid-base halance can be Eo?sidered normal. The remaining
discussion ‘deals with the recovery from the acute acidosis of maximal
exercise and examines mechanisms available for removing the acid 1oad
throﬂgﬂ__metabo]ism‘ of lactate, exchange of other strong ions and
excretion of COZ'

” LS

4.4 FATE OF LACTATE DURING RECOVERY FROM MAXIMAL EXERCISE

The intracellular [SID](;ES shown to significantly affect the
intracellular [H' ] (Section 4.3.3). The [SID] chanées reported in
this study were due prfmari]y to changes in the intracellular
[lactatel. . arly the requlation of the intracellular [lactate] is
an 1mportantCl;;%cess in acﬁd—ba;e control. The lactate produced in
the muscle during maximal exercise was removed from the previously..
active muscle during recovery ,by a ‘numbgr of processes, inc1u@ing
metabolic removal in the active muscle, and diffusion into the
circulation and transport to lactate metabolising tissues. The
circulation 1is dmportant in this regard as it removes lactate away
from the active muscle, thus maintaining a diffusion gradient between
the intra- and extracellular fluids, and transports it to tissues in

the body where it can be metabolised or excreted.
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4.4.1 Blood flow in the quadricep§ muscle at rest and during

recovery from maximal exercise

-

Resting muscle blood flows ranging between 2-7 m1/100 gm/min
have been reported using xenon 133 (Lassen, Lindbjerg and Munck, 1964;
Grimby, Haggendal and Sa]t@n, 1967; Suzuki and ﬁbnde-Petersen, 1983)
;and venous occlusion plethysmography (Matsui, Kitamura and Miyam;ra,
19?8).‘ The resting blood flow in skeletal muscle was assumed to be.
approximately 3 ml/100 gm/min (Lassen, Liﬁdbjerg and Munck, [964;
Grimby, Hdggendal and Saltin, 1967).

Blood- flow to the working muscle increases during exercise.

Muscle blood flows ranging between 30-80 ml1/100. gmn/min have been
reported during heavy exercise {(Grimby, Hdggendal and Saliin, 1867;
Pirnay et al., 1972{, hoﬁever flows ‘as high_ as 290 m1/100 gm/min were
calculated after maximal dynamic knee extensions (Sjdgaard, Adams and
Saltin, 1985).‘ Few studies have examined the blood flow in muscie
dhring recovery from exercise. Musclegblood flows fetween 10-15
m1/100 gm/min *were[/reported 10 min after maximal running (Matsui,

ra, 1978; Suzuki and Bonde-Petersen, 1983) or

Kitamura and Miyam

cycling exercise (Matsui, Kitamura and Miyamura, 1978). s K\\T

The muscle blood flow, calculated (Appendix B6) at the end of
30 s of exercise, was approximately 88 m1/100 gm/min. The blood flow

was calcutated .using the Fick equatfon and assuming that: 1) the 902

-



149

measured at the end of exercise was similar for Farts A and B, 2) that
the extra 002 above that found at rest was used by .the working‘musc1e
and 3) that approximately 15 kg of muscle was active during exercise.

The blood flow calculated atthe end of exercise was assumed to-stay
e]evated' during the first minute of recovery. The blood flow
ca]cu]atéd for the end of the 10 min recovery was approximately 10
m1/100 gm/min 'assuming that approximately 50% of the extra V02 was

used ‘by the previously active muscle.

The muscle blood flows estimated for the quadriceps muscle at

+

rest and during recovery from maximal exercise were used to calculate

" the strong ion exchange between the muscle Pnd the plasma.
o { . '
- }‘ X / L

7/
4.4.2 Metabolism of lactate in tﬂe-previuﬂs]y active quadriceps

L
femoris muscle during recovery ¥(om maximal exercise
~
lo

Lo

Apgroximate1y 450 mmol of lactate (30 mmol/kg w.w. x 15 kq
W.wW, actiﬁe muscle) were produced in the working muscle during 30 s of
maximal exercise and only about 150 mmol of lactate (10 mmol/kg w.w. x
15 kg w.w. muscle) reﬁained in the msucle after ;0 min recovery; the
rate of 1lactate disappearance from the previously active muscle was
approximately 12 mmol/kg w.w./min (30 nmo]/mina. A similar rate of

diﬁ;ppearance was calculated from data in previous studieg (Sahlin et

al., 1976; A et al., 1978b; Sjdgaard, Saltin and Adams, 1985},
- v
but was highéd
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“
Hermansen and Vaage (1977). The reason for the discrepancy is unknown
since the muscle [lactate] wa;fﬁ?ﬁ?Ta$ after eiercise‘ Immediately
after exercise a large [lacfate] gfadient existed. between the
intracellular  and extracellular compartments and favoured the

diffusion of lactate from the muscle into the plasma; the

“intracellular-femoral venous [lactate] gradient was 2 mmol/1 at rest
-«

and 35 mmol/! immediately after exercise. After 10 min of recovery
the [lactate] gradient had dissipated and the” Tactate was in
equilibrium throughout the body; the intracellular-femoral . venous

[lactate] gradient was approximéte]y I mmol/1 at the end of recovery.

Calculations based on the average rate of lactate removal (30

mmol /min) __and the éverage fv-a [lactate] difference (2.7 mmol/1) show
that ag average muscle blood flow of 11 1/min {75 m1/100 gn/min} would
be required .to account for lactate removal by the circulation. This

L] ~ .
represents approximately 85% of the estimated muscle blood flow at the

d*&mp]etion' of 30 s of exercise (see Section 4.4.1). It is unlikely

that the average muscle blood flow would be this high during the 10
min of recovery, thus diffusion of lactate from the muscle cannot
completely explain éhe decrease in muscle {lactate].

A

Conversion to glycogen : The glycogen content of the working

muscle decreases during 30 s maximal exercise (Table 19}. During
——

recovery glycogen h}s resynthesised from gqluchse, Tlactate or other

-

glycolytic intermediates. Hennanséﬁ’and Yaage .£1977) observed that

during ‘recovery from exercise muscle glycogen was resynthesised at a
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rate of 0.51 mmol  glucosyl U/kg w.w./min. Lactate accounted for
approximately 50% of the total amount of g]ygogen resynthesised in the
muscle, while glycolytic intermediates and glucose accounted for
approximately 20%. ¥nd 5%, respectively. If glycogen resynfhesis
occurred at a similiar rate in this stuﬂy éhen approximately 75 mmol
of lactate (0.51 mmol glucosy] U/kg w.w./min x 2 mmol lactate/mmo)
glucosyl U x 15 kg x 10 min x 50%), or 25% of the initial lactate 1oad
would be removed via this mechanism.
=

Oxidation of lactate : The average fv-a differences for

-

[lactate] Jand 02 content were both approximately 2.7 mmol/1. The
average RQ across the leg during recovery was approximately 2.0. The
similarity between lactate output and 02 intake implies that for every
mole of lactate that diffused out of the muscle, 1/3 mole of lactate
was potentially oxidised to CO2 and wdter. Thus, approximately 2&& of
-fhe lactate disappearing from muscle, but'not converted into glycogen,
. may have been oxidi;:h and the remaining 75% may have diffused into
the circutation. An accurate measure of mu?b]e?blood f]oﬁ is required

to substantiate this conclusion.

@, of the 300 mmol of 7actate disappearing from muscle
during recovery, approximately 75 mmol (25%) may have been convertad
into g}chgen, 55 mmol (20-25%) cdld have been oxidised and 170‘;mo1
(55—60%5{ could have diffu; the muscle. Hermansen and Vaage

'(1977) ‘estimated that less than 15% of the lactate produced during
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exercise was oxidised and only 102 diffused into the circulation. In

their study the recovery fv-a [lactate] difference was only 0.5

mmol /1, even though the arterial [Tactate] was 10-20 mmol/1.

4.4.3 Lactate release across the previou%ly active quadriceps

femoris muscle during recovery from maximal exercise

Lactate release from the active muscle is an . important
lmechanism for reducing the intracellular acid Toad, bpt by doing so,
establishes an extracellular acidosis (Fig. 14). The total acid 1oadh
in the blood is .comprised of a respiratory (002) component and a

¢4
metabolic (nonCD2 )\:f::jpent. Titrating whole bk?Od with strong ions

provides a measure of—tfe nonCO2 acid in the blood. The importance of

lactate in producing the metabolic acid 7load can be determined by

) comparing the lactate dutput across the muscle with the nonC0, acid

2
umol /100

output. Lactate output from resting musc]e was less than

gn/min  but increased to approximately” 290 umol/100 gm/miy after

\\h”:faximal exeré&%e. The  nonCO, acfid output (fv-a base deficit

di%ference x muscle blood flow) was agproximately 280 umol/100

actate output and nonCO} acid

qgfter exercise. The similarity of
output suppoytﬁ\the concept that lactate \output is responfible for the
metabolic or nénrespiratory acid load in b This is contrary to
previous reports _tha.‘t‘J have demonstrated that the nonCO2 acid output
acress the muscle exceeded the lactate output during exercise and

recovery. Benadé and ‘Heisler (1978) demonstrated that followinyg

i
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Relationship between the femoral venous PCO,, strong
ion and hydrogen ion concentration at rest gnd during
recovery from maximal exercise. @ plotted using the
measured femoral venous RCQ, and strong ion difference;
oplotted using the measureé femoral venous PCO2 and
hydrogen ion concentration.
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electrical + stimulation of the isolated rat diaphragm and frog
sartorius muscle the acid output/lactate output ratic was 14 and 50,
respectively. *Stainsby and coworkers repoated that acid output across
an electrically stimulated isolated dog gastrocnemius-plantaris musc]e'
preparation was 4.7 andrll times greater than lactate output during
steady-state (Barbee, Stainsby and Chirtel, 1983) and nonsteady:state
contractions (Chirtel, Barbee and Stainsby, 1984), resbect%ve]y. The
differences may be related to lower muscle lactate 1evé}s in Fhe

previous studies due to longer duration, less intense
electrically-induced contractions. The exchange of other strong ions
was not examined 1in the previous studies and ﬁay have accounted for

the greater acid output in these studies.

Lactate release from muscle continued throughout recovery but
at a lower rate; the lactate cutput was approximately 20 umol/100
gn/min at 10 min recovery. " Once in the plasma the lactate is
transported to the 1liver and inactive tissue where it can be

metabolised and removed.

4.4.4 Blood flow in the inactive forearm muscle during recovery from
L]

maximal leq exercise

Blood flow is important for delivery of the lactate to the
‘ )
~inactive tissues and for removal of 002 from the.inactive muscle. The

resting bleod flow in the inactive tissue was assumed to be 3 m1/100
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gn/min and similar to the resting flow in leg tissue. The blood flow
,in  the inactive forearm decregses during leg exercise but increases
above resting Tevels after exercise (Bishop et al., 1957; Blair et
al., 1961; Bevegard and Shepherd, 1966). Blair and coworkers (1957)
demonstrated that- the blood flow to the inactive forearm may increase
60-70% above resting levels after relatively heavy leg exercise. I
have assumed that the blood flow to the inactive forearm increases to
approximately‘ 5 ml/100 gm/min immediately after maximal leg exercisg
and that blood flow returned to resting levels (3 ml/100 gm/min) by
the end of recovery. The blood flow was used to eétimate the flux of

strong ions across the inactive forearm muscle.

4.4.5 Metabolism of lactate in the inactive tissues of the body

during recovery from maximal exercise

Lactate is the only strong ion that can be metabolised in the
body. Liver, adipose tissue, heart, kidney and inactive ské]eta]
~ muscle are capable of metabolising lactate. Anlborg, Hagenfeldt and
Wahren (1976) estimated that during 30 min of lactate infusion into a
resting individual, approximately 10% of the total amount of lactate
infused was removed bj the 1iver, 20% by the heart, adipose tissue and
kidney and 35% remained in the distribution volume of the lactate and
35% was removed by inactive muscle. . The inactive muscle may remove as
much as 50% of the Yactate infused into the bedy since the Tactate

distributed throughout the body will eventually be “metabolised.
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Lactate exchange across the liver, adipose tissue, heart and kidney
was not examined, but lactate uptake by the forearm increased.from -1
umol/100 gm/min at rest to 15-25 umol/100 gm/min ‘during recovery.

Thus the rate of lactate removal by inactive tissue was approximately
2.2 mmol/min (assuming: average body weight, 80 kg; weight of inactive
muscle, 20% bbdy weight; averége v-a [lactate] difference, -4.5
mmol/1; blood flow to the inactive tissues, 3 m1/100 gm/min). Total
lactate production in the working muscle was approximately 450 mmol
(Section 4.4.2) and approximately 60%, or 270 mmol, was released into
the circulation (Section 4.4.2). Approximately 135 mmol of lactate
were taken up by theiractive muscle assuming that 50% of-the-plasma
lactate was reﬁ%ved by the inactive muscle. Thus the inactive muscle
is an important site for lactate removal and in doing so, increases

the plasma [SID] and decreases the plasma [H+].

In the inactive muscle the lactate can be converted to
glycogen ({Hermansen and Vaage, }977; Brooks and'Gaesser, 1980) or
other metabo]ic intérmediates (Jorfeldt, 1970; Brooks and Gaesser,
1980) , oxijgied to 1C02 and water (Jorfeldt, 1970; Hubbard, 1973;
Brooks and Gaesser, 1980)V0r converted to fat. Conversion to glycogen
is unlikely because glycogen breakdown probably did not occur in the
inactive musdle. Oxidation of 1 mole of lactate requires 3 moles of
02. The average v-a [lactate] difference during the 10 min of

recovery was approximately -4.5 mmol/1. Oxidation of the total amount

of lactate requires an a-v 0, content difference of 13.5 mmot/1; the
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average a-v 02 content difference measured across the forearm was 6.2
mmol /1.  Thus only about 45% of the Tactate taken up by the forearm
could be oxidised. Synthesis‘ of 1 mole of fat (ie. palmitate)
requires 9 moles of lactate and 4 moles of 05, and 11 moles. of CO, are
produced (RQ 2.8) (McGilvery, 1979). An average respiratory quotient
of 1.6 was calculated for the recov%ry period. " Thus the elevated o, }

output across the 1inactive muscle sugéests that fat synthesis may

occur in the inactive tissue.-

o

-

- As lactate is released from the previously active muscle the
plasma [lactate] increased and the plasma [SID] decreased. The.fa11
in the [SID] increased the [H¥] in the femoral vein (Fig. 14), artery
(Fig. 15) and deep forearm Qein (Fig. 16). The inactive muscle was an -
1mportaﬁt site for recovery of acid-base balance as the [lactate] was
Tower and the [SID] was higher in the venous blood Jeaviﬁé the
inactive muscle compé}ed to the arterial blood. Strong jons in
addition to lactate also contribute to the (sip] and acid-base balance
of the body. The effect of these iong will be considered in the

following. section. ‘ e -

4.5 FATE OF STRONG IONS OTHER THAN LACTATE

The concentration of strong ions is important in determining

the [SIO] of the intracellular fluid and the plasma. The [SID] is a

-
v *
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Relationship between the arterial PCO., strong ion
difference and hydrogen ion concentration at rest

and during recovery from maximal exercise. e plotted
using the measured arterial PCO, and strong ion
difference; O plotted using the“measured arterial PCO2
and hydrogen ion concentration.
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Relationship between the forearm venous PCO.,, strong
ion difference and hydrogen ion concentratifin at rest
and during recovery from maximal exercise. e plofted
using the measured forearm venous PCO., and strong ion
difference; o plotted*using the measared forearm
venous PCO2 and hydrogen ion concentration.
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, -
measure of the concentration difference between strong cations and
apions and will be affected by both strong ion and fluid movements
across the muscle membrane. A]thoﬁgh the concenfration of .strong fons
did not ‘change in the working muscle during exercise or retovery;
strong ion éxchange did occur across ?EE active and inactive muscle as
demonstrated by the v-a strong ion concentration differences. The v-a

differences were calculated after the plasma concentration of each

strong ijon was corrected for the decrease in plasma volume (Tables 6

and 12).

-4

4.5.1 Plasma volume change after maximal exercise -

4

Womn

4 - : -,
The concentration of strong ions is a measure of the number

of moles of .strong ion disso]#ed in the fluid vo]ume,’and as such, a

change in strong 1onc concentration could be due to a change in the
number  of molgs of strong ions and/br to a change in the volume. The
concentration of most of the plasma strahg' ions increased durfng
maximal exercise and decreased during recovery (Fig. 12). These
changes wgfé parti;ily exp{afned by a decrease in plasma volume that
och;;éa quring heavy exercise (Table 6 and 12}; the plasma volume
decreased apprbximatély 10-15% during the exercise. The plasma volume
change was calculated from the blood hemoglobin concentration
(Harri;on, 1985),"assuming.that,thé red cell volume remained constant

(van Beaumont, 1973). A ‘decrease in';f%émé volume was previously

demonstrated after exercise; the plasma voldﬁe decreased by 15% after

¢ - ' (?\\

T
.

X - )

~
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maximal incrementdﬁ exercise (van Beaumont, 1973; van Beaumont et al.,
1973} and 20—25%- after maximal intermittent exercise (Hermansen,
Orheim and Sejersted, 1984). Fluid movement into the interstitial
space can occur because of increases in capillary hydrostatic préssure
and surface area, ﬁnd tissue osmolality caused by an elevated muscle
[lactate] and possibly musé?e [N +] (Mohsenin and Gonzalez, 1984).

- —

Fluid movement into inactive muscie has not been demonsgrated;

the water content of inactive muscle did not change during either

-

maximal cycle ergometer exercise- (Sjggaard and Saltin, 1982) or

one-legged knee eXtensions /£§iﬁgaardj/Adams and Saltin, 1985). Thus

"the decrease in plasma Vol ume was attributed to fluid movement into

the working quadriceps femoris muscle.

© 4.5.2 Sirong ion exchange across the active quadriceps femoris

le during recovery from maximal exercise

=

The fv-a [SID] difference increased imnediately after maximal
exercise. The arterial [SID] decreased immediately after exercise but
the femoral wvenous [SID] remained at resting levels in the first
minute of recovery; the 'increase in femoral venaus [lactate] was
balanced mainly by an increase in [NaT] (Fig. 12). The increase in
strong  ion concentration occurring durinﬁ exercig@ -may serve a
protective function by preventing the plasma [SID] from decreasing,

thus 1imiting the increase in the plasma [H+.]. The fv-a [SID]

164
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difés?ence decreased after the first minute of recovery as both the
femoral venous and arterial [SID] decreased; the femoral venous and
arteriix, [SID] were similar after 3 min recover& (Fig. 7a). The
decrease tiﬁ the- plasma [SID] was related to the increase i& femo;a1
venous- and arterial [lactate] as the concentration of the otheFistrpng|
ions was»zsim11ar to resting levels (Fig. 12}. The decrease in tSID]
was primarily responsible for the increase in arterial [H+] throughout
recovery. (Fig. 15),and contributed proportionate]x more to the femoral
venous acidosis as the femoral venoﬁs PCO2 decreased below resting

Tevels (Fig. 14).

The increase 1in concentration of the various strong icns was

related to the decrease in the plasma volume. Correcting the strong -

ion concentration for changes in plasma volume demonstrated that
altﬁough potassium g#t11 increased after exercise, the corrected
cencentration of sodium and chloride decreased below Festing levels
immediately after maximal exercise (Table 6). These changes will be
examined in terms of strong ion uptake an& release by the quadriceps
femoris muscle. ’

»
Potassium exchange across the active muscle : The femoral

venous [k* ] increased approximately 30% immediafé]j after maximal
exercise but returned to wsesting 1levels during the first minute of

recovery (Tables 5 and 8). Edevated potassium levels have been

observed during maximal exercise (Bergstrom, Guarnieri and Hul tman,*

‘

o
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1971; van Beaumont, 1973; van Beaumont et al., 1975; Tibes et al.,
1974; Hermansen, Orheim  and Sejersted, 1984; Siggaard, 1985;
Sjpgaard, Adams and Saltin, 1985). Potassium release from the muscle
increased from approximately 3 umol/100 gn/min at rest to 55 umol/100
gn/min after exercise. The increase in the arterial [k after
exercise 1implies that the release of potass%um from the quadriceps

muscle exceeds the uptake of potassium by other nonworking tissues.

The potassium permeability of nerve and muscle membranes
increases during an action potenfﬁa] and potassium is released from
the cell. It was previous1; demenstrated that the amount of potassium

're1eased per contraction from electrically stimulated dog and rabbit
muscle was- approximately 30 nmol/100 gm/impulse {Hnik et al., 1976;
Hirche, Schumacher and Hagemann,1980). During 30 h! of maximal
exercise the firing frequency of the quadriceps femoris muscle was
probably between 20 and 50 Hz (Marsden, Meadows and Merton, 1971). If_
tﬁe amount of potassium released per impulse is similar to that found
in animal muscle, then aabroximate1y 20-45 umol K+/190 gnt muscle would
be expected to be released from the quadriceps muscle during 30 s of
exercise. Theiitotal amount of potassium released from'the working
huéc]e Was apﬁroximate]y'JO umol /100 gm muscle (potassjum release/min
x 0.5 min). Thus the loss of potassium f}om exercising muscle may be
explained by the po;assiumh released during each action potential.

Release of potassium from the working muscle increases the

interstitial [K+ ] and could decrease the [k+ ]-i/[K+ lo ratio and

v t LI Y
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decrease the resting membrane potential. A decrease in resting
membrane potential has been implicated as a possible cause of fatigue
{Sijpgaard, 1985). If lhe membrane 1is constantly depolarised it
eventually becomes inactivated, thereby = interfering with
excitation-contraction coupling. :

Potassium release from the quadriceps musc]e.*ﬁécreased to
resting Tlevels after 10 min recovery (Table 8, Fig. 1lla). Sjggaard,
Adams and Saltin {1985) demonstrated that potassium was taken up by
muscle after. intense dynamic knee extensions. The discrepancy may be
related to a much lower muscle Jactate concentration (15 mmof/kg W.W.)

in their study.
- hl

Sodium exchange across the active muscle :  The [Nat ]
decreased below resting levels after correcting for the deciease in
plasma volume (Table 6). Sodium was released froQ‘the quadriceps
muscle durlng the early part of recovery (Fig. ]1a} sodium output
increased from  approximately 3 umol/100 gm/m1n at rest to
approximately 200-500 umol/100 gm/min during the first minuie of
recovery. The arterial [ *] decreased even though sodium was
released from the quadriceps muscle and 1mp11ed that sodium was taken
up by inactive muscle (Fig. li\) Sodlum loss from the vascu]aL‘tgace
was previously reported ‘after maximal exercise {van Beaumont et al., ¢
19}3? Tibes et al., 1974; SeJersted, Medbo and Hermansen, 1982;

Hermansen, Orheim and Sejersted, 1984). P

S
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Calcium exchange across the active muscle : The femoral

venous [Ca2+ ] increased after exercise (Table 8). Calcium does not
significantly contribute to the [SID] because it exists in such Tow
concentrations. The plasma [Ca2+] is inversely related to the plasma
pH (Nielsen et al., 1977) and is related to a pH-induced reduction in
calcium binding to plasma proteins. Release of calcium from the

2+
working muscle may also increase the plasma [Ca2 ].

Chloride exchange across the active muscle : The femoral

venous [C1~ ] decreased during exercise (Fig. 12}. Chloride was taken
up by the quadriceps muscle during the early part -of recovery (Fig.
11a); chloride uptake increased from approxiﬁate]y 5 umol /100 gm/miﬁ
at rest to approximately 530 umol/100 gn/min during the first minute
of recovery (Tab{s/ﬁﬁ. In the latter part of recovery the fy;a [c17]
difference was }ariable but suggested that chloride was being released
from the quadricess muscle {Fig. 1lla).

Strong ion movemgnts were determined from fv-a concentration
91fferences and indicated that sbdium, potassium, c§1cium and Tactate
were released and chloride was taken up by the quadriceps muscle
during recovery from 30 s of max{mal exercise. The Qork of Boron
_ (1?83) and Thomas (1984) suggest that recovery of intracellular
acidjgase balance involves a staichiomefric exchange bf‘ internal

chloride with external bicarbonate, or of internal hydrogen ions with

Y
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external sodium (Section 1.8). Recovery of intracellular acid-base
balance did not appear to involve a stoichiometric xchanéé‘of strong

ions between the intra- and extracellular fluids (Table\ 8) as would be

predicted by the acid extrusion models. However differeht methods for

acid loading the ¢ell may have contributed to these differences.. CO2

and weak acids {ammonia) are often used to acid load the\cell when
. 7

examining acid extrusion, while lactate production and its effect on

the [SID] have a ‘9reater physiological importance for intracellular

acidification and’ neutralisation, especially during exercise. Acid

loading with strong ions (ie. lactate) instead of Weak_aci&s and CO,
may change the stpibhiometr%é- relationship. While previous studies
have implied that intracelluar acid-base regulation {s dependent upon
movement of hydregen -ions or bicarbonate across the cel{ membrane,
only an exchange . of strong ions, CO2 or weak acids is actually
required. Movement of strong ions across the cell megbrane will make

it appear "as if" hydrogen fons have been transported across the
membrane, when in fact the [SID] has changed. A chandstn~[SID] will
cause the [H' ] and all the other dependent variables qé redistribute

according to %the physicochemical principles goberning the system.

4.5.3 Strong ion exchange aéioss the lung

Although the Tung's primary function in-terms of acid-base
balance 1is theé removal of C02, strong ion movements may also occur

during transit—-through the lung.™ The [SID] expected in "idealised"

P
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plasﬁa was calculated according to Stewart (1981) using the following
“idealised" values: venous and arterial [ATOT], 20 mEq/1; mixed
vencus PCO2 » s 47 mm Hg; arterial PC02, 40 mm Hg; mixed venous [H+].

42.1 mmol/1;" arterial [H* ], 39.8 mol/1. Tne [SID} of "ideal ised"

-mixed venous and arterial plasma in a nonexercising individual is

approximately 45.0 mEq/] jgyif’ﬁiis mEq/1, respectively. The [SID]

‘decFeases approximately_2.5 mEq/1 during the transition from idealised

mixed  venous p]asma;k}o idealjsed arterial plasma. The fv-a [SID]
difference at rest was approximately 4 mEq/! and similar to that

expected in  idealised plasma. The difference may be due to

differences between femoral venous and mixed venous blood. The mixed

‘ -
venous blood is composed of blood returning from all tissues in the
body, and during exercise the mixed venous [SIDJ will be comprised

mainly of strong ions returning from the working tissues.

Chloride moves out of the red blood cel® during the transition
from venous to arterial blood ("chloride shift®); the ‘v-a [C1 ]

difference: is approximately -1.5 mmoi/1 (Davenport, 1974). The

cations may also move across the red cell membrane and contribute to
the decrease 1n the [SID]; the fv-a strong ion differencesgwere 1.0

mmol /1  .and 0.9 mmdﬁ/] for sodium and potassium, respgctively,

Although strong ion ékchange may.occdr between thg;ﬁbd blood cell and .

the p]a:%gafjthis ‘change _alone will noq: significantly alter ‘}hé

acid-base” status of the plasma.
A

measured fv-a [C1"] difference was approximately -2.0 mmo1/4~. Strong .

¢ -
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4.5.4 Strong ion exchahge across the inactive forearm muscle uring

recovery from maximal exercise

q.,—/’ The v-a [SID] difference increased immediatel{ after maximal
exercise (Fig.* 7b). The increased v-a difference was due to an
elevated venous [SID] since the arterial [SID] was sfmi1ar to resffﬁg‘
tevels. The [SID] decreased ‘during recovery and contributed to the

L
acidosis in the forearm vein (Fig. 16) and artery (Fig. 15). The

venous [SID] was higher than the arterial [SIDl throughout
{Table 10, Fig. 7b}. This difference was attributed to an u
Tactate* and ch]éride by the inactive tissue (Fig. 12b). The inacti
tissue “Eg%tributes to the recovery of acid-base balancé by removing
anions; the process is much slower that removing'CO2 and was not

complete after 10 min recovery. - C

~

The concentration of strong ions; with the exception of the
vencus [C1™ 1, increased in the forearm artery and vein after maximal

[ ] pl
leg exercise. The increase in concentration was due to a decrease 1in

plasma volume since the strong ions were taken bp by.the inactive
forearm muscle. The concéntration of strong ions was 22rrected for
the" decrease in plasma volume and the v-a concentration difference was
used to estimate strong ion fluxes across tﬁisiggctive forearm muéc]e‘

2 /' » ™

—
[
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Potassium exchange across the inactive muscle : The forearm

arterial and venous [K;] increased after maximal leg exercise (Table
12}. Potassiﬁm was taken up by the inactive muscle immediately after
exercise {5 umol/100 gm/min) (Eig. 11b). Potassium uptake by the
inactive muscle was less than its release from the working muscle and
caused the arterial [k} ] to increase immediately after exercise.
After 2 min recovery the v-a f[K' ] difference‘>was almost zéro.
Sj¢g$arq (1985) _ reported that dﬁring cne-legged knee extension
potassium was released by the muscle but was taken up by the\inactive
resting Teg.  However thé potassium content of the inactive triceps
brachii muséie did not chinge during maximal leg cycling (Sjpdgaard,
1983).
N

Sodium exchange across the inactive muscle : The plasma [Na+]

decreased below resting levels~ after correcting for the decrease in
plasma volume (Table ;2}. Sodium was taken up by thé inactive forearm
during recovery (Table 11b); sodium uptake increased to 30-40 umol/100

gn/min during recovery. Sodium uptake by the inactive muscle was less

than sodium release by the working muscle and yet the arterial [Na+]

: N
decreased after exercise. This implies that sodium must be taken up

by other ,tissues in taddition to inactive muscle. The strong ion

content of inactive tissue was not examined but sodium uptake by the

muscle would be expected to increase the tissue sodium content. The

sodium content of the inactive triceps brachii muscle did not change

after following maximal leg cycling (Sjggaard, 1983).

L]

‘o,
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Chloride exchange across the inactive muscle : The arterial

and venous [C1 ] decreased after exercise as chloride was taken up by
the  inactive muscle (Fig. 11b); chloride uptake increased from
approximately 10 umol/100 gm/min at rest to approximately 55 umol/100
gm/min during‘ recovery. Chloride uptake by the nonworking tissue

contributed to the increase in the plasma [SID] across the muscle.

After maximal cycle ergometer; éxerc?ée there is an exchange of
strong ions across the inaﬁtive muscle which effec;gvely maintafns a
higher [SID] in the forearm vein than in the artery. Lactate, sodium,
potassium and ¢hloride were taken up by the nonworking muscle.
Throughout the;Drecovery the uptake of anions by the inactive muscie
exceeded the upEgFe of cations, thereby increasing the [SID] across
the muscle. Nhep the C02—induced acidosis is eliminated in the lungs,
the remaining stfong ion-induced acid Tcad will be Tess than what was
present in the arterial plasma fwaing'fnto the nonworking muscle.
Electrical neutrality %is preserved in plasma and muscler as fhe
dependent variables redistribute themse]vés according. to
hysicochemical principles s overning the system. At 30 s recovery,
the forearm venous -[cation] - [anion] difference was 8 meEq/1: [SIp],
50.3 éEq/T; [H+.], 67.7 nEq/1; [HCO}], 26.1 mEq/1; [A"], 16.3 mEq/1;
[OH™], 0.65 uEq/1; [co, 1, §§/qu/1.

\f) ' - -
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4.6 CONTROL OF CO,

IS

<+

CO2 production” increases in muscle during maximal exercise.
The _increasé in intracellular PCO2 that was assumed to occur during
maximal exercise was- responsible for approximately ‘25% of the
intracellular acid load, the remaining 75% was due to the [s10]. COZ
release from muscle reduces thg intracelluar CO, 1oad, thereby

2
contributing to the recovery of the intracellular [H+].

4.6.1 CO, output across the quadriceps femoris muscle during

Y,
) Jr -
J, SO

5 The CO2 ontent of the plasma is a balance between the amount

recovery from maximal exercise

CO2 added to it 'from tissue metabolism and the amount of CO2

excreted from the body by the lungs. The fv-a piasma C02 content

difference across the muéc]e inc#%ased after exercise as the fv-a PCO2

difference (Fig.’Sa) and fv-a {HCU;] difference (Fig. 10a) g;;reased.
The CO2 output from the working Jﬂ%§c]e increased from 3 umo]/lOO-
gn/mjn {fv-a [total c02] x blood flow) at rest to 91% umol/100 gm/min
at 30 s recovery. The CO2 output from the musc]e (3060 mi/min)
corresponds to the -gxcess VCO2 above rest {2965 ml/min) measurq__gt
the mouth after exercise. C02 output from the musc]e-decreased soon

after exercise and was approximately 10 umol/100 gm/min at Egg end of
the recovery. '

”
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In “the first 30 s of recovery the acidosis in the femoral vein
was primarily relgted to the'PCD2 since the [SID] was.still at resping
levels (Fig. lh): The PCO2 had a greater effect on the [H'] in fhe
plasma than in the intraceilular fluid; aﬁ fncrease in PCO2 raised the
(vt ] approximately 1 nmo]/]/mm Hg 1n the plasma and 0.5 rmol/1/mm Hg
iﬁ the intracellutar fluid. The difference was due to the higher
intracellular [ATOQT]. \Thé PCOZ‘decreased during recovery and was less
than resting levels at the “end 'of recovery, The' PCO2 did not
contribute to the elevated [H+ ] in the ]qtter part of recovery; at

‘ 5
this time the [H*] was maintained by a depressed [SID] and an elevated

IATDT] (Fig. 14}. The arterial PCO2 was less than resting Tevels

throughout recovery: the elevated arterial £H+ ] was due to the

depressed [SID] and an elevated [ATDT] (Fig. 18).

4.6.2 CO, output by the lung during recovery from maximal exercise

The CO2 produceg_ in active and inactive muscle diffuses into
the blood and is fransps\ted to thé\lungs where it can be eliminated
from—the body. Ven;jhéon (VE) and whole body CO, output (VCO,)
increase during heavy exercise; the VE and \'ICO2 both iDth;;ed by
approximatéf& 12 folk during maximal exercise; ‘the VCOZ increased to

3240 mi/min after exercise. \H%he exces? \"CO2 measured at the end of

exercise (2970 ml/qin) was similar to the calculated CO2 output from
' S * P ]

. ‘Ehe working muscle { (3060 ml/min) at_the end of exercise (Section

4.6.1). the high YCO, continued into the first part of.recov;}y and
) .-

. | L
/79/’
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*
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coincided with the continued output of CO2 from the muscle; the t1/2

5

“for Eeé@very of VCO was approx1mate1y 105 s. In contrast, the VO2

2
decreased immediately after exercise (t1/2 approximately 45 s) and

- N
caused the respiratory exchange ratio (ie. the ratio VCOZ/VOZ) to

L3

increase. During recovery the¢\€311;1n femoral venous PCO2 and VCO2

followed a similar time course indicating that the two processes were

related.—~ Pulmonary gas exchange was effective in preventing a

respiratory acidosis in the artery; the grterial PCO2 was less than--
'Y T

resg{?g Tevels throughout recovery%“LJ

#

4.6.3 CO,_ output across the inactive forearm muscle during recovery
. [ .

-

from maximal exercise

9 CO2 dutput by the inactive muscle produces an additional
respiratory load 1in the body that must be hand]ed by the 1ungs The
increased v-a PCO2 diffekence (Fig. 6b) and v-a [HC03] difference

{Fig. 10b) contributed quian increase in the v-a plasma C0, content

difference after exercise. 002 out u% across the inactive tissue.

increased from approximately 5 umol /100 gm/min at rest to

approximately 50 umol/100 gn/min after maximal leg exercise. This

A

represents - an additional 190 W1/min (COZ 6utput x 17 kg inactive

muscle x 22.3 ml/mmol) that \wust be eliminated from the body. €0,
output decreased to approximately 15 umol /100 gm/min after 10 min
recovery. The incregee “in venous P?B} raised the venous [H'] above

that found in the artery, even tﬁﬂﬂgh the venous [SID] was higHer

L] Ve

Praa
A
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(Fig. 16). As demonstrated previously, the  Tung was effective in
eliminating the excess 002 produced 1in the working and nonworking

muscle. The fall 1in _arterial PCD2 that occurred after exercise

prevented a large increase in ‘the arterial [H' ] (Fig. 15); the

increase in arteral [H] was caused by a decrease in the [SID].

4.7  THE CONCENTRATION OF WEAK ACIDS IN THE PLASMA DURING RECOVERY
FROM MAXIMAL EXERCISE |

"y
The plasma [ATOT]- consists of proteins and various organic

weak acids including fatty acids, ketocacids, ammonia and phosphate.

Plasma proteins make up more than 80% of the [ATOT]. The [ATOT] was
not measured but the plasma [ATOT] was assumed to be 20 mEq/1
(Stewart, 1981). Plasma _proteins do not readily diffuse across the
capillary membrane and any change in plasma voiume will change the
plasma. protein concentration. The estimated decreasé_in plasma volume
foung in  this study would be .expected to increase [ATOT] to
approx%mate]y‘ 23 mEq/1 (die. a 10-13% 1acrease). The concentration
change of other weak acids are too small to significantly affect.the
[ATOT]. " Fatty acids and ketoacids do not increase during short-term
maximal exercise. We observed that after 30 s maximal exercise the
plasma fatty acid concentration did not change significantly from
resting levels (ie. 0.21 mmol/1) (McCartney et al., 1985). The
concentration of ammonia increases during heavy exercise but its

concentration is too low to significantly affect the [ATOT]; the
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ammonia concentration increases from 30-70 umol/71 at rest to 140-230
umol/1  after ‘maximal exercise (Dudley et al., 1933; Mutch and
Banister, 1983; Bucno, Clancy and Cook, 1984). The decrease in plasma

volume dppears to be the main factor contributing to the increase in

[ATOT] after exercise. The [ATOT] increases the [H*] approximately

1-2 'nmel/1/(mEq/1) increase in the [ATOT] but this effect is minor
unless the [ATOT] increases dramatically. Thus the [ATOT] increases
during exercise as fluid leaves the vascular space and.contributes to
the elevated plasma [H+]. ‘The [ATOT] returns to resting levels as the
plasma volume 1is restored; the plasma volume was still 5~10% below

resting levels after 10 min recovery {Tablés 6 and 12).

4.8 HYDROGEN ION AND BICARBCNATE CONCENTRATIONS AFTER MAXIMAL

EXERCISE: COMPARISON OF MEASURHE\AND CALCULATED VALUES

One. of the aims of‘this thesis was to use the physicochemical
principles outlined by Stewart (1981) to describe the factors
contributing " to the intra- and .extracellular acidosis after 30 s
maximal exencisé, “In using this approachsl_wgs faced with the problem
encountered by many investigators of not being able to make all the
necessary measurements, and thus having to assume certain values. In
some instances, the true value cannot be determined énd only assumed
values are reported in the 1iterature.‘1t is because of these unknown
values that discrepancies were found Between th§ two methods used to

calculate the plasma [H'] and [HCO%].

1
L
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The- [H" 1 was calculated as a} the antifogj(—pH) ("meésured
[H+]") and b) according to the equations presented in SteQart (1981)
(“calculated [HY 1").  The {HCO; ] was calculated using a) the
HendefsonnHasselba1cH equation with the measured pH énd PCO2
{"measured [HCO§ 1'), and b) according to the equations presented in
Stewart (1981) ("calculated [HCO§ 1"). The relationship between the
measﬁred and calculated [H+ ] and [HCOQ]‘in the femoral vein, artery
and forearm vein are presented in=Figdrés 17,L18 and 19, respectively.
In all cases the calculated [H'] and [HCO&J appear to qua]igativély
reflect the actual measured variables. Howevér, the calculated [H+]
consistently underestima;ed thé measured [H+ 1 and the calculated

[HCO%] consistently overestimated the measured [HCO&]. Some of the

factors contributing to this discy@pancy are discussed below.

The " independent variable [ATOT] was not measured in this
study. The [ATOT] represents the total concentration of weak acid in
the intracellular or extracellular fiuids. Stewart (1981) reported
[ATOT] values of 200 mEq/1 for intracellular fluid and 20 mEq/1 for
p]asma. .The protein,.concentratioh of plasma ranges between §.5 and
8.5 gn/100 ml and contributes approximately 15.5-20.5 mEq/1 (protein
concentration (gn/100 ml1) x 2.41) to the plasma [ATOT]. The actual
value for [ATOT] wmay be difficult to measure but an effective [ATOT]
may be assumed. Two curves have been plotted in each 6f~Figures

14-16; the solid curve was plotted using the measured PCO2 and [SID],



Figure 17 a.
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Relationship between measured and calculated plasma
hydrogen ion concentration in the femoral vein. The
hydrogen ion concentration was calculated using PCOZ,
strong ion difference and the concentration of weak

~acid (Stewart, 1981). The PCOS and strong ion

difference were measured in th& femoral vein and the
concentration of weak acid was assumed to be 20 mEq/1
(Stewart, 1981) but ‘@orrected for the decrease in
plasma volume. '

Relationship between measured and calculated plasma
bicarbonate concentration in the femoral vein. The
bicarbonate concentration was calculated using PCO.,
strong ion difference and the concentration of weak
acid (Stewart, 1981). :

T\



+

[Hydrogen ] calculated {(nmol/l)

[Bicarbonate 1 calculated

{mmol/1)

-30

90

80

70

60

S50

40

30

45

40

35

25

20

1§

o y:0.868x+ 5.0
. r=0.80
' 'l )] 1 [ 1 - ] I F 2
30 40 50 80 70 80 90 100 110 120

[H_ydrogon+] measured {nmol/l)

¥=1.00x+7.0

r=0.83

10 15. 20 25

[Bicarbonate ] measured

30 35

{mmol/Y)

40

181



Figure 18 a.
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ReJationship between measured and calculated plasma-
hydrogen ion concentration in the artery. The -
hydrogen ion concentration was calculated using PCO
strong ion difference and the concentration of weak
acid (Stewart, 1981}. The PCO, and strong ion
difference were*measured in thg artery and the .
concentration of weak acid was assumed tc be 20 mEg/1
(Stewart, 1981) but corrected for the decrease in
plasma volume.

27

Relationship between measured and calculated plasma
bicarbonate concentration in the artery. The
bicarbonate concentration was calculated using PCO,,
strong ion difference and the concentration of weaE
acid %Stewart, 1981).
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Relationship between measured and calculated plasma

hydrogen ion concentration in the forearm vein. The
hydrogen ion concentration was calculated using PC02,
strong fon difference and the concentration of weak
acid (Stewart, 1981). The PCO, and the strong ion

differenceéwere measured in thg forearm vein and the
concentration of weak acid was assumed to be 20 mEq/]

(Stewart, 1981) but corrected for the decrease in
plasma volume.

Relationship between measured and calculated plasma
bicarbonate concentration in the forearm vein. The
bicarbonate concentration was calculated using PCO

. strong ion difference and the concentration of weaE

acid (Stewart, 1981).
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and the open curve was plotted using the measured PCO, and [H+]

2
{antilog -pH). 1In each figure the solid curve underestimated the [H+]
as plotted on the open curve. This difference in [H+] plotted in this
manner may be attributed to the difference between the actual [ATOT]
and the value of 20 mEq/1 assumed for the [ATOT]. Estimating the
change 1in [ATOT] from plasma volume changes may underestimate the
increase in [ATQT] that occurs after maximal exercise. Increasing the
[ATOT] by 5-10 mEq/1 will will improve the relationships presented in
Figures 14-16.

The [ATOT] s cbmprised of proteins, phosphates, and other
weak acids all having different dissociation constants {ie. Ka). For
physiological  purposes it is necessary to substitute a single
representative value - for the pKa that explains the behaviour of all
the weak acids. An inappropriate choice for the dissociation constant

will introduce §n~error into the calculations.

The values of the constants (K'w, Ka, Kc, K3) required in the
[Ht ] equation were given in Stewart (1981, 1983). The pK of water
{K'w), bicarbornate (Kc, K3), phosphate (Kq) and the imidazd]e group
of histidine (Ka) decrease with increases in temperature (Rahn, Reeves
and Howell, 1975). For the purposes of the anaylsis their values were
assumed not to change after maximal exercise. Muscle and blood

temperature increase and PH decreases during heavy exercise; during

a

récovery the temperature and pH return to resting values. At 38 °(C

3
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the dpK/dT for carbonic acid and proteins were -0.0027 and -0.0159,
respectively (Reeves, 1976). These factors may change the value of
the constants after exercise and contribute to the difference between

the measured and calculated values.

The [H+ ] of %ntrace11u1ar and extracellular fluid js related
to the PCO, , [SID] and [ATOT] of the respective fluid compartments.
+
There were quantitative -discrepancies between the [H ] measured in

plasma and that calculated from the PCOE, [sID] ind [ATOT]. Part of

the discrepancy may be attributed to the uncertainty for some of the

assumed values such as the weak acid concentration and the various "K"
values. The values used for these variables weré those given by
Stewart (1981, 1983) and have not béen tested during steady-state or
nonsteady-state exercise. Hewever Eﬁ: qualitative relationship
between the [HY ] and the independent_variab]es ind the theoretically
sound development of this approach justifies its continued use when

r
attempting to understand acid-base disturbances.



5 GENERAL SUMMARY

5.1 INTRODBCTION

"Maximal exercise of short duratien produces a severe
intracellular acidesis; ‘as increases in intracellular hydrogen -ion
concentration have been implicated.in excipgtion—contraction codp]ing
failure and energy production impairment ultimately leading ‘to fatigue
or ‘"exhaustion", mechanisms to control the acidosis are of great
importance. The hydrogen ion concentration in muscle is}regu]ated by
fhe PCO2 » the concentration of strong ions ([SID]) and weak acids
(CATOT]). - Thus several mechanisms are available to meet this
acid-base  homeostatic challenge. The work in this thesis used
short-term, maximal exercise to generate the acidosis and examined the
relative contributions of . these mechanisms.to the resolution of the

acidosis.

5.2 A Summary of the Response to the Acidosis of Maximal Exercise

’

The changes 1in. acid-base balance were examined after 30 s of
maximal constant-velocity cycle ergometer exercise. A gross increase
in acid production occurred in the quadriceps femoris muscle during

exercise due’ to both increased CO2 production and strong anion

188
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preduction. The intracellular’ PCO2 was presumed to increase to over
100 mm Hg and the intracedlular 1a§tate concentration increased to 45
mmol/1; the intracellular concentration of the other.strong ions did
not change. The total phosphate concentration did not change
suggesting that the intracellular weak acid concentration did ot
change during maximal exercise. Thus the calculated intraceliular
hydrogen'lion éoncentration increased from 70 nmol/1 (pH 7;14)‘at rest
to 170 mmol/1 (pH 6.78) immediately after maximal exercise. Of the
total change in hydrogen ion concentratiOn, 25% was due to CO, and 75%

2
was due to the lactate-induced fall in the strong ion difference.

Recovéry from the acidosis involved the elimination of both CO2
and lactate from within the muscle. Ini;ia]]y CO2 release from the
muscle was important in partially reducing the intracellular hydrogen
ion concentrgtion. C02 output from the muscle wgs elevated during the
first part of recoveryi the femoral venous PCO2 increased te 105 mm
Hg after exercise. CO2 elimination from the body increased in
response -to the elevated C02 flux delivered to the lungs during and,
inmediate]y following maximal exercise; the Coz‘output at the 1ungs
increased to over 3000 mi/min by the end of exercise. Removal of
excess’ 002 from the muscle was a relatively fast process and complete
yithin the first 3 minutes of recovery. The lungs were effective in
eliminating the C02-induced acidosis as the arterial PCO2 was reduced
below resting 1e§e15 throughout recavery. Thus C02 e]iminatign from

the body 1is a fast, efficient mechanism for regulating the acid-base
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balance of tﬁe\body, but as the CO2 contributes only partially to the
acid Tload of the muscle, acid-base balance was not completely restored
X .

by this process.

Strong anion (ie. lactate) production was responsible for a
greater portion of the intracellular acid load. Lactate disappearance
from muscle is a relatively slow process and occurred at a rgte of 2
mmol /kg/min.  Immediately after exercise the intracellular-femoral
venous lactate gradient was 40 mmol/] and favoured diffusion of
]gétate from the muscle into the circulation; the femorai'venous

lactate concentration rose. to 15 mmol N during recoVery. The rate of

v

diffusion from muscle Hdecreaged during recove}y as the muscie-plasma
1aétate gradient decreasqd to. approximately 2 mmol/l. Diffusion
accounted for approximately 55-60% of the 1a§tate Jisahpearing from
muscle. The remaining ]aétate was metabolised within the muscle and
either converted to glycogen or gfidised. Once in the gircu]ation the

nonactive tissue§ of the body!a§sume the role of removihg lactate.

, The _venous-arterial difference across inactive forearm muscie averaged

4.5 mmol/1. The arterial-venous 0, content difference across the
forearm indicated that only about 45% of the lactate taken up by the
forearm could be oxidised, the remaining lactate underwent other
metabolic fates. By reducing the lactate concentfation of the body,
the nonworking tissue contributed to the recovery of acid-base balance

by effectively reducing the nonCO2 acid Joad.
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&
Strong ions in addition to lactate alsc contribute to the

intra- and extracellular strong' ion difference. A]thougﬁ the
concentration of sodium, potassium, calcium, magnesium and chloride
did not change in the working muscle during exercise o# récovery, the
venous—érterig] copcentration differences ac¢ross the leg indicated
that sodium and ﬁotassium were re]eased and chloride was taken up by
the muscle. The nonworking muscle appeared to take up sodium,
potassium and chioride. While lactate was shown to significantly
_affect the acid-base status of the musc]e,‘ the exchange of other
strong  ions did not. appear to contribute to tﬁéf intracellular

acidosis.

The weak acid concentration of - the plasma was‘pregumed to
increase during maximal exercise as the plasma volume décreased. The
plasma volume was stowly restored during recovery; the plasma volume
(as determined by the change in hemoglobin concentration) was still

reduced after 10 min recovery.

[ 4

5.3 Questions for Future Research

T .
THe interpretafion of these data in terms of the variables

that  determine the hydrogen ion concentration, depends on an

undérstanding of the independent variables in muscle; the PCO,, the

2)
strong - ion difference and the concentration of weak acids. To

D
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understand intracellular acid-base balance quantitatively requires
accurate measurement of these variables. The intracellular PCO2
.probably cannot be measured, especially durjng exercige. The femoral
venous PCO, was assumed to reflect the intracellular PCOZ. The strong
ion difference in the cell cagqot be measured accurately without
knowing the intracellular and interstitial fluid volumes, and the
interstitia1‘ strong ion concentration. The  intracellular
concentration of weak acids is not known and must be assumed. Thus
all three independent variables responsible for the intracellular
hydrogen ion concentration cannot at present be accurately measured.

Research must be directed towards obtaining better eétimates of these

variables.

Muscle pH has not yet been accﬁrate]y measured to provide a
reliable reference with which to compare the calculated values for the
intracellular  hydrogen ijon - concentration. The acid-base changes
should also be fo110wed for a longer time in recovery to obtain the
complete  time course  for recovery of acid-base balance after

short-term, maximal exe:fise.



APPENDIX A

YALIDATION OF.THE BREATH-BY-BREATH GAS ANALYSIS SYSTEM

Breath-by-breath analysis of ventilation (VE), 0, intake (VOZ)
and CO2 output (VCOZ) is useful when examining changes in gas exchange
duriné nonsteady-state conditions as occurs during and fb]?owing
short-term, maximal exercise. The accuracy with  which
breath-by-breath measurements ref}ect whatv is actually occurring in
the body can best be determined during steady-state conditions by
comparing to an alternate referee system. In the present study the
computer breath-by-breath gas analysis system was compared against
mechanical and biological referee systems. In all cases, the computer
breath-by-breath system was calibrated before use according to the

protocol cutlined in Chapter 2.

Mechanical validation : The accuracy with which the

breath-by-breath  system measured tidal vo]ﬁme was determined by
passing measured volumes of air into the -system and cdmparing them to
fhe volumes detected by the %omputer system. A 91 respirometer
(Collins #718B) was connected 1in series to the pneumotachograph and
transducer by a length of 1ow-rgsistanpe, flexible tubing. Fixed

volumes rafiging from 0.2-6.5 1 were introduced into the system by

193
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raising and Jowering the bell of the spirometer. The volume
displacement was recorded on the spirometer and the actual volume was
calculated by comparing the fecords to those obtained from -a
calibrated 2 1 syringg. The relationship betﬁeén' the volumes
generated by the gpirometer and those detected by the computer system

is presented in Figure 20a and Table 20.

A standard artificial lung (SAL) (Beckman Instruments) was
used to deliver fixed volumes of air ranging from 0.4-1.6 1 at
frequencies ranging from 4-50 strokes/min. The SAL was connected in
series to the pneumotachograph and transducer by a length of
1ow—résis£ance tubing. The SAL was calibrated with respect to both
frequency and volume before use. The relationship between the
frequency qenerated by the SAL  and that detected by tﬁe
breath-by-breath system is presented in Figure 20b and Table 20. The
relationship between the SAL-generated VE and the computer detected VE
is shown in Figure 21 and Table 20. The error in VE amounted to 0.5

1/min or 1.6% at the mean VE (31.0 1/min).

Biological validation : Four subjects were studied at rest

and during steady-state cycle ergometer exercise at 150, 300, 500,
900, 1200 and 1500 kpm/min. In addition, three subjects performed a
progressive incrementdl exercise test where the power output Qas
increased every 30 s. Ventilation, 902 and VCO2 were measured

breathQDy—breath and comparisons were made with values obtained by one
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Figure 20 a. Voiume detection with breath-by-breath gas
analysis system,

b. Frequency detection with breath-by;breath-gas
analysis system.
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Figure 21. Mean ventilation detected with breath-by-breath gas
analysis system.



Computer {1/min)

Ventilation

10

80r

70F

60}

S0

40

30

20

¥y=0.99 x4 0.8

r=1.00

4

139

Ventilation s

40

AL

50

(1/min)

60

70

80



200

of two referee systems: Douglas bag collection of expired gas or gas
analysis wusing a Metabolic Measurement Cart (MMC) Horizon System

(Beckman Instruments) (Norton, 1982; Jones, 1984),

The exercise tests were performed on an electrically braked
cycle ergometer (Elema AM 370) in the seated position. VYentilation
and gas exchange were measured with the computer breath-by-breath
system for 10 min. .During specific.periods of the test expired gas
was also collected in either meteorological balloons or the Beckman
MMC.- The balloons or MMC were connected in series and downstream from
the  pneumotachoagraph and transducer. The 'periods for the gas
collections . were timed using a stop watch so that later, the samples
could “be  synchronized with the breath—byupreath output. The
breath-by-breath output was averaged over the peE%od corresponding to
the time of gas collecticn by the-referee system and compared to the

calculated values obtained by that system.

Collection of exﬁired gas using the Douglas bag method began

aﬁd ended at the end of an expiration. The gas bégs were capped and

their contents well mixed. The concentration of 02, C02 and N2 in the
mixed expired gas was determined by the mass spectrometer {Perkin
Elmer, MGA 1100). The expired volume was recorded on the respirometer
(Collins #718B)}. The VE, VOZ and VCO2 were calculated according to

standard equations {Jones and Campbell, 1982).
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. The Beckman MMC ‘was connected to the breath-by-breath system
1-2 min before collecting gas sc that the system dead space could be
flushed. The collection period began and ended with an expiration.
Yentilation and gas exchange were calculated as 15 s averagesaand»

comparisons were made with the breath-by-breath system by avenagﬁng

the values during the collection period.

During incremental nonsteady-state exercise, comparisons were
made only between the computer breath-by-breath system and the Beckman
MMC. The gxercise test consisted .of pedalling at 0, 100 and 200
kpm/min for 1 wmin each, followed by a rapid incfease in power output
of 100 kpm/min every 30 s for the next 7 min {(final power'output 1600
kbm/miqr. .Regression anatysis of QE, .Vozror \?CO2 against time was
performed by computer. Ventilation and VCO£~Baﬁgnyere fit using a

power function while the 002 data were fit using 1inear regression.

The re]ationsﬁips between the steady-state VE, VOZ and \:'CO2 as
determined by the Douglas bag and Beckman MMC referee systems, and the
computer breath-by;breath system are presented in Figures 22-24 and
Table 20. In general the relationships between the breath-by-breath
system qu the referee systems were very close as indicated by the

slope (approximately 1.0), the intercept (approximately 0.0) [and the

_high  “correlation (approxiamtely 1.0). The standard deviation

expressed as a percent of the mean response {coefficient of variation)

ranged between 3.7% and 5.0% (Table 20).



Figure 22 a.

LT ' 202

Ventilation: mean values for varying intensities
of steady-state exercise - comparison between
réferee system (Douglas bag) and breath-by-breath
gas analysis system.

Ventilation: mean values for varying intensities
of steady-state exercise - comparison between
referee system (Beckman™MMC) and breath-by-breath
gas analysis system.
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.

Figure 23'a. 0, Intake: mean values for varying intensities
o og steady-state exercise - comparison between
referee system (Douglas bag) and breath-by-breath
gas analysis system. . : .

.

- [4

.0
- (

/
b. . 0, Intake: mean values for varying intensities
o? steady-state exercise - comparisen between

referee system (Beckman MMC) and breath-by-breath
gas analysis system.

~
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Figure 24 a.

>

206

CO, Output: mean values for varying intensities
of steady-state exercise - comparison between
referee system (Douglas bag) and breath-by-breath
gas analysis system.

L
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. » C ) a /

€O, Output: ‘mean values for var}ing intensities
of"steady-state exercise - comparison between
referee system'(Beckman MMC) and breath-by-breath
gas analysis system.
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The relationship between the nonsteady-state VE, VOZ and \'ICO2
as  determined by the Beckman MMC referee  system and the
breath-by-breath system are presented in Table 21 and Figure 25. The
slopes and intercepts were similar between the computer
breath-by-breath system and the éeckman MMC, the only difference being
a higher (p<0.05) intercept for V0, determined by the breath-by-breath

system,

In general, the measurement of ventilation and gas exehange by
the breath-by-breath system comparés favourably with simultaneous
measurements made by two independent referee systems. The computer
breath-by-breath gas analysis system can be used to measure gas
exchange during the nonsteady-state of short-term maximal exercise,

and during recovery from that exercise.
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Table 21.  Regression analyses for comparisons between referee
system (Beckman MMC) and computer breath-by-breath
system during progressive exercise.

Variable Slope Intercept r

U Beck 0.18 + 0.00 14.6 + 2.0 0.987
VEComp 0.19 + 0.01 15.5 + 2.4 0.976
10, Beck 280 + 12 Y77 . 43" 0.983
. ) *

V02C0mp 289 + 6 350 + 61 0.976
VCOZBeck 0.21 + 0.00 500 + 26 0.990
¥ca,Comp 0.20 = 0400 552 + 36 0.981

" ."\ .
* Beckman vs Computer (p'< 0.05)

YE and VCOZ:
VOZ: ¥ = mx

y = be"™
+ b



Figure 25.
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Ventilation, CO, output and 02 intake during nonsteady-
state progressi@e exercise of a singie subject (6).
Comparison between referee system (Beckman MMC) and
breath-by-breath gas analysis system.
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APPENDIX B

CALCULATIONS

Bl. Calculation of [H*] and [HCOZ] from blood measurements
o]

[H"] = 107PH

[HCO3] = 0.031 x PCO, x 10PH-6.1

B2} _\Fa1cu1at10n of (H*] and [HCOZ] according to Stewart (1981).

Water dissociqt#on equilibrium:

[H'T x [OH™] = K'w

Weak . acid dissociation'equi1ibrium:
[H'7 X TATT = Ka x [HA]

Conservation of massifor AT

(HAT + [AT] = [ATOT]

Bicarbonate ion formafion equilibrium;
TH'J x [HCO3] = Ke  Peo, o
Carbonate ion formation equilibrium:
(47 x [€057 = k3 x [HeO3]
Electrical neutrality:

[SID] + [H'] - [HCoS] - [A7] - {cog'l - [OH'1 =0 )

212
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where [HA] and [A7] are the concentration of the undissociated weak acid .
and its conjugate base, [ATOT] i; the total concentration of weak acid,
[HCO; 1 is the bicarbonate concentration, [H.+ 1 s the‘hydrogen ion
concentration, . [CO%‘ ] is the carbonate ion concentration, [OH-] {s the
hydroxyl dion concentration, and [SID] is the strong fon difference. The
constants "K" represent the following: K'w is the ion product of water,
Ka 1is the weak acid dissociation constant, Kc is the dissociation for
bicarbonate intoc dissolved CO2 and hydroxyl ions, and K3 is the

dissociation constant for bicarbonate into hydrogen ions and carbonate

ions.

The value for the [H+] was determined according to the following equation

(Stewart, 1981):

[4°3% + ((CSID] + Ka) x [H'I3) + ((Ka x ([SID] - D) -
WKW - Ke x PCO,) % THYIZ) - ((Ka x (K'w + Ke x PCO,) + K3 x

Ke x PCO,) x [H']) - Ka x K3 x Kc x PCO,, = 0.

-

The “K" values given for plasma extracellular fluid are (Stewart, 1981,
1983):  K'w, 4.4 x 107% (£q/1)?; Ka, 3.0 x 1077 Eq/1: K, 2.46 x 10711
(/1Y% /nm Hg; K3, 6.0 x 1071} £o/1. The "K" values given for
intraceliular fluid are (Stewart, 1981): K'w, 4.4 x 10714 (Eq/1)2' Ka;

3

1.5 x 1077 Eq/1; ke, 2.40 x 10°1Y (£q/1)2/mm Hg; K3, 6.0 x 10711 £q/1.
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B3. Calculation of the intracellular strong ion concentration

Neutron activation analysis (NAA) was used to measure the tissue strong

“ion content. The calculations and assumptions used to determine the

intracellular strong ijon  concentration are as follows (a sample
calculation for the resting potassium concentration is presented):
interstitial fluid volume (agsuméd) = O.39 ml/gm d.w.
plasma [K'] (measured) = 4.2 mmo1/1 (or 4.2 umol /m1)
valence = 1
tissue potassium content {measured from NAA) = 13717.5 ug/gm dfw.
molecular weight of potassium = 39;102 ug/umel

wet weight/dry weight ratio (measured) = 3.97 qn w.w./gm d.w.

i
L

1nterst1t1a1 fluid potassium content = Donnan ratio x .
: 1nterst1t1a1 fluid vo1umelx plasma concentraigon x valenge

0.96 x 0.39 ml/gm
" 1.5 qu/gm d.w.

. X 4.2 umol/ml x 1

total muscie Dotass1um cont nt = t1ssue/potass1um content X
1/molecular weight.x vaﬂence 3

13717.5 ug/gm d.w. x 1/(39. 102 umol/ug} x 1
350.81 uEq/gm d.w.

intracellular potassium content = (total musclg content) -
(interstitial fluid content) °* .

3%0.81 uEq/gm d.w. - 1.57 uEq/gm d.w.
>349.24 uEq/gm d.w.
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~

)
conversion from dry weight to wet weight = (intracellular
content” /d.w.) x 1/(w.w/d.w, ratio)

349.24 uEq/gm d.w. x 1/{3.97 gm w.w. /gm dow.)
88.0 uEg/gm w.w.

total muscle water content = ((w.w./d.w. ratio) - 1) x
1/{w.w./d.w. ratio)

(3.97 - 1)/3.97
0.75 ml/am w.w.

Iwou

intrace}lular water content = (total muscle water content) -
{{interstitial water content)/(w.w./d.w. ratto)

0.75 ml/gm w.«¥ - ((0.30 m1/gm d.w.)/(3 97 gm w.w. /gm\\‘w N
0.65 ml/gm w.w.

Ho

intracellular [K¥] = (intracellular content /qm w. W. ) x
1/{intracellular water -contegt) x 1/valence

88.0 uEg/gm w.w. x 1/(0.65 m1/gm w.w.) x 1
135.34 umol/ml(or 135.34 mmol1/1)

-
Y

\
B4. Estimation of p]aﬁma vo]ume change from hemoglobin concentration

@& ]
During heavy' exercise fluid moves from the vascular compartment into the

muscle. .The % change in plasma vo1gmé was estimated'from the plasma

»

hemoglobin concentration according to the following equation:

(CHbTe/CHbIE) - 1) X 100

v
S

where ' [Hb]r s \the resting hemeglobin concentration and [Hb]t is the

A

hemoglobin concentrq&ion measured at time "t". "
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B5. Correction of strong ion concentration for changes in plasma

volume

Strong fons move between the intra- and extracellular fluid compartments
“during heavy exercise. However the accompanying chaﬁge in plasma volume

can disguise the '\directjon of movement for the streng fong b

artificially elevating the existing concentrations. Therefore, the

~

concentration of strong ions that:\yere measured in the plasma were
corrected  for the estimated change in the plasma volume accerding to the

following equation: /// . v

[x1t 7 (1 - (([HbIr/[HB]t) - 1)) e
’ ' e
where [XJt is the strong ion concentration measured at time "t", (Hblr is -
o

the resting hemoglobin concentration and [Hblt s the hemoglobin

?
concentration measured at, time "t". - . w\\
' /

B6. Calculation of muscie blood flow

- —

The blood flow in the active muscle at the end of exercise was calculated
according to the following equations:

blood flow = (Voz)musc1e/ a-v 0_ content difference

2

where (VOz)musc1e is the 02 intake in the active muscle and assumed to be



. T
;
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the difference between the resting whole body ?02 and the VOZ measured at

the end of exercise. The 02 coﬁtent difference js:

>
0, content difference = (1.34 x [Hb] x % 0, saturation/100)
+ (PO, x 0.003)
where M[Hb] is the hemoglobin concentration megsured in the femoral vein

or artery.
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APPENDIX C

INDIVIDUAL DATA

I

- 4
The individual and mean data are presented in the following

tables.  Performance data and femoral venous and arterial data for tﬁe
3 subjects participating in Part A oF.this study are presented in
Tables 22-35. Performance data and foreéi; venous and arterial data
for the 6 subjects patticipating in Part B of this‘study are presented
in Tables 36-49. Performance data, arterial-and muscle data for the 6
subjects participating in Part C of this study are presented in Tables

50-69.

2
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(mmo1/1) at rest and

Individual arterial and femoral venous lactate concentrations

Table 27.

(Part A).

1se

during recovery from 30 s of maximal exerc

min
3.5

Time Post-Exercise,

7.5 9.5

5.5

1.5 2.5

1.0

0.5

Rest

14.0 14.7 15.4 14.7 12.8 12.0
12.3 13.5 13.7 12.5 11.8 11.9
14.2 13.4 12.4 14.2 12.4 13.1

13.5
11.3
11.8

11.2
8.4
9.2

8.9
3.1
7.0

0.4
1.3
1.0

Artery

13.5 13.9 13.8 13.8 12.3 12.3

6.3 9.6 12.2

3.0

0.9
0.5

0.7

0.5

1.2 1.0 0.7 1.5 1.2

1.4

+SD

14.1

15.4

s

9,2 12.2 13.4 15.4 17.1 16.3 15.6
9.7 1 16.2
10.2

0.5

1

Femoral Vein

18.1 20.1 16.7 15.2

17.3

14.1

1.4
1.2

14.8 14.4 15.5 16.3 14.2 15.0

13.1

15.5

14.2

15.2
0.2

1.3

17.6
2.2

16.9
1.3

15.7
1.5

14.8
1.4

13.1
1.0

9.7
0.5
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tions (mmol/1) at rest and

p forearm venous lactate concentra

Individual arterial and dee

Table 41.

during recovery from 30 s of maximal exercise (Part B).

Time Post-Exercise, min

9.5

0.5 1.0 1.5 2.5 3.5 5.5 7.5

0

Rest

8.9

* 13.5 14.3 12.7

10.7 13.9 13.7 14.0

0.7

Artery

5.3 13.1 13.0 13.5 12.8 13.6 13.2 12.5

8.6
10.2

1.1

13.2
15.0

13.7 13.8 14.3 14.0
14.4 14.8 15.5 15.5 15.7

12.8

11.3
12.3

[evjes]
O

oMo

9.9 12.5 15.4 16.9 17.5 17.5 17.8 17.7 17.9

1.0

14.2 12.4 13.1

12.4

7.0. 9.2 11.8 14.2

1‘0

13.4

14.6 14.7 14.2 13.7

14.5

8.3 11.5 13.6

0.9

14.5

0.2 1.9 1.4 1.3 1.3 1.7 1.8 1.7 2.0 2.2

+SD

8.6
7.6

9.0
5.4 6.6
9.0

10.1
13.2

9.4
6.1

9.5
5.6

9.0
5.1

8.8
4.5

1
2

orearm Vein

o CO CO

8.6
i0.0
13.5

8.8
11.8
13.4

12.8

9.2
11.9
12.1

8.1
11.5
12.4

7.8

11.6
10.9

11.4
11.1

[eo =]
CpRee]

o
— O

10.7

3.6 5.2 5.3 5.8 5.5 5.9 10.0

2.2

0.9

10.5
2.9

5.8
2.0.

9.3
2.9

9.3
3.4

9.1
2.7

7.9 8.3 8.7
3.7 2.8 3.0

5.0
2.3
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Table 51. Individual arterial hydrogen ijon concentration {nmo1/1)
at rest and during recovery from 30 s of maximal
exercise (Part C).

&
> Time Post-Exercise, min
Subject Rest .0 3.5 9.5
7 - - - -
8 35.6 57.% 76.9 76.2 o
9 35.1 . 57.3 70.5 71.4
10 36.5 55.3 65.9 67.9
N 11 36.9 47.6 53.2 51.8
12 - - - $-
X 36.0 5.3 ¥ 6.6 66.8
+SD 0.8 4.6 10.0 10.6
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[

Table 52.  Individual arteria] pH values at rest and during recovery
from 30 s of maximal ‘exercise (Part C).

4

= R \

Time Post-Exercise, min

Subject Rest 0 3.5 9.5
\——-*J;r/r
7 - - - , -
8 7.449 7.243 7.114 7.118
9 7.455 7.2482 7.152 7.146
10 7.438 7.257 7.181 7.168
11 7.433 7.322 7.274 '7.28@ .
12 - - - -
X 7.444 7.266 7.180 7.180
:SD\/j— <.010. 0.038 0.068 0.074
r
. g]
©)
B
i [
>
L
- \\55ﬁ,,—’"\\
R
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Table 53. (;;;izddua1 arterial PCO, values (mm Hg) at rest and
©duTthg recovery from 30°s of maximal exercise (Part C).

Time Post-Exercise, min

Subject Rest 0 3.5 9.5
7 - - - -
8 39.1 36.3 31.1 30.8
9 38.5 36.1 26.9 27.4
10 36.8 35.9 28.8 26.4
11 41.3 40.3 32.3 32.9
12 - - - -
X 38.9 37.2 29.8 29.4

+SD 1.9 2.1 2.4 3.0

- =N
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Table 54.  Individual arterial strong ion difference values (mEq/1)
at .rest and during recovery from 30 s of maximal
exercise (Part C). ,

, Time Post-Exercise, min

0y

Subject Rest "0 3.5 g.5
7 - - - o -

8 51.0 44.7 38.0 38.4

9 49,1 42.1 38.5 38.2

10 52.4 44.7 40.9 39.2

11 ¢ 50.0 46.9 43.3 39.4
12 - - -

X 50.6 44.6 40.2 38.8
+Sh 1.4 2.0 2.4 0.6
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Table 55.  Individual ®arterial Tactate concentrations (mmol/71)
: at rest and during recovery from 30 s of maximal
exercise {Part ().

Time Post-Exercise, min

Subject Rest 0 3.5 9.5
7 - - - -
8 0.6 15.8 19.3 16.9
9 0.8 16.0 18.9 18.4
10 0.6 4.2 18.1 17.8
11 1.Q 10.8 13.6 12.6
12 ) - - -
X 0.8 14.2 17.5 16.4

+SD 0.2 2.4 2.6 2.6
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Table 56. Individual arterial sodium concentrations (mmol/1) at

rest and during recovery from 30 s of maxi
exercise (Part C).

mal

Time Post-Exercise, min

Subject Rest -0 3.5 9.5
7 - - - -

8 138 148 143 140

9 136 148 143 140

10 138 150 145 141

11 139 147 142 ¥139
12 - . - - -

X 138 148 143 140

+SD 1 1 1 1
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Table 57. Individual arterial potassium concentrations (mmol/1)
at rest and during recovery from 30 s of maximal
exercise (Part C). . .

. Time Post-Exercise, min
Subject Rest 0 ' 3.5 9.5
7 - - - -
8 4.4 6.9 3.8 3.9
9 4.6 £.5 3.9 4.1
10 3.9 6.4 3.7 3.8
11 3.8 6.2 3.6 3.7
12 - o - -
X 4.2 6.5 3.8 3.9
+SD 0.4 o3 0.1 0.2




Table 5g. Individual arterial calcium concentrations
rest and durin

Y
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(mmo1/1) at
g recovery from 30 s of maximal exercise

(Part C).
Time Post-Exercise, min
Subject Rest 0 3.5 9.5
7 - - - -
8 1.12 1.28 1.25 1.18
9" 1.44 1.30 1.24 1.25
10 1.07 1.240p 1.14 1.12
11 1.13 1.23 1.17 1.16
12 - - - -
X 1.12 1.26 1.20 1.18
+SD .0; 0.03 0.05 0.05
/
/!
]
-r



&

256

- Table 59, Individual arterial chloride concentrations (mmol/1)
at rest and during recovery from 30 s of maximal
exercise (Part C).

Time Post-Exercise, min

Subject Rest 0 . 3.5 9.5
7 - - - -
8 93 g7. 92 91
9 93 99 92 a0
10 91 100 92 90
11 94 98 91 93
12 - - ( - -
- X
X 93 - 99 92 91
+SD 1 1 1 1




o

257

Table 60.  Individual arterial bicarbonate concentrations (mmol/1)
Y £ at rest and during recovery from 30 s of maximal
exercise (Part C).

Time Post-Exercise, min

Subject Rest 0 3.5 9.5
7 - - - -
8 27.1 15.6 10.0 10.0
9 27.0 15.5 9.4 9.4
10 24.8 16.0 - 10.8 9.6
11 27.5 20.8 14.9 15.7
12 - - - -
X 26.6 17.0 11.3 11.2
+SD 1.2 2.6 2.5 3.0
v
~
P
. 7
~
)
~.-—7 N



258

Table 6]. Individual arterial PO, values (mm Hg) at rest and
during recovery from 36 s of maximal exercise (Part C).

Time Post-Exercise, min
Subject Rest 0 3.5 9.5
7 - - - -
8 99.2 118.0 127.5 120.6
g 105.7 116.0 127.6 117.5
10 92.2 109.9 121.4 113.5
11 91.8 99.2 115.7 104.9
12 _ - - - -
X ) 97.2 110.8 123.1 114.1
£5D 6.6 8.5 5.7 6.8 -
[N
4
t b
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Table 62. Individual arterial hemoglobin cohcentrations {gm/100 m1)

at rest and during recovery from 30 s of maxima]-
exeggiagzigirf C).
S : <

Time Post-Exercise, min

Subject Rest 0 3.5 9.5
g _ o N _
8 . 14.8 16.1 15.7 15.2

9 13.0 4 14,2 13.9 13.5

10. 14.6 16.3 16.2 - 15.7

11 14.7 16.0 15.8 15.4
12 - - - -

PO ~
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Table 63. Individual arterial oxygen saturation values (%) at
rest and during recovery from 30 s of maximal exercise

(Part C).
Time Post-Exercise, min o
Subject Rest - 0 3.5 9.5
, _
7 - - - -
8 a9 98 g8 98
9 100 99 99 98
10 g4 94 94 93
, 11 94 93 94 93
¢ 12 - - - <
X 97 96 96 96
+5D » 3 3 3 3
. ¢ -~
i-—-.
O
L
" o



Z%ff? 7 3.97
> . 8 -
3 g 4.29

L/
&
Tabie 64. © Wet weight/dry weight ratio of muscle samples taken at \\\\
rest and during recovery from 30 s of maximal gxercise
(Part C).

Time Post-Exercise, min
Subject - Rest 0 3.5 ' 9.5

4.31- 4.13 4.24
4.07 4.38 4.38
4.29 4.62 4.60
10 4.45 4.67 4.85 4.64
11 - 4.29 4.34 4.21

12 4.07 4.18 4.25 -
X 4,20 4.30 4.43 4.41
) 0.22 0.20 0.26 0.20
- !

®
N
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Table 65. Intracellular concentation (mmol/1) and content (umol/
gm d.w.) of sodium at rest and during recovery from
30 s of maximal exercise (Eart C). : '

’ .
o

ST Time Post-Exercise, min

Subject Rest 0 3.5 9.5

Concentration,

mmol/1
7 - - 28 0
8 - - - -
9 - - 16 -
10 13 5
11 - - - 1
12 11 18 - -
X 9 16 17 2
=5D , 3 4 11 3
Content,
umol/gm d.w.
7 - - 72 1
8 - - - -
9 - - 50 _ -
10 22 40 19 # 16
11 } - . - - 0
12 30 49 - - -
X 26 44 47 6
+=SD 5 6 27 8
.\[
N -
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Table 66._ Intracellular concentration (mmo1/1) and content (umol/
gm d.w.) of potassium at rest and during recovery from
30 s of maximal exercise (Part C).

Time Post-Exercise, min
Subject Rest - 0 3.5 9.5

Concentration,

mmol/1
7 135 128 108 107
, 8 - 153 124 126
‘ 9 113 127 147 98
10 138 118 121 136
11 - 142 114 123
12 107 90 123 -
ha. §
X 124 126 123 118
+SD 16 22 13 15
)
Content,
pmol/gm d.w. 0 o
7 349 349 281 292
8 - 382 353 363 a
9 328 . 344 453 305
10 424 364 ' 402 * 428
11 - 384 320 335
‘12 _ 287 233 334 -
X oL 347 342 357 © 344
+SD 457 - 56 62 54
. t Y
R
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Table 67. Intracellular concentration (mmo1/1) and- content (umoi/
gm d.w.) of ionised calcium at rest and during recovery
from 30 s of maximal exercise (Part c).

. Time Post-Exercise, min
Subject Rest 0 3.5 9.5

Concentration,
mnol/1 -

- ~ 10

H ol —— N

[ e e e
NN N
[l Y SR

I+
L1
jw ]
[em =]
O
—
O b

) —;‘/

Content,
umol/gm d.w.

7
8
- g

o~y o
. —
W | WWo~NWwHs L,

I T~

o SR uin
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Table 68. Intracellular concentration (mmol/1) and content {umo1/
gm d.w.) of magnesium at rest and during recovery from
30 s of maximal exercise (Part C).

Time Post-Exercise, min

Siubject Rest 0 3.5 9.5
Concentration,
mmol/1 )
7 15 15 9 16
8 - T 14 14 14
9 , 14 16 - 18 13
10 15 13 13 14
11 - 15 14 T12
12 13 11 14 -
x\/ 14 14 14 14
+5D / 1 2 3 2
"~ . ?0
Content, - y
umol/gm d.w. &
7 79 79 46 89
8 - 69 79 & 81
g 84 84 113 81
10 89 81 86 89
11 - 79 79 66
12 69 55 75 -
X 80 75 80 81
+SD 9 11 21 9
. .
3
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Table 69. Intrdcellular concentration {mnol/1) and content (umol/
gm d.w.) of chloride at rest ‘an \during recovery from
30 s of maximal exercise (Part C).
= Time Post-Exer‘cil\, min
Subject Rest 0 3.5 QS
”
Concentration, '
mmo1/1
7 4 1 52 7
8 - 7 3 8
9 6 - 31 0
10 13 35 18 12
11 - 5 12 10
12 16 35 3 -
% 10 17 20 7
+SD 6 17 19™ 4
e
Content, \‘!'
umol/gm d.w. 2.' -
. 7 11 - © 135 19
Y 8 - 17 . 8 23
9 18 - 95 <1
10 4 110 58 137
11 " - 13 33 27
12 43 92 7 -
X 28 58 56 . 21
236 16 50 - 51 . 13
[ /tf ) e
N\ -
'y b L/\. .
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